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Noting of loss of rights pursuant to Rule 69(1) EPC

The European patent application cited above is deemed to be withdrawn (Rule 108(1) EPC) for the
following reason(s):

a) O translation of the international application into one of the EPO's official languages (Art. 158(2)
EPC) not filed within the period specified in Rule 107(1)(a) EPC
b) B4 national basic fee
[0  searchfee
M  designation fee
M  examination fee and/or written request for examination
hot validly paid / nhot made within the time limit specified in Rule 107(1)(c)-(f) EPC
© O payment of the above fees on ............cccceerien. , after expiry of the period for payment (on
15.05.06).

MEANS OF REDRESS:

1.

The loss of rights [(a)(b)] shall be deemed not to have occurred if, within a (hon-extendable) period of
TWO MONTHS of notifcation of this communication, the relevant requirement(s) has (have) been
fulfilled and the appropriate surcharge(s) under Article 2(3b)(3c) RFees have been paid (Rule 108(3)
EPC).

If fees were paid late [(c)], the requirement(s) as specified in Article 8(3)(4) RFees is (are) to be fulfilled
within the same time limit.

If, however, the applicant considers that this finding is inaccurate, he may apply in writing for an EPO
decision on the matter (Rule 69(2) EPC) within the same time limit, i.e. that specified in (1). The finding
will be set aside only if it does not actually correspond to the factual or legal situation.

The applicant's rights with regard to fee payment or filing the written request for examination
cannot be re-established under Article 122 EPC.

If, in spite of all due care required by the circumstances having been taken, the applicant was unable to
observe the time limit for filing the translation, he will, upon application, have his rights
re-established provided that the time limits and formal requirements laid down in Article 122 EPC are
complied with.

Registered letter
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NOTE:

Applicants not having either a residence or principal place of business within the territory of one of the EPC

contracting states must have the above request under Article 122 EPC or Rule 69(2) EPC filed by a
professional representative authorised to act before the EPO.
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Gebiihren fiir in die europaische Phase eintretende internationale Patentanmeldungen in EURO geltend ab 01.04.06 *

Fees for international applications entering the European phase in EURO effective as from 01.04.06 *

Taxes pour les demandes internationales entrant dans la phase européenne en EURO applicables & compter du 01.04.06 *

Nationale Grundgebiihr / National basic fee / Taxe nationale de base:

Das Formblatt fiir den Eintritt in die europdische Phase (EPA Form 1200) wird auf Papier eingereicht: 170,00
The form for entry into the European phase (EPO Form 1200) is filed on paper: i (160,00)
Le formulaire d'entrée dans la phase européenne (formulaire OEB 1200) est déposé sur papier: ’
Das Formblatt fiir den Eintritt in die europ&ische Phase (EPA Form 1200}.w1rd online eingereicht: 95.00
The form for entry into the European phase (EPO Form 1200) is filed online: = ’
Le formulaire d'entrée dans la phase européenne (formulaire OEB 1200) est déposé en ligne: (90,00) ***
Recherchengebiihr / Search fee / Taxe de recherche *
Anwendbar fir ab dem 1. Juli 2005 eingereichte internationale Patentanmeidungen:
Applicable to international applications, filed on or after 1 July 2005: 1000,00
Applicable aux demandes intemationales déposées a compter du 1er juillet 2005: (960,00) **
Anwendbar fir vor dem 1. Juli 2005 eingereichte internationale Patentanmeldungen: 720,00
Applicable to international applications filed before 1 July 2005: (690,00) ***
Applicable aux demandes intemationales déposées avant le 1er juillet 2005: '
Benennungs?ebﬁhr fiir jeden benannten Vertragsstaat (siebenfacher Betrag = alle Venragsstaatenzz 80,00
Designation fee for each contracting state desggated (seven times the amount = all contracting states): '
Taxe de désignation pour chaque Etat contractant désigné (sept fois cette taxe = tous les Etats contractants): (75,00) ***
Zuschlagsgebiihr fir die verspatete Einreichung der Ubersetzung der intemationalen Anmeldung oder die verspatete Stellung des
Prifungsantrags oder die verspatete Entrichtung der nationalen Grundgebihr, der Recherchengebihr und/oder der Benennungsgebiihren tﬁegel
r1] 08 h(sl) und (4% 50% der betreffenden Gebiihren, jedoch mindestens 520 EUR bei verspateter Einreichung der Ubersetzung und insgesam
dchstens:

Surcharge for late filing of either the translation of the intemational application or the request for examination, or for late payment of the national 1820,00
basic fee, the search fee and/or the designation fee (Rule 108(3) and {i)z 50% of the relevant fees, but at least EUR 520 for late filing of the -
translation, up to a maximum of: (1750,00)
Surtaxe pour production tardive de la traduction de la demande intemationale, pour présentation tardive de la requéte en examen ou pour retard
de paiement de Ia taxe nationale de base, de la taxe de recherche etiou des taxes de désignation g\egle 108 (3) et (4): 50% des taxes
concernées, sans que le montant puisse étre inférieur & 520 EUR en cas de production tardive de la traduction et sans que le montant total
puisse dépasser:

o . . . 45,00
Anspruchsgebiihr fir den elften und jeden weiteren Anspruch:
Claims fee for the eleventh and each subsequent claim: (40,00) *+
Taxe pour chaque revendication & partir de la onzieme: ’
Pauschalgebilhr fir eine zusatzliche Abschrift der im Europaischen Recherchenbericht aufgsfiihrten Schriften: 25,00
Flat-rate fee for an additional copy of the documents cited in the European search report: X -
Taxe forfaitaire pour une copie supplémentaire des documents cités dans le rapport de recherche européenne: (20,00)
Priifungsgebiihr / Examination fee / Taxe d'examen
Anwendbar fiir vor dem 1. Juli 2005 eingereichte intemationale Patentanmeldungen:
Applicable for international applications filed before 1 July 2005: 1490,00
Applicable aux demandes intemationales déposées avant le 1 juillet 2005: (1430,00) **
Anwendbar fiir ab dem 1. Juli 2005 eingereichte internationale Patentanmeldungen: 1335,00
Applicable to international applications filed on or after 1 July 2005: (1280,00)
Applicable aux demandes internationales déposées a compter du 1er juillet 2005:
Anwendbar fir ab dem 1. Juli 2005 eingereichte internationale Patentanmeldungen, fiir die kein ergénzender europaischer Recherchenbericht 1490.00
erstellt wird (Art. 157(3)(3)?: (1 430'00) "

al :

Applicable for intemational Fplications filed on or after 1 July 2005 for which no supplementary search report is drawn u&(An. 157(3)(a)):
Applicable aux demandes intemationales qui sont deg)osees a compter du ter juillet 2005 pour lesquelles il n'est pas établi de rapport
complémentaire de recherche européenne (art. 157(3)(a)):

* = Siehe Beschluss des Verwaltungsrats vom 15.12.05 (ABI 1/2006, 8) **=Siehe ABI3/2006  ***= Anwendbar fiir Zahlungen eingegangen bis 31.03.06
See Decision of the Administrative Council of 15.12.05 (OJ 1/2006, 8) See 0J 3/2006 Applicable for payments received up to 31.03.06
Voir Décision de Conseil d'administration du 15.12.05 (JO 1/2006, 8) Voir JO 3/2006 Applicable aux paiements regus jusqu'au 31,03.06

ANLAGE/ANNEX/ANNEXE ~ EPO Form 1205A (04.06)
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* = Postscheckkonto
Giro account
Compte de chéque postal

Bank-und Postscheckkonten der Européischen Patentorganisation in EURO
Bank and Giro accounts of the European Patent Organisation in EURO
Comptes bancaires et chégues postaux de |‘Organisation européenne des brevets en EURO

Staat | Bank-und Postscheckkonten / Bank and Giro Staat | Bank-und Postscheckkonten / Bank and Giro Staat | Bank-und Postscheckkonten / Bank and Giro
Country | accounts / Comptes bancaires et de chécques | | Country | accounts / Comptes bancaires et de chécques Country | accounts / Comptes bancaires et de chécques
Pays” | postaux Pays " | postaux Pays™ | postaux
No. 102-133-851/00 (BLZ 12 000) No. 10220025988223 No. 7-108/9134/200
IBAN AT91 1200 0102 1338 5100 IBAN EE24 1010 2200 2598 8223 IBAN LU41 0027 1089 1342 0000
BIC BKAUATWW gg |BIC EEUHEE2X BIC BILLL
Bank Austria Creditanstalt AG SEBAEqstx Unispank AS DEXIA- Banque Internationale
Am Hof 2 Tornimée 2, Tallinn a Luxembou
Postfach 52000 EE-15010 Taltinn 69, Route d Egsch
AT  |A-1010 Wien No. 0182-5906-88-029-0348002 L L-3953 Luxembourg
No. 7451.030 (BLZ 60 000)* IBAN ES74 0182 5906 8802 9034 8002 No. 6421-37*
IBAN AT96 500 0000 0745 1030 BIC BBVAESMM . IBAN LU97 1111 0264 2137 0000
BIC OPSKATWW ES  [Banco Bilbao Vizcaya Argentaria BIC CCPLLULL
Osterreichische Postsparkasse AG S.A. (BBVA) Administration des P.& T.
Georg Coch-Platz 2 Calle Acala 16, 3e Planta 38, place de la gare
A-1010 Wien E-28014 Madrid Cheques postaux
No. 310-0449878-78 No. 200118-182076 L-1090 Luxembourg
[BAN BEB9 3100 4498 7878 IBAN FI28 2001 1800 1820 76 Noch nicht verfugbar
BIC BBRUBEBB BIC NDEAFIHH Lv Not yet available
ING Belgium Nordea Bank Finland plc, Pas encore disponible
Marnix Business Branch Aleksanterinkatu 36, 1200 Helsinki
1. rue du Tréne Fl FIN-00020 Nordea No. 30004 09179 00025422154 91 (RIB
B-1000 Bruxelles No. 800013-90405 * IBAN FR76 3000 4091 7900 0254 2215 491
BE Mo 000115447635~ IBAN FI27 8000 1300 0904 05 BIC BNPAFRPPAMC
IBAN BE26 001 1544 2629 BIC PSPBRIHH MC  |ayence pom
Blc BROTRER) Sampo Bank plc Agence Monaco Charles Il
B do Ia Post Fabianinkatu 23, Helsinki Avenue de la Madone
Wanque Tgu&rl ' oste FIN-00075 Sa_po :lﬂc 98;)1036M:§3nsa§?
No. 30004 00567 00020020463 29 (RIB 0.
Chaussee d'Anvers 1BAN 075 3000 4008 6705 0200 2048 3be IBAN NL54 ABNA 0513 6385 47
No. 1465104501 FR g:\jcp BpNPgFHPPPOP EIBCN Il\t\h%gé'\g_azn/l\( NV
IBAN not implemented Agence: a;'»'aﬁ.‘ss Clientele Internationale Kneuterdijk 1, Postbus 165
ge |BIC 2, Place de 'Opéra NL [NL-2501 AP Den Hﬁg
Bulbank F-75002 Paris No. 4012627
T Syeta Nedelya Sq. No. 8698 72 66 (Sorting Code 20-47-35) IBAN NL27 PSTB 0004 0126 27
oild IBAN GB10 BARC 2047 3586 9872 66 BIC PSTBNL
No. 230-322 005 60 M BIC BARCGB22 Postbank N. V
IBAN CH49 0023 0230 3220 0560 M GB |Barclays Bank plc Postbus 98000
BIC UBSWCHZH80A International Corporate NL-6800 MA Arnhem
uBs O Box 391 No. 42103015080000000504086003
Bahnhofstrasse 45 38 Hans Crescent IBAN PL42 1030 1508 0000 0005 0408 6003
CcH |CH-8021 Zﬁrich érg htSb(;IdgeSWﬂ oz PL glck SITISI W SA
No. 91-64 ondon ank Handlowy w Warszawie
IBAN CH79 0900 0000 9164 9517 3 No. 112002002007046 Senatorska 16
BIC HBE IBBIéN gggs 0140 ;&20 1120 0200 2007 046 EHJO 29028% gﬁr‘sgfa
P tF nc Oe tions Center 0,
CH6007 Luzem - GR  |Alpha Bank IBAN PT50 0033 0000 0208 8391 1452 2
No. 015541-19014448 Athens Tower Branch BIC BCOMPTPL
B AN CYB8 0020 0155 0000 0041 1901 4448 2, Messoghion Avenue PT  [Millennium bcp
BIC BCYPCYoN GR-115 27 Athens Banco Comercial Portogués
¢y  |Bank of Cyprus No. 11764946-00239880 Av. Fontes Pereira de Melo, 7
94 Them. Denvi Street IBAN HU46 1176 4946 0023 9880 0000 0000 P-1050-115 Lisboa
P.O. Box 1472 BIC OTPVHUHB Not yet available
CY-1599 Nicosia HU |OTP Bank Rt. RO  |Noch nicht verfiigbar
No.  01841280/0300 Bog onti Fidk Pas encore disponible
IBAN CZ52 0300 1712 8010 1700 2453 B 1053 Budasast N AT e To
CZ | eckaslovens Obchodri Banka AS Mo. y 100 822 01 (Bank Code 301 190) BIC. RANDSESS %
Na Prikope 854/14 e IBB'éN é%}%l%ggl 9014 9030 9822 01 SHB
CZ-11520 Praha 1 - Nové Mesto IE |Bankof Ireland (S;\I/Jeangi(};sHandelsbanken
No. 333880000 (BLZ 700 800 00) Lower Baggot Street Branch S-106 70 Stockholm
IBAN DE20 7008 0000 0333 880000 %% SE *
BIC DRESDEFF AL Duplin 2 No. 741538
IBAN SE88 9500 0099 6042 0074 1538
Dresdner Bank No. 0101-38-710440 BIC NDEASESS
B{g{)n;nadeplatz 7 IBBléN ﬂi@ng}xm 38710440 4312 0490 80 Nordea Bank Sweden AB/Postgirot
DE |SWIFT Code: DRESDEFF700 |5 |ldo. EPO 431204-9080 (compuisary) Dratiningg & 1
No. 300-800 BBLZ 700 100 80) * National Bank of Iceland 5-103 22 Stockholm
IBAN DES9 7001 0080 0000 3008 00 Main Branch No.  03500-1000001709
BIC PBNKDEFF Austurstraeti 11 IBOAN SI56 0350 0100 0001 70
Deutsche Postbank AG 1S 101 Revkjavik BIC SKOASX 709
Bayerstrasse 49 No. 936832 01 94 (conto estero) St |SKB Banka D.D
D-80138 Munchen |BBIéN gCQI]I' E?v?& 76(%) 0200 0936 8320 194 Aidovscina 4
No. 3001014 $1-1513 Ljubljana
IBAN DKg4 3000 001 0145 60 ABI 03069/ CAB 05020 No. - 2030480237 [BaFK code 1100
BIC DABADKK] ganca Intesa IBAN SK89 1100 0000 0029 2048 0
Danske Bank A/S Via de! Corso, 226 [DAN SKB Ji%0 37
Holmens Kanal Dept. ;o [Ro0186 Roma SK {Tatra Banka A.S.
Holmens Kanal 2-12 No. 1056827 Branch Banska Bystrica
DK-1092 Kopenhagen K. IBANIT89 Q 07601 11 3000 0001 0568 277 Dolna 2
DK INo., 1551-2138837478 B o s AR SK-97401 Banska Bystrica
IBAN DK16 3000 2138 8374 78 cLa g ane No. 4214-301120-1039000
BIC DABADKK e g1 Vi IBAN not implemented
BG Bank rlza&z‘iaavlﬁ%uwo, 6 BIC
Erhvervsafdeling City x ilano TR [Turkiye IS Bankasi A.S.
g%"fo\{?ld oadeengsa on K LT Ngfr; er}lg\}ka‘lllsgll(]egbar Gazi Mustafa Kemal Bulvari 8
penhagen K. Pas encare disponible TR-06640 Kizilay / Ankara
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PATENT COOPERATION TREATY

PCT

INTERNATIONAL PRELIMINARY REPORT ON PATENTABILITY
(Chapter I of the Patent Cooperation Treaty)

(PCT Rule 44bis)
Applicant’s or agent’s file reference FOR FURTHER ACTION See item 4 below
P100390PC00/CIV
International application No. International filing date (day/month/year) Priority date (day/month/year)
PCT/GB2004/004377 13 October 2004 (13.10.2004) 13 October 2003 (13.10.2003)

International Patent Classification (8th edition unless older edition indicated)
See relevant information in Form PCT/ISA/237

Applicant
CLEARSPEED TECHNOLOGY PLC

1. This international preliminary report on patentability (Chapter I) is issued by the International Bureau on behalf of the
International Searching Authority under Rule 44 bis.1(a).

2. This REPORT consists of a total of 9 sheets, including this cover sheet.

In the attached sheets, any reference to the written opinion of the International Searching Authority should be read as a reference
to the international preliminary report on patentability (Chapter I) instead.

3. This report contains indications relating to the following items:

& Box No. I Basis of the report
Box No. I Priority
Box No. IIT Non-establishment of opinion with regard to novelty, inventive step and industrial
applicability
Box No. IV Lack of unity of invention
Box No. V Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial

applicability; citations and explanations supporting such statement

00 XX L

Box No. VI Certain documents cited
Box No. VII Certain defects in the international application
Box No. VIII Certain observations on the international application

4.  The International Bureau will communicate this report to designated Offices in accordance with Rules 44bis.3(c) and 93bis.1 but
not, except where the applicant makes an express request under Article 23(2), before the expiration of 30 months from the priority
date (Rule 44bis .2).

Date of issuance of this report
18 April 2006 (18.04.2006)

The International Bureau of WIPO Authorized officer

34, chemin des Colombettes
1211 Geneva 20, Switzerland

Facsimile No. +41 22 740 14 35 Telephone No. +41 22 338 89 65

Nora Lindner

Form PCT/IB/373 (January 2004)
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v _ PATENT COOPERATION TREATY
i From the
INTERNATIONAL SEARCHING AUTHORITY
To:
WRITTEN OPINION OF THE
f PCTASAL220 .
see form PCTASAZ INTERNATIONAL SEARCHING AUTHORITY
(PCT Rule 43bis.1)
Date of mailing
(day/monthiear) see form PCTASAR10 (second sheet)
Applicant's or agent's file reference FOR FURTHER ACTION
see form PCTASA220 See paragraph 2 below
International application No. International filing date (day/month/ear) Priority date (day/monthjear)
PCT/GB2004/004377 13.10.2004 13.10.2003
International Patent Classification (IPC) or both national classification and IPC
GO6F15/80
Applicant

CLEARSPEED TECHNOLOGY LIMITED

1. This opinion contains indications relating to the following items:

X1 Box No. | Basis of the opinion

CJ BoxNo. Il Priority

0 BoxNo. Il Non-establishment of opinion with regard to novelty, inventive step and industrial applicability

M BoxNo. IV  Lack of unity of invention

B BoxNo.V  Reasoned statement under Rule 43bis.1 (a)(i) with regard to novelty, inventive step or industrial
applicability; citations and explanations supporting such statement

[J Box No.VI  Certain documents cited

[0 Box No. VIl Certain defects in the international application

O Box No. VIII  Certain observations on the international application

2. FURTHER ACTION

If a demand for international preliminary examination is made, this opinion will usually be considered to be a
written opinion of the International Prefiminary Examining Authority ("IPEA"). However, this does not apply where
the applicant chooses an Authority other than this one to be the IPEA and the chosen IPEA has notifed the
International Bureau under Rule 66.1bis(b) that written opinions of this International Searching Authority

will not be so considered.

If this opinion is, as provided above, considered to be a written opinion of the IPEA, the applicant is invited to
submit to the IPEA a written reply together, where appropriate, with amendments, before the expiration of three
months from the date of mailing of Form PCTASA/220 or before the expiration of 22 months from the priority date,
whichever expires later.

For further options, see Form PCT/ASA/220.

3. For further details, see notes to Form PCTASA£L20.

Name and mailing address of the ISA: Authorized Officer .
P,
European Patent Office - P.B. 5818 Patentlaan 2 , z 3
_Q)) NL-2280 HV Rijswilk - Pays Bas Bosch Vivancos, P 0)» H
=~ Tel. +31 70 340 - 2040 Tx: 31 651 epo nl %, $
Fax: +31 70 340 - 3016 Telephone No. +31 70 340-2249 Sy sy

Form (PCTASA237) (Cover Sheet) (January 2004)
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING AUTHORITY PCT/GB2004/004377

Box No.| Basis of the opinion

1. With regard to the language, this opinion has been established on the basis of the international application in
the language in which it was filed, unless otherwise indicated under this item.

Ol This opinion has been established on the basis of a translation from the original language into the following
language , which is the language of a translation furnished for the purposes of international search
(under Rules 12.3 and 23.1(b)).

2. With regard to any nucleotide and/or amino acid sequence disclosed in the international application and
necessary to the claimed invention, this opinion has been established on the basis of:

a. type of material:
O asequence listing
O table(s) related to the sequence listing
b. format of material:
O in written format
0 in computer readable form
c. time of filingfurnishing:
0 contained in the international application as filed.
O filed together with the international application in computer readable form.
O  furnished subsequently to this Authority for the purposes of search.

3. L0 Inaddition, in the case that more than one version or copy of a sequence listing and/or table relating thereto
has been filed or furnished, the required statements that the information in the subsequent or additional
copies is identical to that in the application as filed or does not go beyond the application as filed, as
appropriate, were furnished.

4. Additional comments:

Form PCTASA/237 (January 2004)
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING AUTHORITY PCT/GB2004/004377

Box No. IV Lack of unity of invention

1. O In response to the invitation (Form PCTASA/206) to pay additional fees, the applicant has:
O  paid additional fees.
O paid additional fees under protest.
O not paid additional fees.
2. B This Authority found that the requirement of unity of invention is not complied with and chose not to invite
the applicant to pay additional fees.

3. This Authority considers that the requirement of unity of invention in accordance with Rule 13.1, 13.2 and 13.3 is

O complied with
not complied with for the following reasons:
see separate sheet
4. Consequently, this report has been established in respect of the following parts of the international application:
all parts.

[ the parts relating to claims Nos.

Box No.V  Reasoned statement under Rule 43bis.1(a)(i) with regard to novelty, inventive step or
industrial applicability; citations and explanations supporting such statement

1. Statement

Novelty (N) Yes: Claims
No: Claims 1-4,6,8-14,20,22-24,30

Inventive step (IS) Yes: Claims
No: Claims 5,7,15-19,21,25-29,31,32

Industrial applicability (1A) Yes: Claims 1-32
No: Claims

2. Citations and explanations

see separate sheet

Form PCTASA/237 (January 2004)
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING
AUTHORITY (SEPARATE SHEET) PCT/GB2004/004377

Re Item IV
Lack of unity of invention

This Authority considers that there are 3 inventions covered by the claims indicated as
follows:

Group I:  Claims 1-4,6-10,12-14,20-32
A SIMD processor with local memories in the processing elements.

Group Il:  Claim 5
A processor with an asynchronous SIMD unit

Group HlI: Claim 11
Support for nested operations in a SIMD processor

Group IV: Claims 15-19
A muliithreaded SIMD processor

The reasons for which the inventions are not so linked as to form a single general
inventive concept, as required by Rule 13.1 PCT, are as follows:

The prior art has been identified as document US5717947 (D1) and discloses (column
11, Summary) : a data processor comprising a single control unit (sequencer) and an
integral execution unit (scalar engine and vector engine) adapted to operate on both
parallel and scalar data under the same instruction set (column 11, line 22 to 24).
Document D1 further discloses (figure 2-67) an SIMD part (vector engine) comprising
an array of processing elements (PE[0-63]) and a scalar part (scalar engine); that
substantially all said instructions are operable on said parallel and/or said scalar data
(figures 6-65-1 and 6-65-2) and that each PE has multiple enable bits to support nested
conditional code (column 114, lines 35 to 42).

It follows that the following technical features of claims 7, 5, 11 and 15 make a
contribution over the prior art and can be considered as special technical features
within the meaning of Rule 13.2 PCT:

Group I :the scalar part and the SIMD part differ only in that each element of the
SIMD part contains local memory.

Form PCT/ISA/237 (Separate Sheet) (Sheet 1) (EPO-January 2004)
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WRITTEN OPINION OF THE International application No.

INTERNATIONAL SEARCHING

AUTHORITY (SEPARATE SHEET) PCT/GB2004/004377
Group Il : the scalar part and the SIMD are adapted to operate asynchronously.
Group Il : no special technical features have been found.

Group IV :the control unit is adapted to fetch and execute multiple instruction threads
simultaneously

The problem solved by these special technical features can therefore be construed as:

Group | : Increase the memory bandwidth of the processor elements in a SIMD
processor.

Group Il : Increase the instruction level parallelism inside a processor comprising a
SIMD unit.

Group IV : Increase the resource utilization of a processor comprising a SIMD unit.

The features of the claims on file which make a contribution over the prior art, i.e. the
Special Technical Features, are consequently : local memory on the SIMD processing
elements (claim 7), asynchronous execution of the scalar and SIMD parts of the
processor (claim 5) and a control unit adapted to fetch and execute multiple instruction
threads simultaneously (claim 15)

No special technical feature is present in claims 1-4,6 and 11.

This appears to show lack of corresponding technical effect as well. Consequently,
neither the objective problem underlying the subjects of the claimed inventions, nor
their solutions defined by the special technical features allow for a relationship to be
established between the said inventions, which involves a single general inventive
concept.

In conclusion, the groups of claims are not linked by common or corresponding special
technical features and define 4 different inventions not linked by a single general

inventive concept.

The application, hence does not meet the requirements of unity of invention as defined
in Rules 13.1 and 13.2 PCT.

Form PCT/ISA/237 (Separate Sheet) (Sheet 2) (EPO-January 2004)
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING
AUTHORITY (SEPARATE SHEET) PCT/GB2004/004377

Re ltem V
Reasoned statement with regard to novelty, inventive step or industrial
applicability; citations and explanations supporting such statement

Reference is made to the following documents:

D1: US5717947
D2: GB2348977
D3: "DLP + TLP Processors for the next generation of Media Workloads"
D4: US5758176

1 Group | (Claims 1-4,6-10,12-14,20-32)

1.1 The present application does not meet the criteria of Article 33(1) PCT, because
the subject-matter of claims 1-4, 6, 8-10, 12-14, 20, 22-24 and 30 is not new in the
sense of Article 33(2) PCT.

1.1.1 Document D1 discloses a data processor (column 11, line 22 to 24)
comprising a single control unit (sequencer) and an integral execution unit
(scalar engine and vector engine) adapted to operate on both parallel and
scalar data under the same instruction set (ibidem).
Therefore the subject-matter of claim 1 is not new.

1.1.2 Dependent claims 2-4, 6, 8-10, 12-14, 20, 22-24 and 30 do not contain any
features which, in combination with the features of any claim to which they
refer meet the requirements of the PCT in respect of novelty, see
documents D1 and D2 and the corresponding passages cited in the search
report.

1.2 The present application does not meet the criteria of Article 33(1) PCT, because
the subject-matter of claims 7, 21, 25-29, 31 and 32 does not involve an inventive
step in the sense of Article 33(3) PCT.

1.2.1 Dependent claims 7, 21, 25-29, 31 and 32 do not contain any features

which, in combination with the features of any claim to which they refer
meet the requirements of the PCT in respect of inventive step, see

Form PCT/ISA/237 (Separate Sheet) (Sheet 3) (EPO-January 2004)
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING
AUTHORITY (SEPARATE SHEET) PCT/GB2004/004377

documents D1, D2 and the corresponding passages cited in the search
report.

2  Group Il (Claim 5)

2.1 The present application does not meet the criteria of Article 33(1) PCT, because
the subject-matter of claim 5 does not involve an inventive step in the sense of
Article 33(3) PCT.

2.1.1 Document D4 discloses a data processor comprising a control unit and an
integral execution unit adapted to operate on both parallel and scalar data
under the same instruction set wherein a scalar and a SIMD part are
adapted to operate asynchronously (column 6, lines 50 to 54).

The processor of document D4 differs from the processor of claim 5 in that it
comprises a single control unit.

Using one single control unit is merely one of the available choices in order
to implement a processor with a complex execution unit (see for example
document D1, column 11, line 22 to 24). Therefore the subject-matter of
claim 5 is not inventive.

3 Group Il (Claim 11)

3.1 The present application does not meet the criteria of Article 33(1) PCT, because
the subject-matter of claim 11 is not new in the sense of Article 33(2) PCT.

3.2 Document D1 further discloses multiple enable bits to support nested conditional

code (column 114, lines 35 to 42), therefore the subject-matter of claim 11 is not
new.

4 Group IV (Claims 15-19)

4.1 The present application does not meet the criteria of Article 33(1) PCT, because
the subject-matter of claim 15 is not new in the sense of Article 33(2) PCT.

4.1.1 Document D3 discloses a data processor comprising a control unit and an

Form PCT/ISA/237 (Separate Sheet) (Sheet 4) (EPO-January 2004)
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WRITTEN OPINION OF THE International application No.
INTERNATIONAL SEARCHING
AUTHORITY (SEPARATE SHEET) PCT/GB2004/004377

integral execution unit adapted to operate on both parallel and scalar data
under the same instruction set wherein the control unit is adapted to fetch
and execute multiple instruction threads simultaneously (page 221, right
column, lines 16 to 20).

Therefore the subject-matter of claim 15 is not new.

4.2 The present application does not meet the criteria of Article 33(1) PCT, because
the subject-matter of claims 16-19 does not involve an inventive step in the sense
of Article 33(3) PCT.

4.21 Dependent claims 16-19 do not contain any features which, in combination
with the features of any claim to which they refer meet the requirements of

the PCT in respect of inventive step, see documents D3 and D4 and the
corresponding passages cited in the search report.

Form PCT/ISA/237 (Separate Sheet) (Sheet 5) (EPO-January 2004)
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GRANDE BRETAGNE Tel.; +31 (0)70 340 45 00
Date
03.03.06
Reference Application No./Patent No.

04768907.0 - 2211 PCT/GB2004004377

Applicant/Proprietor
Clearspeed Technology PLC

Entry into the European phase before the European Patent Office

These notes describe the procedural steps required for entry into the European phase
before the European Patent Office (EPO). You are advised to read them carefully:
failure to take the necessary action in time can lead to your application being deemed
withdrawn.

1. The above-mentioned international patent application has been given European
application No. 04768907.0.

2. Applicants without a residence or their principal place of business in an EPC contracting state may
themselves initiate European processing of their international applications, provided they do so before

expiry of the 31st month from the priority date (see also point 6 below).

During the European phase before the EPO as designated or elected Office, however, such
applicants must be represented by a professional representative (Arts. 133(2) and 134(1), (7)

EPC).

Procedural acts performed after expiry of the 31st month by a professional representative who acted
during the international phase but is not authorised to act before the EPO have no legal effect and

therefore lead to loss of rights.

Please note that a professional representative authorised to act before the EPO and who acted
for the applicant during the international phase does not automatically become the
representative for the European phase. Applicants are therefore strongly advised to appoint in
good time any representative they wish to initiate the European phase for them; otherwise, the

EPO has to send all communications direct to the applicant.

3. Applicants with a residence or their principal place of business in an EPC contracting state are not
obliged to appoint, for the European phase before the EPO as desighated or elected Office, a

professional representative authorised to act before the EPO.
However, in view of the complexity of the procedure it is recommended that they do so.

4. Applicants and professional representatives are also strongly advised to initiate the European phase

using EPO Form 1200 (available free of charge from the EPO). This however is hot compulsory.

EPO Form 1201 10.02
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5. To enter the European phase before the EPO, the following acts must be performed.
(N.B.: Failure validly to do so will entail loss of rights or other adverse legal consequences.)

5.1

52

a)

b)

d)

e)

If the EPO is acting as designated or elected Office (Arts. 22(1)(3) and 39(1) PCT respectively),
applicants must, within 31 months from the date of filing or (where applicable) the earliest priority
date:

Supply a translation of the international application into an EPO official language, if the
International Bureau did not publish the application in such a language (Art. 22(1) PCT and Rule
107(1)(a) EPC).

If the translation is not filed in time, the international application is deemed withdrawn
before the EPO (Rule 108(1) EPC).

This loss of rights is deemed not to have occurred if the translation is then filed within a
two-month grace period as from notification of an EPO communication, provided a surcharge is
paid at the same time (Rule 108(3) EPC).

Pay the national basic fee (EUR  160,00) and, where a supplementary European search report
has to be drawn up, the search fee (EUR 960,00 ; Rule 107(1)(c) and (e) EPC).

If the time limit under Article 79(2) EPC expires before the 31-month time limit, pay the
designation fee (EUR  75,00) for each contracting state desighated (Rule 107(1)(d) EPC).

If the time limit under Article 94(2) EPC expires before the 31-month time limit, file the written
request for examination and pay the examination fee (EUR 1430,00 ; Rule 107(1)(f) EPC).

Pay the third-year renewal fee (EUR  380,00) if it falls due before expiry of the 31-month time
limit (Rule 107(1)(g) EPC).

If the fees under (b) to (d) above are not paid in time, or the written request for examination is not
fled in time, the international application is deemed withdrawn before the EPO, or the
contracting-state designhation(s) in question is (are) deemed withdrawn (Rule 108(1) and (2) EPC).
However, the fees may still be validly paid within a two-month grace period as from notification of
an EPO communication, provided the necessary surcharges are paid at the same time (Rule
108(3) EPC). For the renewal fee under (e) above, the grace period is six months from the fee's
due date (Article 86(2) EPC).

If the application documents on which the European grant procedure is to be based comprise more
then ten claims, a claims fee is payable within the 31-month time limit under Rule 107(1) EPC for
the eleventh and each subsequent claim (Rule 110(1) EPC). The fee can however still be paid
within a one-month grace period as from notification of an EPO communication pointing out the
failure to pay (Rule 110(2) EPC).

6. If the applicant had a representative during the application's international phase, the present notes will
be sent to the representative, asking him to inform the applicant accordingly.

All subsequent communications will be sent to the applicant, or - if the EPO is informed of his
appointment in time - to the applicant's European representative.

EPO Form 1201 10.02
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7. For more details about time limits and procedural acts before the EPO as designated and elected Office,
see the EPO brochure

How to get a European patent
Guide for applicants - Part 2
PCT procedure before the EPO - "Euro-PCT"

This brochure, the list of professional representatives before the EPO, Form 1200 and details of the
latest fees are now all available on the Internet under

http://www.european-patent-office.org
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INTERNATIONAL SEARCH REPORT interr il Application No

PCT/GB2004/004377

A. CLASSIFICATION OF SUBJECT MATTER

IPC 7 GO6F15/80

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

IPC 7 GO6F

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

page 39, line 14 - 1

page 17, line 15 - page 19, line 30

ine 18

Category ° | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 5 717 947 A (GALLUP ET AL) 1-4,
10 February 1998 (1998-02-10) 6-14,
20-32
A 5
column 11, Tine 22 - line 24
column 114, line 35 - line 42
X GB 2 348 977 A (* PIXELFUSION LIMITED) 1,15-19
18 October 2000 (2000-10-18)
A 7,21,
25-32
figure 1
figure 3
figure 4
page 16, line 17 - line 25
page 12, line 30 - line 34

.

Further documents are listed in the continuation

of box C.

Patent family members are listed in annex.

° Special categories of cited documenis :

considered to be of parlicular relevance

filing date

citation or other special reason (as specified)
other means

later than the priority date claimed

*A* document defining the general state of the art which is not
*E" earlier document but published on or after the international

*L' document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another

*O* document referring to an oral disclosure, use, exhibition or

*P* document published prior to the international filing date but

“T* later document published after the international filing date
or priority date and not in conflict with the application but
ciled to understand the principle or theory underlying the
invention

*X* document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is laken alone

*Y* document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more olher such docu-
gn?:ls. such combination being obvious t0 a person skilled
inthe ar.

*&' document member of the same patent family

Date of the actual completion of the international search

24 June 2005

Date of mailing of the intemational search report

30/06/2005

Name and mailing address of the ISA
NL - 2280 HV Rijswik
Fax: (+31-70) 340-3016

European Patent Office, P.B. 5818 Patentlaan 2

Tel. (+31-70) 340-2040, Tx. 31 651 epo nl,

Authorized officer

Bosch Vivancos, P

Formmn PCT/ISA/210 {sacond sheet) (January 2004)
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INTERNATIONAL SEARCH REPORT Intert al Application No
PCT/GB2004/004377

C.(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT

Category ° | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X CORBAL J ET AL: "DLP+TLP processors for 1,15-19
the next generation of media workloads"
HIGH-PERFORMANCE COMPUTER ARCHITECTURE,
2001. HPCA. THE SEVENTH INTERNATIONAL
SYMPOSIUM ON MONTERREY, MEXICO 19-24 JAN.
2001, LOS ALAMITOS, CA, USA,IEEE COMPUT.
S0C, US, 19 January 2001 (2001-01-19),
pages 219-228, XP010531688

ISBN: 0-7695-1019-1

column 6, line 50 - 1ine 54

X US 5 758 176 A (AGARWAL ET AL) 1,5
26 May 1998 (1998-05-26)
abstract

figures 2,3,6

A 16-19

Fom PCT/ISA/210 (continuation of second sheet) (January 2004)
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INTERNATIONAL SEARCH REPORT

It «rusational application No.

PCT/GB2004/004377

Box Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This International Search Report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:
because they relate to parts of the International Application that do not comply with the prescribed requirements to such
an extent that no meaningful International Search can be carried out, specifically:

3. D Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box lII Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

1. As all required additional search fees were timely paid by the applicant, this International Search Report covers all
searchable claims.

2. m As all searchable claims could be searched without effort justifying an additional fee, this Authority did not invite payment
of any additional fee.

3. As only some of the required additional search fees were timely paid by the applicant, this International Search Report
covers only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this International Search Report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2004)
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FURTHER INFORMATION CONTINUED FROM PCTASA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-32
Searched claims
1.1. claims: 1-4,6-10,12-14,20-32

A SIMD processor with local memories in the processing
elements

1.2. claim: 5
A processor with an asynchronous SIMD unit
1.3. claim: 11
Support for nested operations in a SIMD processor
1.4. claims: 15-19

A multithreaded SIMD processor
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Patent document Publication Patent family Publication

cited in search report date member(s) date

US 5717947 A 10-02-1998 CN 1107983 A ,C 06—-09-1995
EP 0619557 A2 12-10-1994
JP 7073149 A 17-03-1995
us 6085275 A 04-07-2000
us 5742786 A 21-04-1998
us 5752074 A 12-05-1998
us 5600846 A 04-02-1997
us 5664134 A 02-09-1997
us 5706488 A 06-01-1998
us 5598571 A 28-01-1997
us 5754805 A 19-05-1998
us 5572689 A 05-11-1996
us 5737586 A 07-04-1998
us 5734879 A 31-03-1998
us 5548768 A 20-08-1996
us 5537562 A 16-07-1996
us 5559973 A 24-09-1996
us 5805874 A 08-09-1998
us 5600811 A 04-02-1997
us 5790854 A 04-08-1998

GB 2348977 A 18-10-2000 AU 3829500 A 14-11-2000
EP 1181648 Al 27-02-2002
WO 0062182 A2 19-10-2000
JP 2002541586 T 03-12-2002
US 2002174318 Al 21-11-2002

US 5758176 A 26-05-1998  NONE

Fom PCT/1SA/210 (patent tamily annex) (January 2004)
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(10) International Publication Number

WO 2005/037326 A3

(51) International Patent Classification’: GOG6F 15/80
(21) International Application Number:
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(22) International Filing Date: 13 October 2004 (13.10.2004)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
0323950.6
0409815.8

13 October 2003 (13.10.2003)
30 April 2004 (30.04.2004)

GB
GB

(71) Applicant (for all designated States except US): CLEAR-
SPEED TECHNOLOGY PLC [GB/GB]; 3110 Great
Western Court, Hunts Ground Road, Stoke Gifford, Bristol
BS34 8HP (GB).

(72) Inventors; and
(75) Inventors/Applicants (for US only): STUTTARD, David

(74)
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Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD,
MG, MK, MN, MW, MX, MZ, NA, NI, NO, NZ, OM, PG,

[Continued on next page]

(54) Title: UNIFIED SIMD PROCESSOR
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(57) Abstract: A data processor comprises a single
control unit and an integral execution unit adapted
to operate on both parallel and scalar data under the
same instruction set. The execution unit comprises
a SMO part comprising an array of processing
elements adapted to operate on the parallel data and
a scalar part adapted to operate on the scalar data.
Substantially all the instructions are operable on
the parallel and/or the scalar data. Preferably, both
the scalar part and the SIMD part have a complete
range of addressing modes that allow them to
support: scalar variables pointing to data in scalar
memory; scalar variables pointing to data in memory
in the SIMD part of the execution unit, SHVM
variables pointing to memory in the SIMD part of
the execution unit; and SIMD variables pointing to
data in scalar memory. The scalar part, the SIMD
part, and I/O means are adapted to be operated in
parallel by the same instruction stream.
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I, the undersigned, being an officer duly authorised in accordance with Section 74(1) and (4)
of the Deregulation & Contracting Out Act 1994, to sign and issue certificates on behalf of the
Comptroller-General, hereby certify that annexed hereto is a true copy of the documents as
originally filed in connection with the patent application identified therein.

In accordance with the Patents (Companies Re-registration) Rules 1982, if a company named
in this certificate and any accompanying documents has re-registered under the Companies Act
1980 with the same name as that with which it was registered immediately before re-
registration save for the substitution as, or inclusion as, the last part of the name of the words
"public limited company" or their equivalents in Welsh, references to the name of the company
in this certificate and any accompanying documents shall be treated as references to the name
with which it is so re-registered.

In accordance with the rules, the words "public limited company" may be replaced by p.l.c.,
plc, P.L.C. or PLC.

Re-registration under the Companies Act does not constitute a new legal entity but merely
subjects the company to certain additional company law rules.

Dated 10 February 2005

An Executive Agency of the Department of Trade and Industry
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Drawing(s) 8
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Priority documents
Translations of priority documents -

Statement of inventorshin and right
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Request for preliminary exarnination
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Request for substantive examination
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application.

Haseltine Lake, Agents for the Applicants Signature

Date
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12,  Name and daytime telephone number of

person to contact in the United Kingdom Mr Chris Vigars [0117] 910 3200

Warning
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¥Inified SIMD Processor

Background to the Inveniion

The invention consists of a significant improvement to a well known type of parallel processot.
‘Single-Instruction Multiple-Data (SIMD) architeciures afe widely used in 2 number of computing
applications. They have the advantage of high performamcs, low power comsumpiion and easy
scalability. A SIMD processor differs from the more commonly used multi-processer system
(where a number of processors, each independently executing their own program code, are used
together to solve a problem) in that it executes a single stream of instructions but sach instruction
operates on multiple daia items in paraliel.

There are & range of SIMD processor architectures. These range from an intelligent memory type
of approach where cach cofumn of a memory anxay has a simple 1-bit Arithmetic Logic Unit
(ALU) through to more complex architectures where a, usually smaller, array of more complex
processing slements are fod with a gingle instruction stream. They have, however, been difficult
to program in the past.

In all these cases the array of SIMD processing elaments are fed with instruciions and data by a
dedicated controller. Often the controller ig the largest and most complex pert of the design
because of the need to mmatch the data processing rate achieved by the SIMD array. The atray
controller ig not itgelf ‘intelligent” and is, in turn, controlled by a general purpose prosesser
which also runs the bulk of the application software. This Aos¢ processor will execute most of the
application cods; it will send data to be processed to the SIMD array with an indication of the
function to be performed, typically 2 pointer to the start of a sequence of SIMID array instructions
or microinstructions.

This introduces two programming problems. Fitstly, the array controller can only be programmed
at a very low level: a series of microcode, or possibly assembler, instructions to be executed by
the array. This is because the array controller is not designed to work with a compiler. Secondly,
this programming is completely separated from the main application code running on the host
processor. This may be ‘wrapped up’ by providing C finctions or C++ classes which makes them
appear more integrated and rsducés the complexity of passing control between. the host processor
and the SIMD array. Also, in the simplest form, the host processor and the SIMD array will have
completaly separate memory spaces for code and data. Any of the standard. shared memory

techmiques can be used to address this with all the resulting problems: complex arbitration, cache
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coherency issuss, contention for memory bandwidth, Inter-processor synchronization, greater

cost, efc.

A preferable solution is to provide a fully integrated architecture where the same processor can

transparently process both sealar and SIMD operations in a fully integrated fashion. This means
5  that a single program can be written, in a standard high-level language such as C, which includes

all parts of the application — both *normal’ (scalar) data and paraliel data processing.

Prior Art

The basic SIMD processing model has been in use for many years. Some of the earliest examples

are the ILLIAC TV developed in 1972, which had 64 processors with floating point and memory,

e
<

atd Goodyear’s STARAN {1975) which was a 1-bit architestors, Many varlanis have been
developed since then.
There is also a recent trend o put small-seale SIMD extensions in standard processor
architectures, This is exemplified by the Inte]l MMX and SSE extensions to the x86 architecture.
This sllows, for example, the values in two 32-bit registers 1o be added as if each register
15 contained four independent 8-bit values. This is not considerad relevant to the current discussion
for a number of reasons: '
+ the SIMD processing is done on 2 very small scale;
* only a limited range of SIMD functionality is providad;
» thete are distinet instructions for aperating on SIMIY data;
20 = the same hardware is used for SIMD and for scalar operations (althought separate registers
may be provided for the SIMI} operands)
The idea of providing indexed addressing modes in a 8IMD prosessor is disclosed in our
copending patent application GB9908225.7. This invention extends that idea by using a more
flexible implementation of that idea in combination with a more powerful array controlier to
25 provide & unified processor architecture.
Suramary of the Invention
Applicant’s approach, after many years of experience with developing systems based on SIMD
coprocessors, was to create a new architecture where instructions are decoded and despatched to
the appropriate part of the execution unit: either the sealar (mono) execution wnit or the SIMD
30 (poly) execution unit. Imstruction execution on these are decoupled so that, for example, 2 mono
instruction followed by a poly instruction will execute concurrently. The support for mono and
poly data is, as far as possible, identical — this makes it practical to write a compiler to target the
processor. A simeple extension to the programming language allows data to be marked as either

being processed on the mono or poly execution umits. This greatty simplifies the task of
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programming the processar, especially as it 13 hot normally necessary for the program o change
depending on the size of the SIMD array: poly data is antomatically distributed across the array.
This means a single program runs on the processor which does both mone and poly operations as
required — typically it will do both at the same time. A single C program can be writien which
manages program control flow, operates on mono data, and operates on poly data.
To support this, and further simphfy programming, this unity of the architecture is reflected in
the instruction set and programming model. The processing elements in the SIMI> array and the
morno execution unit have a common instruction set. For instatee, an add instruction can be nsed
with operands which are ither poly registers or mono registers {or immediate values); the
sppropriate exscution unit will exccute the instruction. Mono and poly operands can alse be
mixed to allow, for example, a single mono value to be added to a poly regisier which holds a
different value on every processing element.
It is appropriate to note that this does not require the mono execution unit to have exactly the
aame micro-architecture as the poly execution umit, For example, the poly processing elements
could have an 8-bit ALU, while the mono execution unit has a 32-bit ALU.
The most significant features contributing to the novelty and inventiveness of this invention
inclnde the following coneepts:

* The processor provides a unified programming model: & single program runs on &

processor providing both scalar and SIMD operations.

This is supported with 2 unified instruction set: e.g an add instruction can work with either
mono or poly operands (or a mixture of the twe)
» Poly operations ¢an freely use mono registers in expressions, and more importantly for
addressing memory.
« Having a full range of addressing modes and completely separate memory blocks in each
PE make it simple to support poly data structures and poly pointers on the 8IMD array
{previous SIMD architectures either provde a single address to all FEs or use sequences of
{nstructions to construct an address in memory).
- Mono and poly operations are of equal standing: wherever possible, all instractions can be
us.cd with either mono or poly operands (theres are some exceptions hecause a small set of
operations, mainly for control, only make sease for one or the other).
~ Similarly, the compiler can mix poly and mono data in expressions and control structures.
Tn particuiar mone and poly pointers to mono or poly data, and all combinations of these,

can be supported.
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* The mono and poly execution units are loosely coupled so that their operation can be
overlapped. Compilers are extremély good at scheduling instrizctions fo take advantage of
this flexibility - maximizing the efficiency of the system,

*+ There are some compiler optimizations specific to this architecture: for example it may be
better, in some instanwes, to move an opsration that would normally be done on the mono
execution unit on to the poly execntion unit - efther because it can then be overlapped
with other operations on the mono execution unit or becanse the result is neaded on the
poly execution unit anyway. Again, the compiler can detect such cases and make the
appropriate optimizations,

* A common code and data spacs is available to both mono and poly eperations making it
easy to generate code for, and share data between, the two execution units.

* The overall architecture is suitable for targeting by a high level languags compiler - again
for both meone and poly operations.

Brief D%Q.:ription of the Drawings
The invention will be described with reference to the following drawings, in which;
Figure 1 shows a prior art SIMD processor;
Figure 2 shows the architecture in accordance with the present invention;
Figure 3 is a comparison between RISC and MTAP architecture;
Figure 4 is a schematic diagram of an MTAP execution unit;
Figura 5 indicates schematically the execution of an instroction;
Figure 6 is a graphical reprasentation of the results of running an example program using the
present invention;
Figure 7 is a graph indicating the power efficiency of the MTAP architecture;
Figure 8 is a block schematic diagram depicting an exmplary MTAP processor; and
Figure 9 is a block diagram of a specific implementation of the MTAP architecture as apphied
to an evaluation chip.
Detailed Description of the Ilustrated Embodiments
The design of this processor architecturs was driven by the desire to make it practical and
efficient to program in a high level langnage. In order to make this possible & munber of features
are required. First, the overall programming model needs to be simple and ‘regular’ — ie. the
same operations and addressing modes can be applied io all data types.
The execution unit for mono data is based on well known principles used in many RISC

processors. This makes it simple for a compiler to target and easy for a nser to undersiand.

-0cti03704:25 1]
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The functionality supported by each PE is then mads as sirilar as possible to the mono execution
unit: each PE has an ALU, 2 register file and memory, snd supports a range of addressing modes
for transferring data between memory and registers.

It is not necessary for the PEs to be identical {o the mono execution unit in every detail: e.g. the
number of registers and the width and complexity of the ALU are likely to be different in
practice. The poly execution unit gets its performance largely from the mumber of PEz brought to
bear on the problem rather than the processing power of the individual PEs. To balance this, the
mono execution wunit is likely to require a wider and more complex ALU. This is reasonable
because this is only instantiated onee whils the PEs are replicated many times and need fo be
efficiently implettiented.

The number of elock cycles required to exeoute an instouction on the mono and poly sxecution
units is highly variable. Both will execute some instructions in a single cycle. But some
instructions could take several cycles on the mono execution unit or on the poly execution woit, Tt
is therefore essential that the two execution units are only loosely coupled rather than operating
in lock-step; this allows them to overlap their execution of instructions. The hardware will
synchronize their operations when necessary: e.g. when they need to access a shared resource, or
one execuiion unit requires-data from the othet.

Transfers between the registers and memory, and other /O transfers, can take place concurently
with ALU operations. To simplify the task for the compiler, these interactions are all interlocked
using register scoreboarding (see our copending patent application GB 9308203.4},

An important aspect of the PE architecture to support compiled cods is the existence of a full set
of addressing modes: direct, indirect and indexed. Indirect and indexed addressing by the PEs is
described in the previously mentioned copending patent application GB DO0R225.7.

Tn 2 high level language compiler for this architecturs, it is only necessary to introduce a simple
modification; the keyword ‘poly’ used in a declaration identifies data that is distributed across the
SIMD array. Similar methods have been used before, for example the ‘shape' keyword used in
C*, a language used for programming the “Connection Machine”. However, it is only with the
present architecture that poly variables become “first clags’ objects — ile. they can be nsed
gverywhm that ‘notmal’ mono data can be: in expressions, as function arguments, in conditional

. srarements, ete. Pointers o both mono and poly data are allowed, as are pointers of both mono

and poly types. Furthermore, poly variables can be mixed quite freely with mono data in all these
costexts. This provides a very simple and regular programming model for the user.
Note that it would also be possible for a compiler to detect the paraflelism in the program or data

automatically: This is frequently done with ‘veotorizing’ Fortran compilers nsed with
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supercomputars, for example. The same techniques could be applied to this architectnre, The ar-
chitecture will now be desctibed in more detail, ’
The Multi-Threaded Array Processing (MTAP) architecturs has been developed o address a
number of problems in high performance, high data rate processing.

5 A number of applications are characterized by very high data rates, flexible processing
requirements and hard real-time consiraints. We use the tenﬁ data flow processing to describe
this class of problam.

The MTAP processor delivers on the three primary requirements for data flow applications:
1. It directly addresses the data bandwidth, and has a clear scalability path for future

requirements,
2. It provides the raw horsepower for the provessing fimctions required, on the maximum data

fot
<

rate that the system will encounter. That processing power can scale with increasing function

 demands.
3. It stores the data closs to the processing core to maximize bandwidth and minimize latency.

15 MTAP Overview
The MTAP architecture defines a family of embedded processors with parallel data processing
capability, Figure 1 comparss & standad processor and the MTAP architecture. As can be seen,
ithe MTAP processor has a standard, RISC-like, control unit with instruction fetch, caches and
VO mechanisms. This is coupled to a highly paraliel execution unit which provides the
20  performance and scalability of the MTAP architecture.
The processor is designed in a highly modular fashion which allows many details of a specific
implementation to be easily customnized for the target application. »
To simplify the integration of the processor inte a variety of systems, the processor can be also
configurad to be big or little-endian,

25 Contref unit
The control umit fetches, decodes and dispatches insiructions to the execution umits. The

processor executes a fairly standard, three operand instruction set,

The control unit also provides hardware support for multi-threaded execution, allowing fast

swapping between multiple threads. The threads ave prioritized and are intended primarily (o
30 support efficient overlap of IO and compute. This can be used to hide the latency of external

data acoesses.

The MTAP processor can also includs instruction and data caches to minimize the latency of

memory accesses. The size and type of these is a configurable option. Aliematively, the caches

. may be replaced with SRAM to provide a complete embedded solution.
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The aonirol unit also insludes a control port which is used for initializing and debugging the
processor; it includes suppott for breskpoints, single stepping and the examination of internal
state.
Execution unit
“The execntion unit consists of 2 number of processing elemenis (PEs). This allows it to process
data elements in parallel. Each PE consists of an ALU, registers, memory and V0.
The mumber of PEs in a processor core is a configurable paramster which allows perfonmance to
be scaled to meet the needs of the application, The execution unit can be thought of as two,
largely independent, parts (see Figure 4).
One PE forms the mone execution unit; this is dedicated to processing mono {i.e. scalar of non-
paratlel} data, The mono exscution unit also handles program flow control such as branching and
thread switching, The rest of the PEs form the poly execution unit which processes parallel {poly)
data, '
The poly execution unit may consist of tens, hundreds or even thousands of PEs. This array of
PEs operates in a synchromons manner, similar to SIMD, where every PE executes the same
instruction on its piece of data Bach PE also has its own independent local memory, this
provides fast access o the data being processed. For example, one PE at 400 MHz has a memory
bandwidth of 1.6 Gbytes/s. An aray with 256 such PEs has an agpregate bandwidth of over 400
Gbytes/s, with single cycle latency.
The number of lregistars and the amount of memory in each PE are configurable options.
Input / ougpet ,
The MTAP processor core has two basic /O mechanisms. The first, Pragrammed 0 (PIO), is
the normal mechanism nsed for accessing memory external to the MTAP core: it supporis
random accesses to variable sized data by the PBs, The sccond mechanism s Streaming ro
(SI0) which allows chunks of contiguous data to be streamed directly into the memory within
PEs.
Bach of these supports a variety of addressing modes; these are described in more detail later,
Programming model ‘
From a programmer’s perspective, the MTAP processor appears as a single processor runxing a
single C program. This is very different from some other parailel processing modsls where the
programmer has to explicitly program multiple independent processors, or can only access the

processor via fimetion calls or some other indirect mechanism.

00826t ct=03- 04125 |
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The MTAF procsssor executes a single instruction stream; each instruction is sent to one of the
fmetional unite: this may be the mono or poly execution unit, or one of the IO controllers. The
processor can despatch an instruction on every oycle.

For multi-cycle instructions, the operation of the fumotional units can be ovetlapped. Bo, for

example, an YO operation can be started with ons instruction and on the next cycle the mono
execution unit could start a multiply instruction (which requires several cycles to execute). While
these operations arg proceeding, the poly execution unit can continus to execute instructions.

The main change from programming a standard processor is the concept of operating on parallel
data. Data to be processed is assigned io variables whisﬁ have an instance on every PE and are
operaied on in parallel we ¢all this poly data. This can be thought of as 2 data vector which is
distributed across the aivay.

Variables which only need to have a single instance (2.z. loop conirol variables) are known as
mono vatiables ~ they behave exactly like normal variables on a sequential processor,

Applicant provides a compiler which uses 2 simple extension to standard C to identify data which
is t0 be processed in parailel. The new keyword poly is used in a declaration to define dats which
exists, and is processed, on every PE in the poly execuiion unit.

Exvinple

To give a feel for the way the MTAP processor is programmed, the following represents a
fragment of code which will calculate 64 values of a sine function across the PE array in 4 single
aperation.

#include <foext.hs

#include <math.hs

#define PT 3.1415926535857532384

#define NUMBER OQF PES 64

poly flcat angle, sine;
poly int pe;

/* get PE numbsr: 0,,.n-1 */

pe = get_penum(};

/* convert to an angle in range 0 to P1 %/
angle = pe * PI / NUMBER OF FPES;

/* calculate gine of angle on each PE */

sine = sinp{angle);
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This code uses the library function get_penum() to got a unique value in the variable pe on each
PE. This is scaled to give a range of values for angle betwsen D and pi across the PEs.

Finally, the library function sinpf) is called to caleulate the sine of these values on all PEs
simultaneously. The siep function is the poly equivalent of the standard sine function; it takes a
poly argument and returns the appropriate value on every PE.

The results of running this program on a 64-PE MTAP processor are shown in 2 graphical
representation in Figure 6.

Performance

The performance of an MTAF core with 64 PEs, on a 0.13y process and running 2t 400 MHz is
shown in Table 1. The columns show the performance schieved with the hasic PE, the FE with
an additional Multinly-Accumulate (_'MAC} unit, and the P'E with an FFU exiension.

Table } Performance Comparison

[Base 2-hit F‘PU
Architecture MAC
iz 25,600 25,600 25,600
MACS (x 10%) - 25,600 25,600
FLOPS - - 51,200
Vemory Bandwidth 100 100 100
(Gbytes / s}
nter-PE Bandwidih sd  sq 50
((3Bytes / 5) )
Relative Area 1.0 1.1 1.3

However, the core can be scaled well beyond this mmmber of PEs, to 7365 or even thousands of
PEs. It also scales down efficiently to lower numbers of PEs, or lower clock rates, snabling low
cost and low power systems to be built.

Figure 7 shows how performance and power scale with the number of PEs. By choosing the
aumber of PEs and the clock frequency, the designer has a great deal of friexibility to tune
performance, bandwidth, cost and power for the needs of a given application.

Architecture Details r
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The following sections deseribe the MTAP processor in more detail. A block diagram of the
‘processor is shown in Figure 8. This is a conceptus] view, which reflests the programeing
model. In practice, the control and mono sxecution units form a tightly-coupled pipeline which
provides overall control of the processor.

Interfaces

The processor has a number of external interfaces. The widths of each of this are configurable.
All thess interfaces currently use the Virtwal Component Interface Standard defined by the VSI
Alliance, '

There are thres categories of inferface:

Mono doia & instructions

This is 2 single Advanced VCI (AVCI) interface which is used for mono loads and stores, and for
instruction fetching,

Poly data

This uses one or more AVCI interfaces for PIC and SIO data. The number of physical interfaces
corresponds to the number of PIO and STO channets 'implementcd.

Control
Thete are two control interfaces which use the Peripheral VCI (PVCI) protocol. One is used for .

Initialization and dsbug. The other aliows the MTAP processor to gengsrate interrupts to the host
systemn.
Instruction set
The processor has a fairly standard RISC-like instruction set, Most instructions can operafe on
mono or poly operands and are executed by the appropriate part of the execution unit. Somme
instructions are only relevant to either the mono or poly execution unit, for example all program
flow control is handled by the mono unit,
The instruction set provides a standard set of functions on both mono and poly execution units:
* Integer and floating point adds, subiracts, multiplies, divides
« Logical operations: and, or, not, xor
* Arithmetic and logical shifts
*+ Data comparisons: equal, not equal, greater than, less than, ete.
* Data movement between registers
* Loads and stores between registers and memory
To give a feel for the nature of assembly code for ths MTAF processor, a few lines of code are
shown below. This simple example loads a valus from memory into a raono register, gets the PR
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mmmber into a register on each PE and then adds these two values together producing a different

result on every PE.
14 D:m4, 0x3000 // load mono reg 0 from mem
penum 8:pd /{ PE number inktoc poly rag

add 4:p4, 0:m4, 8:md // add; result in reg 4
Control unit
The control unit fetches instructions from memory, decodes them and despatches them fo the
appropriate functional unit.
The controller includes a scheduler to provide hexdware support for multi-threaded code. This is
a vital part of the architecture for achieving the performance potential of the MTAP processor.
Because of the highly parailel architecture of the poly execution wnit, there can be significant
Iatencies if all PEs need to vead or write external data,
When part of an application stalls because it is waiting for data from external memoary, the
processor cah switch to another code thread that is ready to run. This serves to hide the latency of
aceessas and keep the processor busy.
The number of threads is a configurable option. The threads are priorittzed: the processor will im
the highest priority thread that is ready to run; a higher priority thread can pre-emipt a lowet
priovity thread when it becomes ready to . Threads'are synchronized — with cach other and
with hardware, such as 'O engines — via semaphores,
In the simplest case of multi-threaded code, a program would have two threads: one for VO and
one for compute. By pre-fetching data in the IO thread, the programmer (or the compiler) can
gnsure the dats is available when it is required by the execytion units and the processor can Tun
without stalling.
Lxecution units
This section describes the common aspects of the poly and mono execution units.
ALU operations
Instructions for arithmetic and logical operations are provided in several versions:
= Various sizes: 1, 2, 3 and 4 bytes, and combinations of sizes
» WVarious data types: signed and unsigned integers, and floating-point
= Mixes of signed/unsigned operations
Status register
Agsociated with the ALU is a status register; this contalns five status bits ihat provide
information about the result of the last ALU operation. When set, these bits indicate;
» Most significant bit set
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« Carry generated
»  Owverflow generated -
» Negative result
* Zero result
5  Registers
To support operations on data of different widths, the registers in the PEs can be accessed very
flexibly. The register files are best thonght of as an array of bytes which can be addressed as
registers of 1 o § bytes wide,
~The mono and poly registers are addressed in a consistent way vsing byte addresses and widths
10 gpecifiedin bytas. The mono register file is 16 bits wide and 50 all addresses and widths must be
& multiple of 2. There are no alighment restrictions on poly register accesses.
Addressing modes )
Load and store instructions are used to transfer data between memory and registers. In the case of
the mono execution unit, these transfer data to and from memory external to the MTAP
15 PrOCEssor.
Poly loads and stores trapsfer data between the PE tegister fils and PE memory. Data is
iransferred between the PEs and external memory using the /0 finctions described later.
There are three addressing modes for loads and stores which can be used for both mono and poly
data. These are:
20 Diirect
The address to be read/written is specified as an immedijate value.
Tndivect ‘

The address is specified in a register.

Indexed
25 The addess is ealculated from adding an offset to a base address in a regisier. The offset must be
an inmediate value.

Conditional code
The main difference between code for the mono and the poly execution units is the handling of
conditional exscution. 4

30 The mono unit uses conditional jumps to branch around code, typically based on the result of the
previous instructions. This means that mono conditions affect both mono and poly operations.
This is just like a standard BISC architecture,
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The poly umit uses a set of enable bits (deseribed in more detail below) o control whether each
PE will have its state changed .instmc:tions it executes. This provides per-PE predicated operation.
The enable state can be changed based on the result of a previous operation,
The following sections describe the architectural features of the two exccution units in more
detail.
Mane execution unit
The mono execution unbit is 8 16-bit processing slement consisting of!
= A 16-hit ALU with optional extensions
*  Aregister file of configurable size
= Siatus and conirol registers |
The mong ALU extensions include a nliiplier, a barrel shifter and a nommalizer, which is
important for accelerating software implementations of floating point operations.
As well as handling mono data, the mono umit is responsible for program flow conirol
(branching), thread switching and other control fimctions. The mono excention upit also has
overall control of 'O operations of poly data. Results from these operations are returmed to a
register in the mono wiit,
Conditional execution
The mono execution wnit handles conditional execution in the ssme way as a traditional
processor. A set of conditional and umconditional jump instructions use the result of previous
operations o jump over conditional cods, back to the start of loops, ete.
Multi-threaded execution
The MTAF procsssor supperts several hardwars threads. There is a hardware scheduler in the
control unit and the mono exscution unit maintaing multiple banks of critical registers for fast
context switching,
The threads are prioritized (0 being highest priority). Control of execniion between the threads is
performed using semaphores under programmer control, Higher priority threads will only yisld
to lower priority threads when they are stalled on yielding instructions (such as semaphore wait
operations). Lower prionity threads can be pre-empted at any time by higher priority ones.
Semaphores are special registers that can be incremented or decremented with atomic (pon-
interruptible) operations called signal and wait. A signal instruction will increment a semaphore,
A wait will decrement 2 semaphore unless the semaphors is 0, in which case it will stall until the
semaphore is sipnalled by snother fhread. Semaphores can also be accessed by hardware units

{such as the /0 controllers) to synohronize these with software.
Poly eaxcoution unil
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The pely execution unit is an arrzy of Processing Elements (PEs). Bach PE in the poly execution
umit consists of ’ '

* An8-bit ALU with optional extensions such as a multiply-accumulate (MAC) unit

+ A register file of configurable size

+ Status and enable registers

* A block of memory of configurable size

» An inter-PE communication path

* One or more TO channels

Load and store instructions move data between a PEs register file and memory, while the ALU
operates on data in the register file. Data is ransferred in w, and out of, the PE’s memory using
YO instructions.

ALU

The poly ALL is used for performing arithmetic and logical operations on values held in the PB
register file. '

While the ALU is only 8 bits wide, instructions exist for multi-byte arithmstic which is handled
by iteration. ALU exiensions exist to accelerate finctions for floating point, DSP, ete. For

example, an optional integer multiply-accumulate unit (MAC) can be included in the ALT. This.

can deliver an 8 x 8 bit MAC result every cycle, or a 16 x 16 bit MAC avery four cycles, The
accumulated result can be up to 64 bits wids,
The standard ALU includes basic hardware support to accelerate floating point operations.
Conditional behavior -
The SIMD nature of the PE array prohibits each PE baving its own branch unit (branching being
handled by the mone execution wmit). Instead, cach PE can control whether its state should be
updated by the current instruction by enabling or disabling itsclf: this is rather like the predicated
instructions in some RISC CPIJs.
Enable state .
A PE’s epable state is determined by a number of bits in the enable register, If all these bits are
s¢t 1o one, then a PE is enabled and executes instructions normally. If one or more of the enable
bits is zero, then the PE is disabled and most instructions it recsives will be ignored (instructions
on the enable state itsslf, for example, are not be disabled).
The enable register is treated as a stack, and new bits can be pushed onto the top of the stack
allowing nested predicated execution. The result of a test, either a 1 or a 0, is pushed onto the
enable stack. This bit can later be popped from the top of the stack to remove ihe effect of that
condition. This makes handling nested conditions and loops very efficient. Note that, elthough

3
";
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the enable stack is of fixed size, the compiler handles saving and resioring the state
antomatically, so there are no limitations on compiled code, When programming at the assembler
level, it is the programmer’s responsibility to manage the stack.,
Instructions
5  Conditional execution on the poly execution umit i3 supported by a set of poly conditionat
instructions: if, elee, endif, stc. These manage the enable bits to allow differsnt PEs to execute
each branch of an if...else construct in C, for example, These also suppart nested conditions by
pushing and popping the condition value on the enable stack.
As a simple example, consider the following code fragment:
10 // disable PEs where reg 32 is pon-zerg

if.eq 232:pl, 0 [/ push result onto gtack

// increment reg 8 on enabled PEs

add 8ipd, 8:pd, 1

/{ return all PEg to original enable skate

15 endif // pop enable stack
Here, the initial if instruction compares the two opgrands on each PE. If they are equal it pushes 1
onto the top of the enable stack - this leaves those PEs enabled if they were previously enabled
and digabled if they were already disabled: If the two operands are not equal, a 0 is pushed onto
the stack ~ this disables the corresponding PEs.

20  The following add instruction is sent to all PEs, but only acted on by those that are stjil enabled.
Finally, the endif instruction pops the enable stack, returning all PEs fo their original enable
state.

Forced loads and stores
Poly loads and stores are normally predicated by the enable state of the PE. However, because
25  there are instances where it is nscessary to load snd store data regardless of the current enable
state, the instruction set ncludes forced loads and stores. These will change the state of the PE
even if' it is disabled.
L0 mechanisms
There are twe FO mechaniams provided for trensferring data between PE memory and deviees
30 ouiside the MTAP core. Programmed IO (PIO) extends the load/ store model: it is nsed for
transfers of small amounts of data between PE memory and external memory. Streaming V@
(SI0) is used to efficiently transfer contiguous chunks of data in and out of PE memory.
The number of PIO and 810 chanmels in a processor is a configurable parameter. A processor
will always have at least one PIO channel as this is required for normal program execution.
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Multiple T3 channels can, run simulianeously,
/O architecturs
The FO systems consist of three parts: Controller, Engine and Node.
Controller

5 The PIO and SIO controllers decods /O mstructions and coordinate with the rest of the control
unit and the mono processor. The controllers synchronize with software threads via semaphores.
Enging
The /O engines are basically DMA engines which manage the actos] data transfer.

There is a Controller and Engine for each VO chammel. A single Controller can manage several
.10 I/Q Engines.
Node
There is an /O Node in each PE, The /O Engine activaiey sach Node in tumn allowing to
serialize the data tramafers. The Nodes provide buffering of dats to minimize the impact of /0 on
the performancs of the PEs.
15 Programmed /0 (PEO)
PIO is closely coupled to program execution and 1g the normal way for the processor to transfer
data to and from the outside world {e.g. external meroory, hardware accelerators or a host
Processar).
The PIO mechanism provides a number addressing modes:
20
Direct addressed ;
Fach PE provides an external memory address for its data. This provides random access to data,
Strided
The exiernal memory address is jpcremented for each PE. In each case, the size of data
25  transferred to each PE is the same, .
When multiple PEs are accessing memory then the transfers can be conselidated so as to perform
the minimum number of external accesses. So, for exampile, if half the processors are reading one
lncation and the other half reading anaother, then only two memory reads would be performed. In
fact, consolidation can be better than that: becguse the bus transfers are packetized, even transfers
30  from nearby addresses can be effectively consolidated.
Streaming Y/0 {810}
81O is used for sireaming high-bandwidth data directly to and from PE memory. This is less

flexible but very efficient for transfarring blocks of dara in and out of the systom. This is

(0082668 15-05t263 0Ai25 ]
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typically used to stream data 10 and from memory mapped VO devices. Each PE can transfer a
dufferent size block of data.

Streaming IO can be made very efficient in a number of ways. For example, multi-threaded code

allows data /O and compute to be fully overlapped. Also, multiple data buffers can be allocated

in PE memoty so that different chunks of data can be input, processed and streamed out
simultaneously.

Swazzle
Finally, the PEs are able to communicate with one another via what is lmown as the swazzle path

that cottects the register file of cach PE with the register files of its left and right neighbours. On

each cycle, PE. can perform a register-to-vegister transfer of 16 bits to either its left or right
nsighbout, PEn1 or PEe, while simultancously receiving data from the other neighbour,

Swazzle instructions use multiples of 2 bytes in their arguments, so the source and destination

registers must be 2-byte aligned. Instructions are provided to shift data left or right through the

arTay, and to swap data between adjacent PEs.

The enable state of & PE affects its participation in a swazzle operation in the following way: ifa

PE is onsbled, then its registers may be updated by 2 neighbouring PE, regardless of the

neihbouring PE’s enable state, Conversely, if a PE is disabled, its regiater file will not be altered

by a neighbour under any circumstance. A disabled PE will still provide data o an enabled
neighbouy, ’

The data written into the registers of the PEs at the ends of the swazzle path can be set by the

monoe execution wait. '

Heost interface

The interfaces to the host system are used for 3 basic purposss: initialization and booting, access

to host services and debugging,

Initialization 4

There are a number of stages of initialization required to start code running on the MTAP

processor. These are normally handled fransparently by the development tools, but an overview

is provided here as background informuation,

First, the application code (including bootstrap) is loaded into memory.

Next, the host system initializes the state of the contro] unit, caches and mono execution umit by a
series of writes to the PVCI port. The last of these specify the start address of the code to execute
and tell the processor to start fetching mstroetions.

Finally, the boot code does any remaining initialization of the processor including any set-up of
the PEs (e.g. setting the PE number) before running the application ¢ode.
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Host sorvices

Cmee application program is ranning it will naed to access host resources such as the file system.
A protocol is defined between the run-time libraries and a device driver on the host system, This
is interrupt based and allows the code running on the MTAP processor to make calls to the
5 application or operating system running on the host,
Debugging
The processor includes hardware support for breakpoints and single-stepping. These are
controlled via registers accessed through the PCV] interface,
This interface also allows the debugger, running on the host, to interrogate and update the state of
10 the processor to support fully interactive debugging.
Case Study: Device EV1
To illustrate the use of an MTAP processor in a real device, the architecture of Applicant’s
evaluation chip EV] is described in this section. This device is a simple embodiment of
Applicant’s MTAP processor using Applicant’s bus 1o interface the various ports of the processor
15 to a memory block and to external pins,
EV1 grehitecture
Figure 9 shows the top level architecture of the EV1 device. The five ports of the MTAP
proeessor and one port of the embedded memory block are connected to a single ClearConnecs
channel (ClearConnect is Applicant’s bus structure) of six nodes and two lanes in opposing
20  directions. The two external ports at each end of the bus allow the ClearConnect bus to be
connected from one chip to another. This means a system can be built from multiple BV1 devices
to provide the required performance.
The bus ports can also be used to connest to an FPGA to provide other functions, such as
peripherals, an extetnal memory controller or a host interface,
25 The EV1 chip also includes on-chip SRAM which provides fast access to code and data.
MTAP processor
The MTAP processor core in the EV1 has the following specification:
» (eneral
+ Implemented on 0.13p process
30 * Clock speed: 200 MHz
= 4 Kbyte instruction cache! 4-way, 256 lines x 4 instructions, with manual and auto pre-
feteh
* 4 Kbyie data cache, 4-way, 256 lines x 16 bytes

* Mono execution unit
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+ &4 byte register file
+ Support for 8 threads
Poly execution unit
+ Array of 48 PEs
3 « MAQC extension to the ALU
+ 4 Kbytes SRAM per PE
» 64 byte register file
One PIO channel '

«  AVCI port: 32-bit address, 64-pit data
18 v Transfer size: 4, 8, 16, 32 brytes per FE
»  Address modes: direct and strided
One SI0 chanpel
"« AVCI port: 32-bit address, 64-bit data

_ » Transfer size: up to 128 bytes per PE

L]

15 + Confrol interfaces
« Interrupt port: 32-bii address, 32-bit data PYCI
"=« Register port: 32-bit address, 32-bit data PVCT -

This gives a performance of:

+ 9,600 MIPS
30 = 9.6 billion 8x8 MACs/ sscond

= 38 Ghytes/s memory bandwidth

» 18 Ghyles/s inter-PE bandwidih

Example Applications

Here we give a couple of examples of how the MTAP processor can be applied to specific
25  applications.

NetworRk processing

In this case, the data to be processed consists of & stream of packets of varieble size. Each packet

consists of header information and a data payload. In its simplest form, the problem is to examine

various fields in the header, do some sort of lookup function and route the packet to the
30 appropriate output port. This processing must be dons in real time.

Tn the metwork processing applicstion. the QIO chanmels are used for continuously streaming

packets into, and out of, PE memory. Within each PE, the software maintains several buffers so

that, while one set of packeis is being processed, the previous sst can be output and,

simultaneously, the next set can be loaded.

Google Ex. 1095 - Page 47



13-0CT-2883 16:27 EROM HRSELTINE LAKE TO BRITISH PO P.
A ‘-20. | ‘é'

The PIO channels are used by the PEs to send requests to another subsystem that handles
lookups. This could on-chip, for example: Applicant’s Table Lookup Engine, or an off-<chip
solution such as CAMs.
For mote details ses Emphasisparatextefault | Fontwe1l sors[6].
5 Bio-informaiics
The developing field of in-sifico drug discovery uses compnter simulation, rather than the “wet
science” of test tubes io explore the behaviour of potential new drogs.
This includes molecular simulation of individual molecules and the interactions of molecules,
For example, the docking of a ligand molscule (dmg} into a protein. This simulation reguires the
19 calculation of the interaction energies of all atoms of one molecule with all the atoms of the
other, This pracess is r\epeafed for thousands of configurations of the molscules. This results in
an embarrassingly parallel problem ideally suited to the MTAF architecture,
Each PE is allocated a different configuration of protein and ligand, and performs all of the
atom-—atom interaction energy calculations, The memory aveilable within 2 PE is insufficient to
15 hold the details of an entire molecule, however the molecule can be split into pieces and cach .
pisse prosessed in tum. The fetching of atoms can be overlapped with the stom-atom processing
and, even with the floating point accélerated MTAP processor, is compute bound. The processing -
currenily performed in most production code is a simplistic model of the inferaction of atoms.
The processing power that the MTAP architecture makes available allows move sophisticated
20 models to be considered, improving the accuracy and thus valus of the results.
The MTAP processor is also suifed fo other hio-informatic tasks such as genetic sequence
comparison and pharmacophore fingerprinting.
Software Developraent Kit
The Software Development Kit (8DK) provides a complete set of development tools: C compiler,
25 assembler linker, debugger, profiler, etc. The software tools tse a ceniral configuration file to
define the attributes of the target processor that code is being generated for.
Simrlation tools
Cyele and bit-accurate simnlations of the core are available in ¢ and Verilog. These can be
barameterized for the number of PEs, size of memery, and other options. A generic configuration
36 of the C simulator is shipped with the SDK. Once the target system is defined, the simulator can
be configurad to match that specification, _
This allows application development to start before the system architecture is fully defined, and
then proceed in parallel with the silicon implementation,
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Once the target hardware (or a simulation) is available then the application code can be run and
debugeed on the target havdware.

Debtigger

A major challenge when developing code for a paratlel architecturs is understanding the state of
the machine when the code is siopped at a breakpoint or error. The data-paralie]l naturs of the
MTAP processor minimizes the difficulty here: a single instruction stream is executing and only
the data is different on cach PE.

Applicant’s 2™ generation debugger builds on previous experience and provides a vanety of
ways 0 visualize the state of PE memory and registers, As well as traditional source-level
symbolic views of data, and low-level dumps of memory and data, the debugger provides user-
defined picture views which show the contents of PE memory or registers in graphical form. This
provides a quickly understood view of the overall stat¢ ¢f the system.

The debugger works identically with all of the simulators and with targst hardware. It suppotts
all the features expected from 2 modern development tool: graphical user interface and command

line operation, breakpomts, watchpoints, single-stepping, ¢ie.
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DUPLICATE
Unified SIMD Processor '
Background to the Invention
The invention consists of a significant improvement to a well known type of parallel
processor. .Single-Instruction Multiple-Data (SIMD) architectures are widely used ina
number of computing applip;ttions. 'I'heylxave the advantage of high performance, low
power consumption and easy scalability. A SIMD processor differs from the more
commonly used multi-processor system (Where a number of processors, each
independently executing their own program code, are used together to solve a
problem) in that it executes a single stream of instructions but each instruction
operates on multiple data items in parallel.
There are a range of SIMD proccsqor archtectw:es These range from an intelligent
memory type of approach where each column of a memory array has a sxmple 1-bit
Arithmetic Logic Unit (ALU) through to more complex architectures where 2, usually
smaller, array of more complex processing clements are fed with a single instruction
stream. They have, however, been difficult to program in the past. )
In all these cases the array of SIMD processing elements are fed with instructions and

data by a dedicated controller. Often the controller is the largest and most complex

- part-of the design because of the need to match the data processing rate achieved by

the SIMD array. The array controller is not itself ‘intelligent’ and is, in turn,
controlled by a general pUrpose Processor which also runs the bulk of the application
software. This host processor will execute most of the application code; it will send
data to be processed to the SIMD array with an indication of the function to be
performed, typically a pointer to the start of a sequence of SIMD array instructions or

. microinstructions. An exemplary prior art SIMD processor is outlined in Figure 1.

This introduces two programming problems. Firstly, the array controller can only be
programmed at a very low level: a series of microcode, or possibly assembler,
instructions to be executed by the array. This is because the array controller is not
designed to work with a compiler. Secondly, this programming is completely
separated from the main application code running on the host processor. This may be

‘wrapped up’ by providing C functions or C++ classes which makes them appear |
more integrated and reduces the complexity of passing control between the host
processor and the SIMD array. Also, in the simplest form, the host processor and the

SIMD array will have completely separate memory spaces for code and data. Any of
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the standard shared memory techniques can bé used to address this with all the
resulting problems: complex 'arbitration, cache coherency issues, contention for
memory bandwidth, inter-processor synchronization, greater cost, etc.
A preferable solution is to provide a fully integrated architecture where the same
processor can transparently process both scalar and SIMD operations in a fully
integrated fashion. This means that a single program can be written, in a standard
high-level language such as C, which includes all parts of the application — both
‘normal’ (sbalar) data and parallel data processing.
Prior Art ' .
The basic SIMD processing model has been in use for many years. Some of the
carliest examples are the ILLIAC IV developed in 1972, which had 64 processors
with ;ﬂoa’c'ing point and memory, and Goodyear’s STARAN (1975) which was a 1-bit
architecture. Many variants have beén developed since then.
There is also a recént trend to put small-scale SIMD extensions in standard processor
architectufes, This is exemplified by the Intel MMX and SSE extensions to the x86
architecture. This allows, for example, the values in two 32-bit registers‘to Be added |
as if each register contained four independent 8-bit values. This is not considered
relevant to the current discussion for a number of reasons:
* the SIMD processing is done on a \?ery small scale;
+ only a limited range of SIMD functionality is provided,;
+ there are distinct instructions for operating on SIMD data;
+ the same hardware is used for SIMD and for scalar operations (althought separate

registers may be provided for the SIMD operands)
The idea of providing indexed addressing modes in a SIMD processor is disclosed in

our copending patent application GB9908225.7. This invention extends that idea by

" using a more flexible implementation of that idea in combination with a more

pbwe_rful array controller to provide a unified processor architecture.

0w e
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possible, identical — this makes it practical to write a compiler to target the processor.
This greatly simplifies the task of programming the processor. 4

This means a single program runs on the processor which does both mono and poly
operations as required ~ typically it will do both at the same time. A single C program
can be written which manages program control flow, operates on mono data, and

operates on poly data.

To support this, and further simplify programming, this unity of the architecture is

reflected in the instruction set and programming model. The processing elements in
the SIMD array and the mono execution unit have a common instruction set. For

instance, an add instruction can be used with operands which are either poly registers

‘or mono registers (or immediate values); the appropriate execution unit will execute

the instruction. Mono and poly operands can also be mixed to allow, for example, a
single mono value to be added to a poly register which holds a different value on '
every processing element. '

Tt is -appropriate to note that this does not require the mono execution unit to have
exactly the same micro-architecture as the poly execution unit. For example, the poly

processing elements could have an 8-bit ALU, while the mono execution unit has a

-32-bit ALU.

A block schematic diagram of a processor in accordance with the invention is shown

inFigure 2.

The most significant features comtributing to the novelty and inventiveness of this
invention

include the following concepts:

+ The processor provides a unified programming model: a single program runs on
a processor providing both scalar and SIMD operations.

+ This is supported with a unified instruction set: e.g. an add instruction can work
with either mono or poly operands (or a mixture of the two)

* Poly operations can freely use mono registers in expressions, and more
importantly for éddressing memory.

* Having a full range 6f addressing modes and completely separate memory
blocks in each PE make it simple to support poly data structures and poly
pointers on the SIMD array (previous SIMD architectures either provde a single
address to all PEs or use sequences of instructions to construct an address in

memory). .
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» Mono and poly operations are of equal standing: wherever possible, all
instructions can be used with either mono or poly operands (there are some
exceptions because a small set of operations, mainly for control, only make
sense for one or the other).

+ The mono and poly execution units are loosely coupled so that their operation
can be overlapped. Compilers are extremely good at scheduling instructions to
take advantage of this flexibility - maximizing the efficiency of the system.

» There are some compiler optimizations specific to this architecture: for example
it may be better, in some instances, to move an operation that would normally
be done on the mono execution unit on to the poly execution unit - either
because it can then be overlapped with other operations on the mono execution
unit or because the result is needed on tﬁe poly execution unit anyway. Again,
the compiler can detect such cases and rhake the appropriate optimizations.

. A common code and data space is available to both mono and poly operations
making it easy to generate code for, and share data between, the two execution
units.

« The overall architecture is suitable for targeting by a high level language

-~ - compiler - again for both mono and poly operations.

To this end, the invention provides, in a first aspect a data processor comprising a
single control unit and an integral execution unit adapted to operate on both parallel
and scalar data under the same instruction set.

According to a second aspect, the invention provides a data processor comprising a

‘single control unit and an integral execution unit adapted to operate on both parallel

and scalar data under the same instruction set, and wherein the execution unit
comprises a SIMD part comprising an array of processing elements adapted to operate

on said parallel data and a scalar part adapted to operate on said scalar data.
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comprises a SIMD part comprising an array of processing elements adapted to operate-
on said parallel data and a scalar part adapted to operate on said scalar data,‘and
wherein substantially all said instructions are operable on said parallel and/or said
scalar data. .

The single control unit and the integral execution unit may be adapted to operate
asynchronously on both the parallel and scalar data under the same instruction set.

The execution unit preferably comprises a SIMD part comprising an array of
processing elements adapted to operate on the parallel data and a scalar part adapted
to operate on the scalar data.

Preferably, the SIMD part and the scalar part differ only in that each processing
clement of the array contains local memory The SIMD part and the scalar part
preferably have a common memory area for instructions and scalar data. Each PE
may contain an ALU and one or more multiply-accumulate function units or an ALU
and one or more floating point function units. Preferably, each PE has multiple
enable bits to support nested conditional code.

The SIMD and the scalar execution umit conveniently have a similar setv of

status/result flags which can be used to control branching on the scalar part of the

» executlon unit and conditional execution on the SIMD part of the execution unit in a

similar manner. ,
There is preferably a communication path between PEs in the SIMD part and means
are preferably provided for data to be transferred to and from the scalar part of the
execution unit and the STMD part of the execution unit.
Advantageously the control unit is adapted to fetch and execute multiple instruction
threads simultaneously. A semaphore unit may use semaphores to synchronize
between instruction threads. The semaphores may be used to synchronize between
/O operations and instruction threads. The control unit may be adapted to schedule
and execute threads based on their priority and the state of any semaphores they are
waiting on and may include a set of the semaphores for use in synchronizing threads.
Bach processing element of the SIMD array may COmMprise one or more function units,
a register file, said local memory, and I/O means.
Both the scalar part and the SIMD part preferably have a complete range of
addressing modes that allow them to support: scalar variables pointing to data in

scalar memory; scalar variables pointing to data in memory in the SIMD part of the
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execution unit; SIMD variables pointing to memory in the SIMD part of the execution
unit; and SIMD variables pointing to data in scalar memory.

Substantially all the instructions are preferably operable on either the parallel data 61'
the scalar data or a combination of both the scalar data and the parallel data.

The processor may further comprise a compiler adapted to produce code from a single
source program to operate on both the scalar and the parallel data. The compiler is
preferably adapted to detect parallel data automatically.

The scalar part, the SIMD part, and the I/O means are preferably adapted to be
operated in parallel by the same instruction stream.

A programmer or the compiler is adapted to use the multi-threaded execution to
schedule I/O operations such that they occur concurrently with computation and data
is always available when required.

The I/O means may comprise programmed 1/O means adapted to enable each PE to .
trénsfer data to and from external scalar memory and wherein each PE provides the
address it wants to read data from or write data to. The memory accesses may be
consolidated to minimize the number of memory transfers when multiple PEs are 7

accessing the same memory area.

- .. Bach PE is preferably adapted to transfer data to and from external scalar memory, in

which case the address for each PE is generated automiatically based on the PE
number and the amount of data being transferred. .

The I/O means may comprise streaming I/O means which distributes an incoming
data stream to all the PEs in the SIMD part and collects data from all the PEs to
generate an output stream independently of program execution on the SIMD part of
the execution unit. The streaming I/O means may only use enabled PEs to take part in
the streaming I/O operation. The size of data distributed to, and collected from each
PE may be different for each PE. '

Brief Description of the Drawings

The inveniion will be describeldwith relerence to the following drawings, in w
Figure chowws 2 priot ot Sl DToceEsors
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Figure 7 is a block schematic diagram depicting an exemplary MTAP processor;
and - ‘

Figure 8 is a block diagram of a specific implementation of the MTAP architecture
as applied to an evaluation chip. )
Detailed Description of the Ilustrated Embodiments
The design of this processor architecture was driven by the desire to make it practical
and efficient to program in a high 1evél language. In order to make this possible a
number of features are required. First, the overall programming model needs to be
simple and 'regular’ —i.e. the same operations and addressing modes can be applied to
all data types. ,
The execution unit for mono data is based on well known principles used in many
RISC processérs. This makes it simple for a compiler to target and easy for a user to
understand.
The finctionality supported by each PE is then made as similar as possible to the
mono execution unit: each PE has an ALU, a register file and memory, and supports a
range of addressing modes for transferring data between meméry and registers.

Tt is not necessary for the PEs to be identical to the mono execution umit in every

. detail: e.g. the number of registers and the width and complexity of the ALU are

likely to be different in practice. The poly execution unit gets its performance largely
from the number of PEs brought to bear on the problem rather than the processing
power of the individual PEs. To balance this, the mono execution unit is likely to
require a W1der and more complex ALU. This is reasonable because this is only
instantiated once while the PEs are replicated many times and need to be efficiently
implemented.

The number of clock cycles required to execute an instruction on the mono and poly
execution units is highly variable. Both will execuie some instructions in a single
cycle. But some instructions could take several cycles on the mono execution unit or
on the poly execution unit. It is therefore essential that the two execution units are
only loosely coupled rather than operating in lock-step; this allows them to overlap
their execu’uon of instructions. The hardware will synchronize their operations when
necessary: e.g. when they need to access a shared resource, or one execution umit
requires data from the other.

Transfers between the registers and memory, and other /O transfers, can take place

* concurrently with ALU operations. To simplify the task for the compiler, these
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interactions are all interlocked using register scoreboarding (see our copending patent
application GB 9908203.4). “

An important aspect of the PE architecture to support compiled code is the existence
of a full set of addljessing modes; direct, indirect and indexed. Indirect and indexed
addressing by the PEs is described in the previously mentioned copending patent
application GB 9908225.7.

Reference may also be had to our copending patent application GB 0321186.9 for
details of the “ClearConnect” bus referred to in the context of the present invention.

In a high level language compiler for this architecture, it is only necessary to
introduce a simple modification; the keyword ‘poly’ used in a declaration identifies
data that is distributed across the SIMD array. Similar methods have been used before,
for example the 'shape' keyword used in C*, a language used for programming'the
“Cennection Machine”. However, it is only with the present architecture that poly
variables become ‘first class’ objects — i.e. they can be used everywhere that 'normal'
mono data can be: in expressions, as function arguments, in conditional statements,
etc. Pointers to both mono and poly data are allowed, as are poiﬁters of both mono
and poly types. Furthermore, poly variables can be mixed quite freely with mono data
in all these contexts. This provides a very simple and regular programming model for
the user.

Note that it would also be possible for a compiler to detect the parallelism in the
program or data automatically: This is frequently done with ‘vectorizing’ Fortran
compilers used with supercomputers, for example.‘ The same techniques could be
applied to this architecture. The architeé‘mre will now be described in more detail.
The Multi-Threaded Array Processing (MTAP) architecture has been developed to

address a number of problems in high performance, high data rate processing.

"A number of applications are characterized by very high data rates, flexible

processing requirements and hard real-time constraints. We use the term data flow

i o VL . PR PROpnapEa A v
dcscrine this class of problem.
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2. It provides the raw horsepower for the processing functions required, on the
maximum data rate that the system will encounter. That pfocessing power can
scale with increasing function demands. V ' ,

3. It stores the data close to the processing core to maximize bandwidth and
minimize latency.

MTAP Overview
The MTAP architecture defines a family of embedded processors with parallel data
processing capability. Figure 3 compares a standard processor and the MTAP
architecture. As can be seen, the MTAP processor has a standard, RISC-like, control
unit with instruction fetch, caches and I/O mechanisms. This is coupled to a highly
parallel execution unit which provides the performance and scalability of the MTAP
architecture.

The processor is designed in a highly modular fashion which allows many details of a

specific implementation to be easily customized for the target application.

To éimplify the integration of the processor into a variety of systems, the processor

can be also configured to be big or little-endian.

Control unit
The control unit fetches, decodes and dispatches instructions to the execution units.

The processor executes a fairly standard, three operand instruction set. The manner in
which the same instruction stream is decoded and issued in parallel to the mono part,
the poly part and the I/O part is schematically indicated in Figure 5. A
The control unit also provides hardware support for multi-threaded execution,
allowing fast swapping between multiple threads. The threads are prioritized and are
intended primarily to support efficient overlap of /O and compute. This can be used
to hide the latency of external data accesses.

The MTAP processor can also include instruction and data caches to minimize the
latency of memory accesses. The size and type of these is a configurable option.
Alternatively, the caches may be replaced with SRAM to provide a complste
embedded solution.

The control unit also includes a control port which is used for initializing and
debugging the processor; it includes support for breakpoints, single stepping and the

examination of internal state.
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Execution unit

The execution unit consists of a number of processing elements (PEs). This allows it
to process data elements in parallel. Each PE consists of an ALU, registers, memory
and /0. '

The number of PEs in a processor core is a configurable parameter which allows
performance to be scaled to meet the needs of the application (see Figure 6). The
execution unit can be thought of as two, largely independent, parts (see Figure 4).

One PE forms the mono execution unit; this is dedicated to processing mono (i.e.
scalar or non-parallel) data. The mono execution unit also handles program flow
control such as branching and thread switching. The rest of the PEs form the poly
execution unit which processes parallel (poly) data.

The poly execution unit may consist of tens, hundreds or even thousands of PEs. This
array of PEs operates in a synchronous manner, similar to SIMD, where every PE
executes the same instruction on its piece of data. Each PE also has its own
independent local niemory; this provides fast access to the data being processed. For
example, one PE at 400 MHz has a memory bandwidth of 1.6 Gbytes/s. An array with
256 such PEs has an aggregate bandwidth of over 400 Gbytes/s, with single cycle
latency. The number of registers and the amount of memory in each PE are
configurable options.

Input / output

The MTARP processor core has two basic I/O mechanisms. The first, Programmed /0
(PIO), is the normal mechanism' used for accessing memory external to the MTAP

core: it supports random accesses to variable sized data by the PEs. The second

‘mechanism is Stfeaming I/0 (SIO) which allows chunks of contiguous data to be

streamed directly into the memory within PEs.

Each of these supports a variety of addressing modes, described in more detail later.

Programming model

N Ne D IOy 4

From o programmer’s perspective, the MTAF processor appears s a single processor
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T/O controllers. The processor can despatch an instruction on every cycle

For multi-cycle instructions, the operation of the functional units can be overlapped
So, for example, an I/O operation can be started with one instruction and on the next
cycle the mono execution unit could start a multiply instruction (Whieh requires
several cycles to execute). While these operations are proceeding, the poly execution
unit can continue to execute instructions.

The main change frpm programming a standard processor is the concept of operating
on parallel data. Data to be processed is assigned to variables which have an instance
on every PE and are operated on in parallel we call this poly data. This can be
thought of as a data vector which is distributed across the array.

Variables only requiring a single instance (e.g. loop control variables) are known as
mono variables — they behave exactly like normal variables on a sequential processor.
Applicant provides a compiler which uses a simple extension to standard C to identify
data which is to be processed in parallel. The new keyword poly is used in a
declaration to define data which exists, and is processed, on every PE in the poly
execution unit.

Example

_To give a feel for the way the MTAP processor is programmed, the following

~ represents a fragment of code which will calculate 64 values of a sine function across

the PE array in a single operation.
#include <fnext.h>
#include <math.h>
4define PT 3.1415926535897932384
#define NUMBER _OF_ PES 64

poly float angle, sine;
poly int pe;

/* get PE number: 0...n-1 */

pe = get penum();

/* convert to an angle in range 0 to Pi */
angle = pe * PI / NUMBER_OF_PES;

/* calculate sine of aqérle on each PE */

sine = sinp(angle);
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This code uses the library function get_penum() to get a unique value in the variable
pe on each PE. This is scaled to give a range of values for angle between 0 and pi
across the PEs.

Finally, the library function sinp() is called to calculate the sine of these values on all
PEs simultaneously. The sinp function is the poly equivalent of the standard sine
function; it takes a poly argument and returns the appropriate value on every PE.
Performance

The performance of an MTAP core with 64 PEs, on a 0.13p process and running at
400 MHz is shown in Table 1. The columns show the performance achieved with the
basic PE, the PE with an additional Multiply-Accumulate (MAC) unit, and the PE
with an FPU extension. '

Table I - Performance Comparison

Base 8-bit EFPU
Architecture [MAC
MIPS 25,600 25,600 (25,600
MMACS (x 10%) - 25,600 [25,600
MFLOPS — — 51,200
Memory  Bandwidth|100 100 100
(Gbytes / s)
nter-PE ~ -Bandwidth|50 50 50
(GBytes / s)
Relative Area 1.0 1.1 1.3

However, the core can be scaled well beyond this number of PEs, to 256 or even
thousands of PEs. It also scales down efficiently to lower numbers of PEs, or lower

clock raieg, enabling low cosi and low power sysisms io be buili.
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Architecture Details

The following sections describe the MTAP processor in more detail. A block diagram
of the processor is shown in F1gure 7. This is a conceptual view, which reflects the
programming model. In practice, the control and mono execution units form a tightly-
coupled pipeline which provides overaﬂ control of the processor.

Interfaces

The processor has a number of external interfaces. The widths of each of this are
configurable. All these interfaces currently use the Virtual Component Interface
Standard defined by the VSI Alliance.

There are three categories of interface:

Mono data & instructions

This is a single Advanced VCI (AVCI) interface which is used for mono loads and
stores, and for instruction fetching. '

Poly data

This uses one or more AVCI interfaces for PIO and SIO data. The number of physical
interfaces corresponds to the number of PIO and STO channels implemented.

Control

- There are two control interfaces which use the Peripheral VCI (PVCI) protocol. One

is used for initialization and debug. The other allows the MTAP processor to generate

interrupts to the host system. | |

Instruction set ‘

The processor has a fairly standard RISC-like instruction set. Most instructions can
operate on mono or poly operands and are executed by the appropriate part of the

execution unit. Some instructions are only relevant to cither the mono or poly

execution unit, for example all program flow control is handled by the mono unit.

The instruction set provides a standard set of functions on both mono and poly

execution units: 4

+ Integer and floating point adds, subtracts, multiplies, divides

+ Logical operations: and, or, not, xor

. Arithmetic and logical shifts

+ Data comparisons: equal, not equal, greater than, less than, etc.

« Data movement between registers

« Loads and stores between registers and memory
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To give a feel for the ﬁature of assembly code for the MTAP processor, a few lines of ‘
code are shown below. This sfmple exémple loads a value from memory into a mono
register, gets the PE number into a register on each PE and then adds these two values
together producing a different result on every PE.

1d 0:m4, 0x3000 // load mono reg 0 from mem

penum 8:p4 // PE number into poly reg

add 4 :p4, 0:m4, 8:mé // add; result in reg 4
Control unit ’
The control unit fetches instructions from memory, decodes them and despatches
them to the appropriate functional unit.
The controller includes a scheduler to provide hardware support for multi-threaded
code. This is a vital part of the architecture for achieving the performance potential of
the MTAP processor. Because of the highly parallel architecture of the poly execution
unit, there can be significant latencies if all PEs need to read or write external data.
When part of an application stalls because it is waiting for data from external
memory, the processor can switch to another code thread that is ready to run. This
serves to hide the latency of accesses and keep the processor busy.
The number of threads is a cbnﬁgurable option. The threads are prioritized: the
processor will run the highest priority thread that is ready to run; a higher priority
thread can pre-empt a lower priority thread when it becomes ready to rn. Threads are
synchronized — with each other and with hardware, such as /O engines — via
semaphores.
In the simplest case of multi-threaded code, a program would have two threads: one -
for I/O and one for compute. By pre-fetrching data in the VO thread, the programmer
(or the compiler) can ensure the data is available when it is required by the execution
units and the processor can run without stalling.
Execuiion units
This section describes the commoen aspects of the poly and mono exscution wnits, 1

AT X anoradions
Sk RLOBCIRIERS
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Status register ,

Associated with the ALU is a status register; this contains five status bits that provide
information about the result of the last ALU operation. When set, these bits indicate:

« Most significant bit set : '

+ Carry generated |

« Overflow generated

» Negative result

» Zero result

Registers

To support operations on data of different widths, the registers in the PEs can be
accessed very flexibly. The register files are best thought of as an array of bytes which
can be addressed as registers of 1 to 8 bytes wide.

The mono and poly registers are addressed in a consistent way using byte addresses
and widths specified in bytes. The mono register file is 16 bits wide and so all
addresses and widths must be a multiple of 2. There are no alignment restrictions on
poly register accesses.

Addressing modes

Load and store instructions are used to transfer data between memory and registers. In

the case of the mono execution unit, these transfer data to and from memory external
to the MTAP processor.

Poly loads and stores transfer data between the PE register file and PE memory. Data
is transferred between the PEs and external memory using the I/O functions described
later.

There are three addressing modes for loads and stores which can be used for both
mono and poly data. These are:

Direct

‘The address to be read/written is specified as an immediate value.

Indirect

The address is specified in a register.

Indexed

The address is calculated from adding an offset to a base address in a register. The

t

offset must be an immediate value.
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The main difference between code for the mono and the poly execution units is the
handling of conditional execution.

The mono unit useé conditional jumps to branch around code, typically based on the
result of the previous instructions. This means that mono conditions affect both mono
and poly operations. This is just like a standard RISC architecture.

The poly unit uses a set of enable bits (described in more detail below) to control
whether each PE Wﬂl have its state changed instructions it executes. This provides
per-PE predicated operation. The enable state can be changed based on the result of a
previous operation.

The following sections describe the architectural features of the two execution units in
more detail.

Mono execution unit

The mono execution unit is a 16-bit processing element consisting of:

» A 16-bit ALU with optional extensions

» A register file of configurable size

* Status and control registers

. The mono ALU extensions include a multiplier, a barrel shifter and a normalizer,

which is important for accelerating software implementations of floating point
operations. )

As well as handling mono data, the mono usit is responsible for program flow control
(branching), thread switching and other control functions. The mono execution unit
also has overall control of I/O operations of poly data. Results from these operations
are returned to a register in the mono unit.

Conditional execution

The mono execution unit handles conditional execution in the same way as a
traditional processor. A set of conditional and unconditional jump instructions use the
resuli of previous operations to jump over conditionsl code, back to the siart of ioops,

i
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The threads are prioritized (0 being highest priority). Control of execution between
the threads is performed using' semaphores under programmer control. Higher priority
threads will only yield to lower priority threads when they are stalled on yielding
instructions (such as semaphore wait operations). Lower priotity threads can be pre-
empted at any time by higher priority ones. .

Semaphores are special registers that can be incremented or decremented with atomic
(non-interruptible) operations called signal and wait. A signal instruction will
increment a semaphore. A wait will decrement a semaphore unless the semaphore is
0, in which case it will stall until the semaphore is signalled by another thread.
Semaphores can also be accessed by hardware units (such as the /O controllers) to
synchronize these with software.

Poly execution unit

The poly execution unit is an array of Processing Elements (PEs). Bach PE in the poly
execution unit consists of:

« An 8-bit ALU with optional extensions such as a multiply-accumulate (MAC) unit
+ A register file of conﬁgurable size

+ Status and enable registers

+ A block of memory of configurable size

« An inter-PE communication path
+ Oneor moré I/O channels

Load and store instructions move data between 2 PE’s register file and memory, while
the ALU operates on data in the register file. Data is transferred in to, and out of, the -
PE’s memory using I/O instructions.

ALU

The poly ALU is used for performing arithmetic and lo gical operations on values held
in the PE register file.

While the ALU is only 8 bits wide, instructions exist for multi-byte arithmetic which
is handled by iteration. ALU extensions exist to accelerate functions for floating
point, DSP etc. For example, an.optional integer multiply-accumulate unit MAC)
can be mcluded in the AL'U. This can deliver an 8 x 8 bit MAC result every cycle, or a
16 x 16 bit MAC every four cycles. The accumulated result can be up to 64 bits wide.
The standard ALU includes basic hardware support to accelerate floating point

operations.
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Conditional behaviour

The SIMD nature of the PE array prohibits each PE having its own branch umit
(branching being handled by tﬁe mono execution unit). Instead, each PE can control
whether its state should be updated by the current instruction by enabling or disabling
itself; this is rather like the predicated instructions in some RISC CPUs.

Enable state

A PE’s enable state is determined by a number of bits in the enable register. If all
these bits are set to one, then a PE is enabled and executes instructions normally. If
one or more of the enable bits is zero, then the PE is disabled and most instructions it
receives will be ignored (instructions on the enable state itself, for e);ample; are not be
disabled). "

The enable register is treated as a stack, and new bits can be 'pushed onto the top of
the stack-allowing nested predicated execution. The result of a test, eithera 1 ora 0, is
pushed onto the enable stack. This bit can later be popped from the top of the stack to
remove the effect of that condition. This makes handling nested conditions and loops
very efficient. Note that, although the enable stack is of fixed size, the coﬁipiler
handles saving and restoring the state automatically, so there are no limitations on
compiled code. When programming at the assembler level, it is the programmer’s
responsibility to manage the stack.

Instructions

Conditional execution on the poly execution unit is supported by a set of poly
conditional instructions: if, else, endif, etc. These manage the enable bits to allow
different PEs to execute each branch of an if...else construct in C, for example. These
also support nested conditions by pushing and popping the condition value on the
enable stack.

As a simple example, consider the following code fragment:

// disable PEs wheré reg 32 1s non-zero
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were previously enabled and disabled if they were already disabled. If the two
operands are not equal, a 0 is i)ushed onto the stack — this disables the corresponding
PEs.

The following add instruction is sent to all PEs, but only acted on by those that are
still enabled. Finally, the endif instruction pops the enable stack, returning all PEs to
their original enable state. ‘

Forced loads and stores

. Poly loads and stores are normally predlcated by the enable state of the PE. However,

because there are instances where it is necessary to load and store data regardless of
the current enable state, the instruction set includes forced loads and stores. These will
change the state of the PE even if it is disabled.

I/0 mechanisits ‘

There are two /O mechanisms provided for transferring data between PE memory
and devices outside the MTAP core. Programmed /0 (P1IO) extends the load/ store
model: it is used for transfers of small amounts of data between PE memory and .
external memory. Streaming /0 (SIO) is used to efficiently transfer contlguous
chunks of data in and out of PE memory. .
The number of PIO and SIO channels in a processor is a configurable parameter A
processor will always have at least one PIO channel as this is required for normal
program execution.

Multiple /O channels can run simultaneously.

T/O architecture

The I/O systems consist of three parts Controller, Engine and Node.

Controller

The PIO and SIO controllers decode /O instructions and coordinate with the rest of
the control unit and the mono processor. The controllers synchronize with software '
threads via semaphores.

Engine

The I/O engines are basically DMA engines which manage the actual data transfer.
There is a Controller and Engine for each VO channel. A single Controller can

manége several /O Engines.
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Node V

There is an I/O Node in each PE. The J/O Engine activates each Node in turn allowing
to serialize the data transfers. The Nodes provide buffering of data to minimize the
impact of I/O on the performance of the PEs.

Programmed I/O (PIO)

PIO is closely coupled to program execution and is the normal way for the processor
to transfer data to and from the outside world (e.g. external memory, hardware
accelerators or a host processor).

The PIO mechanism provides a number of addressing modes:

Direct addressed

Each PE provides an external memory address for its data. This provides random ac--

cess to data.

Strided ‘

The external memory address is incremented for each PE. In each case, the size of
data transferred to each PE is the same. | 7

When multiple PEs are accessing memory then the'transfers can be consolidated éo as
to perform the minimum number of external accesses. So, for example, if half the
processors are reading one location and thé other half reading another, then only two
memory reads would be performed. In fact, consolidation can be better than that:
because the bus transfers are packetized, even transfers from nearby addresses can be
effectively consolidated.

Streaming /O (SIO)

SIO is used for streaming high-bandwidth data directly to and from PE memory. This
is less flexible but very efficient for transferring blocks of data in and out of the
system. This is typically used to stream data to and from memory mapped IO
devices. Each PE can transfer a different size block of data.

Streaming I/O can be made very efficient in a number of ways. For example, multi-

e
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16 bits to either its left or right neighbour, PEn1 OF PE..i, while simultaneously
receiving data from the other rieighbour.

Swazzle instructions use multiples of 2 bytes in their arguments, so the source and
destination registers must be 2-byte aligned. Tnstructions are provided to shift data left
or right through the array, and to swap data between adjacent PEs.

The enable state of a PE affects its partioipation‘ in a swazzle operation in the
following way: if a PE is enabled, then its registers may be updated by a neighbouring
PE, regardless of the neighbouring PE’s enable state. Conversely, if a PE is disabled,
its register file will not be altered by a neighbour under any circumstance. A disabled
PE will still provide data to an enabled neighbour.

The data written into the registers of the PEs at the ends of the swazzle path can be set
by the mono execution unit.

Host interface

The interfaces to the host system are used for 3 basic purposes: initialization and
booting, access to host services and debugging. | o
Initialization

There are a number of stages of initialization required to start code running on the

" MTAP processor. These are normally handled transparently by the development tools,

but an overview is provided here as background information.

First, the application code (including bootstrap) is loaded into memory.

* Next, the host system initializes the state of the control unit, caches and mono

execution unit by a series of writes to the PVCI port. The last of these specify the start
address of the code to execute and tell the processor to start fetching instructions.
Finally, the boot code does any remaining initialization of the processor including any
set-up of the PEs (e.g. setting the PE number) before running the application code.
Host services

Once application program is running it will need to access ho‘st resources such as the
file system.

A protocol is defined between the run-time libraries and a device driver on the host
system. This is interrupt based and allows the code running on the MTAP processor to
make calls to the application or operating system running on the host.

Debugging )

The processor includes hardware support for breakpoints and single-stepping. These

are controlled via registers accessed through the PCVI interface.
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This interface also allows the debugger, running on the host, to interrogate and up&ate
the state of the processor ;co suiaport fully interactive debugging.
Case Study: Device EV1
To illustrate thé use of an MTAP processor in a real device, the architecture of
Applicant’s evaluation chip EV1 is described in this section. This device is a simple
embodiment of Applicant’s MTAP processor using Applicant’s bus to interface the
various ports of the processor to a memory block and to external pins. .
EV1I architecture
Figure 9 shows ’ghe top level architecture of the EV1 device. The five ports of the
MTAP processor and one port of the embedded memory block are connected to a
single ClearConnect channel (CleérConnect is Applicant’s bus structure) of six
nodes and two lanes in opposing directions. The two external ports at each end of the
bus allow the ClearConnect bus to be connected from one chip to another. This
means a system can be built from multiple EV1 devices to provide the required
performance. '
The bus ports can also be used to connect to an FPGA to provide other functions, such
as peripherals, an external memory controller or a host interface. )
The EV1 chip also includes on-chip SRAM which provides fast access to code and
data. .
MTAP processor
The MTAP processor core in the EV1 has the following specification:
* General '

» Implemented on 0.13p process

* Clock speed: 200 MHz

» 4 Kbyte instruction cache: 4-way, 256 lines x 4 instructions, with manual and

auto pre-fetch - ' '
o 4 Kbyte data cache, 4-way, 256 lines x 16 bytes
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* 64 byte register file
» One PIO charmel
s AVCIport: 32-bit address, 64-bit data
» Transfer size: 4, 8, 16, 32 bytes per PE
+ Address modes: direct and strided ‘
* One SIO channel |
» AVCIport: 32-bit address, 64-bit data
* Transfer size: up to 128 bytes per PE
+ Control interfaces |
* Interrupt port: 32-bit address, 32-bit data PVCI
¢ Register port: 32-bit address, 32-bit data PVCI
This gives a performance of:
+ 9,600 MIPS
* 9.6 billion 8x8 MACs / second
> 38 Gbytes/s memory bandwidth
+ 18 Gbytes/s inter-PE bandwidth
Example App]ications'

- Here we give a couple of examples of how the MTAP processor can be applied to-

specific applications.

Network processing B
In this case, the data to be processed consists of a stream of packets of variable size. ..
Bach packet consists of header information and a data payload. In its simplest form,
the problem is to examine various fields in the header, do some sort of lookup
function and route the packet to the appropriate output port. This processing must be
done in real time. '
In the network processing application, the SIO channels are used for continuously
streaming -packets into, and out of, PE memory. Within each PE, the software
maintains several buffers so that, while one set of packets is being processed, the
previous set can be output and, simultaneously, the next set can be loaded.

The PIO channels are used by the PEs to send requests to another subsystem that
handles lookups. This could on-chip, for example Applicant’s Table Lookup Engine,
or an off-chip solution such as CAMs.
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Bio-informatics

The developing field of in-silico drug discovery uses computer simulation rather than
the “wet science’ of test tubes to explore the behaviour of potential new drugs.

This' includes molecular simulation of individual molecules and the interactions of
molecules. For example, the docking of a ligand molecule (drugj into a protein. This
simulation requires the calculation of the interaction energies of all atoms of one
molecule with all the atoms of the other. This process is repeated for thousands of
configurations of the molecules. This results in an embarrassingly parallel problem
ideally suited to the MTAP architecture.

Each PE is allocated a different configuration of protein and ligand, and performs all
of the atom—atom interaction energy calculations. The memory available within a PE
is insufficient to hold the details of an entire molecule, however the molecule can be
split into pieces and each piece processed in turn. The fetching of atoms can be
overlapped with the atom;atom processing and, even with the floating point
accelerated MTAP processor, is compute bound. The processing currently performed
in most production code is a simplistic model of the interaction of atoms. The

processing power that the MTAP architecture makes available allows more so-

- phisticated models to be considered, improving the accuracy and thus value of the

results. ’

The MTAP processor is also suited to other bio-informatic tasks such as genetic
sequence comparison and pharmacophore fingerprinting.

Software Development Kit

The Software Development Kit (SDK) provides a complete set of development tools:
C compiler, assembler linker, debugger, profiler, etc. The software tools use a central
conﬁguratlon file to defme the attributes of the target processor that code is being
generated for.

Stmulation tools

£o b parmetsrized - for the nomber of PR
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Once the target hardware (or 2 Simulaﬁon) is available then the application code can

be run and debugged on the tafget hardware.

Debugger

A major challenge when developing code for a parallel architecture is understanding

the state of the machme when the code is stopped at a breakpoint or €rror. The data-

parallel nature of the MTAP processor minimizes the difficulty here: a single

instruction stream is executing and only the data is different on gach PE.

Applicant’s 2% generation debugger builds on previous experience and provides a

variety of ways to visualize the state of PE memory and registers. As well as

traditional source-level symbolic views of data, and low-level dumps of memory and
a, the debugger provides u user-defined picture views which show the contents of PE

memory or registers in graphical form. This provides a quickly understood view of the

overall state of the system. '

The debugger works identically with all of the simulators and with target hardware. It

supports all the features expected from a modern development tool: graphical user

interface and command line operation, breakpoints, watchpoints, single-stepping, etc.
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Claims

1. A data processor comprising a single control unit and an integral execution

unit adapted to operate on both parallel and scalar data under the same instruction set.

2. A data processor comprising a single control unit and an integral execution
unit adapted to operate on both parallel and scalar data under the same instruction set,
and wherein the execution unit comprises a SIMD part comprising an array of
processing elements adapted to operate on said parallel data and a scalar part adapted

to operate on said scalar data.

3. A data processor comprising a single control unit and an integral execution
unit adapted to operate on both parallel and scalar data under the same instruction set,
and wherein substantially all said instructions are operable on said parallel and/or said

scalar data.

4, A data processor comprising a single control unit and an integral execution
unit adapted to operate on both parallel and scalar data under the same instruction set,
and wherein the execution unit Qoinprises a SIMD part comprising an array of
processing elements adapted to operate on said pafallel data and a scalar part adapted
to operate on said scalar data, and wherein substantially all said instructions are

operable on said parallel and/or said scalar data.

5. A data processor as claimed in claim 1, wherein said scalar part and said

SIMD part are adapted to operate asynchronously.

6. A data processor as claimed in any of claims 1, 3 or 5, wherein the execution

unit comprises a SIVID pari comprising an aray of processing slemants (TEs) adapted

ryoneTTie o T prrme Ao sealarpart adapted 10 OperIie o TEG SealE GAlE.
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‘ 8. A data process‘orfas claimed in claim 6, wherein said SIMD part and said .

scalar part have a common memory area for instructions and scalar data. ‘

9. A data processor as claimed in claim 6, wherein each PE contains an ALU and

5 one or more multiply-accumulate function units.

10. A data processor as claimed in claim 6, wherein each PE contains an ALU and

one or more floating point function units.

10 11. A data processor as claimed in claim 6, wherein each PE has multiple enable

bits to support nested conditional code.

12. A data processor as claimed in claim 6, wherein said PEs and said scalar part
each have a similar set of stafus/result flags which can be used to control branching,
15 . on the scalar part of the execution unit, and conditional execution, on the SIMD part

of the execution unit, in a similar manner.

13. A data processor as claimed in claim 6, further comprising a communication
" path between PEs in the SIMD part.

20 -

14. A data processor as claimed in claim 6, wherein means are providqd for datato

be transferred to and from the scalar part of the éxecution unit and the SIMD part of

the execution unit.

25 15. A dataprocessor as claimed in any of the preceding claims, wherein the
control unit is adapted to fetch and execute multiple instruction threads

simultaneously.

16. A data processor as claimed in any of the preceding claims, further comprising
30  asemaphore unit adapted to use semaphores to synchronize between instruction

threads.

17. A data processor as claimed in claim 16, wherein said semaphores are adapted

to synchronize between I/O operations and instruction threads.
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18. A data processor as claimed in claim 16, wherein said control unit is adapted
to schedule and execute threads based on their priority and the state of any

semaphores they are waiting on.

19. A dataprocessor as claimed in claim 16, wherein said control unit includes a

set of said semaphores adapted to be used to synchronize threads.

20. A data processor as claimed in either of claims 2 or 3, wherein each
processing element of the SIMD array comprises one or more function units, a

register file, said local memory, and I/O means.

21. A data processor as claimed in any of claims 2, 4, 6 or 7, wherein both said
scalar part and said SIMD part have a complete range of addressing modes that allow
them to support: ’

scalar variables pointing to data in scalar memory;

scalar variables pointing to data in memory in the SIMD part of the execution

© unit;

SIMD variables pointing to memory in the SIVD part of the execution unit; and

SIMD variables pointing to data in scalar memory.

22. A data processor as claimed in any of claims 1, 2 or 5-21, wherein
substantiaﬁy all said instructions are operable on said parallel data or on said scalar

data or on a combination of both said parallel data and said scalar data.

23. A data processor as claimed in claim 22, further comprising a compiler

adapted to produce code from a single source program to operate on both said scalar
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such that they occur concurrently with computation and data is always available when

required.

26. A data processor as claimed in claim 20, wherein said scalar part, said SIMD

' part and said /O means are adapted to be operated in parallel by the same instruction

stream.

27. A data processor as claimed in claim 26, wherein said I/O means comprises

programmed I/O means adapted to enable each PE to transfer data to and from

external scalar memory and wherein each PE provides the address it wants to read

data from or write data to.’

28. A data processor as claimed in claim 27, wherein memory accesses are
consolidated to minimize the number of memory transfers when multiple PEs are

accessing the same memory area.

29. A data processor as claimed in claim 26, wherein each PE is adapted to

 transfer data to and from external scalar memory and wherein the address for each PE

is generated automatically based on the PE number and the amount of data being

transferred.

30. A data processor as claimed in claim 26, wherein said /O means comprises
streaming I/O means which distributes an incoming data stream to all the PEs in the
SIMD part and collects data from all the PEs to generate an output stream
mdependently of program execution on the SIMD part of the execution umnit.

31. A data processor as claimed in claim 30, wherein the streaming I/O means

only uses enabled PEs to take part in the streaming I/O operation.

32. A dataprocessor as claimed in claim 30, wherein the size of data distributed

to, and collected from each PE is different for each PE.
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Abstract

Unified SIMD Processor

A data processor comprises a single control unit and an integral execution unit
adapted to operate on both parallel and scalar data under the same instruction set. The
execution unit comprises a SIMD part comprising an array of processing elements
adapted to operate on the parallel data and a scalar part adapted to operate on the
scalar data. Substantially all the instructions are operable on the parallel and/or the
scalar data. Preferably, both the scalar part and the SIMD part have a complete range
of addressing modes that allow them to support: scalar variables pointing to data in
scalar memory; scalar variables pointing to data in meﬁow in the SIMD part of the
execution unit; SIMD variables pointing to memory in the SIMD part of the execution
unit; and SIMD variables pointing to data in scalar memory. The scalar part, the
SIMD part, and /O means are adapted to be operated in parallel by the same

instruction stream.

[Figure 2]
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Unified SIMD Processor

Background to the Invention

The invention consists of a significant improvement to a well known type of parallel
processor. Single-Instruction Multiple-Data (SIMD) architectures are widely used in a
number of computing applications. They have the advantage of high performance, low
power consumption and easy scalability. A SIMD processor differs from the more
commonly used multi-processor system (where a number of processors, each
independently executing their own program code, are used together to solve a
problem) in that it executes a single stream of instructions but each instruction
operates on multiple data items in parallel.

There are a range of SIMD processor architectures. These range from an intelligent
memory type of approach where each column of a memory array has a simple 1-bit
Arithmetic Logic Unit (ALU) through to more complex architectures where a, usually
smaller, array of more complex processing elements are fed with a single instruction
stream. They have, however, been difficult to program in the past.

In all these cases the array of SIMD processing elements are fed with instructions and
data by a dedicated controller. Often the controller is the largest and most complex
part of the design because of the need to match the data processing rate achieved by
the SIMD array. The array controller is not itself ‘intelligent’ and is, in turn,
controlled by a general purpose processor which also runs the bulk of the application
software. This host processor will execute most of the application code; it will send
data to be processed to the SIMD array with an indication of the function to be
performed, typically a pointer to the start of a sequence of SIMD array instructions or
microinstructions. An exemplary prior art SIMD processor is outlined in Figure 1.
This introduces two programming problems. Firstly, the array controller can only be
programmed at a very low level: a series of microcode, or possibly assembler,
instructions to be executed by the array. This is because the array controller is not
designed to” work with a compiler. Secondly, this programming is completely
separated from the main application code running on the host processor. This may be
‘wrapped up’ by providing C functions or C++ classes which makes them appear
more integrated and reduces the complexity of passing control between the host
processor and the SIMD array. Also, in the simplest form, the host processor and the

SIMD array will have completely separate memory spaces for code and data. Any of

SUBSTITUTE SHEET (RULE 26)
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the standard shared memory techniques can be used to address this with all the
resulting problems: complex arbitration, cache coherency issues, contention for
memory bandwidth, inter-processor synchronization, greater cost, etc.

A preferable solution is to provide a fully integrated architecture where the same
processor can transparently ﬁrocess both scalar and SIMD operations in a fully
integrated fashion. This means that a single program can be written, in a standard
high-level language such as C, which includes all parts of the application — both
‘normal’ (sbalar) data and parallel data processing.

Prior Art

The basic SIMD processing model has been in use for many years. Some of the
earliest examples are the ILLIAC IV developed in 1972, which had 64 processors
with floating point and memory, and Goodyear’s STARAN (1975) which was a 1-bit
architecture. Many variants have been developed since then. |

There is also a recent trend to put small-scale SIMD extensions in standard processor
architectures. This is exemplified by the Intel MMX and SSE extensions to the x86

architecture. This allows, for example, the values in two 32-bit registers to be added

~ as if each register contained four independent 8-bit values. This is not considered

relevant to the current discussion for a number of reasons:

+ the SIMD processing is done on a very small scale;

+ only a limited range of SIMD functionality is provided;

« there are distinct instructions for operating on SIMD data;

« the same hardware is used for SIMD and for scalar operations (althought separate
registers may be provided for the SIMD operands)

The idea of providing indexed addressing modes in a SIMD processor is disclosed in

our copending patent application GB9908225.7. This invention extends that idea by

using a more flexible implementation of that idea in combination with a more

powerful array controller to provide a unified processor architecture.

Summary of the Invention

Applicant’s approach, after many years of experience with developing systems based

on SIMD coprocessors, was to create a new architecture where instructions are

decoded and despatched to the appropriate part of the execution unit: either the scalar

(mono) execution unit or the SIMD (poly) execution unit. Instruction execution on

these are decoupled so that, for example, a mono instruction followed by a poly

instruction will execute concurrently. The support for mono and poly data is, as far as

SUBSTITUTE SHEET (RULE 26)
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possible, identical — this makes it practical to write a compiler to target the processor.

This greatly simplifies the task of programming the processor.

This means a single program runs on the processor which does both mono and poly

operations as required — typically it will do both at the same time. A single C program

can be written which manages program control flow, operates on mono data, and

operates on poly data. '

To support this, and further simplify programming, this unity of the architecture is

reflected in the instruction set and programming model. The processing elements in

the SIMD array and the mono execution unit have a common instruction set. For

instance, an add instruction can be used with operands which are either poly registers

or mono registers (or immediate values); the appropriate execution unit will execute

the instruction. Mono and poly operands can also be mixed to allow, for example, a

single mono value to be added to a poly register which holds a different value on

every processing element.

It is appropriate to note that this does not require the mono execution unit to have

exactly the same micro-architecture as the poly execution unit. For example, the poly

processing elements could have an 8-bit ALU, while the mono execution unit has a

32-bit ALU.

A block schematic diagram of a processor in accordance with the invention is shown

in Figure 2.

The most significant features contributing to the novelty and inventiveness of this
invention

include the following concepts:

+ The processor provides a unified programming model: a single program runs on
a processor providing both scalar and SIMD operations.

* This is supported with a unified instruction set: e.g. an add instruction can work
with either mono or poly operands (or a mixture of the two)

» Poly operations can freely use mono registers in expressions, and more
importantly for addressing memory.

* Having a full range of addressing modes and completely separate memory
blocks in each PE make it simple to support poly data structures and poly
pointers on the SIMD array (previous SIMD architectures either provde a single
address to all PEs or use sequences of instructions to construct an address in

memory).
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* Mono and poly operations are of equal standing: wherever possible, all
instructions can be used with either mono or poly operands (there are some
exceptions because a small set of operations, mainly for control, only make
sense for one or the other).

» The mono and poly execution units are loosely coupled so that their operation
can be overlapped. Compilers are extremely good at scheduling instructions to
take advantage of this flexibility - maximizing the efficiency of the system.

» There are some compiler optimizations specific to this architecture: for example
it may be better, in some instances, to move an operation that would normally
be done on the mono execution unit on to the poly execution unit - either
because it can then be overlapped with other operations on the mono execution
unit or because the result is needed on the poly execution unit anyway. Again,
the compiler can detect such cases and make the appropriate optimizations.

« A common code and data space is available to both mono and poly operations
making it easy to generate code for, and share data between, the two execution
units.

» The overall architecture is suitable for targeting by a high level language

compiler - again for both mono and poly operations.

To this end, the invention provides, in a first aspect a data processor comprising a
single control unit and an integral execution unit adapted to operate on both parallel
and scalar data under the same instruction set.

According to a second aspect, the invention provides a data processor comprising a
single control unit and an integral execution unit adapted to operate on both parallel
and scalar data under the same instruction set, and wherein the execution unit

comprises a SIMD part comprising an array of processing elements adapted to operate

“on said parallel data and a scalar part adapted to operate on said scalar data.

According to a third aspect, the invention provides a data processor comprising a
single control unit and an integral execution unit adapted to operate on both parallel
and scalar data under the same instruction set, and wherein substantially all said
instructions are operable on said parallel and/or said scalar data.

According to a fourth aspect, the invention provides a data processor comprising a
single control unit and an integral execution unit adapted to operate on both parallel

and scalar data under the same instruction set, and wherein the execution unit
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comprises a SIMD part comprising an array of processing elements adapted to operate
on said parallel data and a scalar part adapted to operate on said scalar data, and
wherein substantially all said instructions are operable on said parallel and/or said
scalar data.

The single control unit and the integral execution unit may be adapted to operate
asynchronously on both the parallel and scalar data under the same instruction set.

The execution unit preferably comprises a SIMD part comprising an array of
processing elements adapted to operate on the parallel data and a scalar part adapted
to operate on the scalar data.

Preferably, the SIMD part and the scalar part differ only in that each processing
element of the array contains local memory. The SIMD part and the scalar part
preferably have a common memory area for instructions and scalar data. Each PE
may contain an ALU and one or more multiply-accumulate function units or an ALU
and one or more floating point function units. Preferably, each PE has multiple
enable bits to support nested conditional code.

The SIMD and the scalar execution unit conveniently have a similar set of
status/result flags which can be used to control branching on the scalar part of the
execution unit and conditional execution on the SIMD part of the execution unit in a
similar manner.

There is preferably a communication path between PEs in the SIMD part and means
are preferably provided for data to be transferred to and from the scalar part of the
execution unit and the SIMD part of the execution unit.

Advantageously the control unit is adapted to fetch and execute multiple instruction
threads simultaneously. A semaphore unit may use semaphores to synchronize
between instruction threads. The semaphores may be used to synchronize between
I/O operations and instruction threads. The control unit may be adapted to schedule
and execute threads based on their priority and the state of any semaphores they are
waiting on and may include a set of the semaphores for use in synchronizing threads.
Each processing element of the SIMD array may comprise one or more function units,
a register file, said local memory, and /O means.

Both the scalar part and the SIMD part preferably have a complete range of
addressing modes that allow them to support: scalar variables pointing to data in

scalar memory; scalar variables pointing to data in memory in the SIMD part of the
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execution unit; SIMD variables pointing to memory in the SIMD part of the execution
unit; and SIMD variables pointing to data in scalar memory.
Substantially all the instructions are preferably operable on either the parallel data or
the scalar data or a combination of both the scalar data and the parallel data.
The processor may further comprise a compiler adapted to produce code from a single
source program to operate on both the scalar and the parallel data. The compiler is
preferably adapted to detect parallel data automatically.
The scalar part, the SIMD part, and the /O means are preferably adapted to be
operated in parallel by the same instruction stream.
A programmer or the compiler is adapted to use the multi-threaded execution to
schedule I/O operations such that they occur concurrently with computation and data
is always available when required. '
The I/O means may comprise programmed I/O means adapted to enable each PE to
transfer data to and from external scalar memory and wherein each PE provides the
address it wants to read data from or write data to. The memory accesses may be
consolidated to minimize the number of memory transfers when multiple PEs are
accessing the same memory area.
Each PE is preferably adapted to transfer data to and from external scalar memory, in
which case the address for each PE is generated automatically based on the PE
number and the amount of data being transferred. .
The I/O means may comprise streaming I/O means which distributes an incoming
data stream to all the PEs in the SIMD part and collects data from all the PEs to
generate an output stream independently of program execution on the SIMD part of
the execution unit. The streaming I/O means may only use enabled PEs to take part in
the streaming I/O operation. The size of data distributed to, and collected from each
PE may be different for each PE.
Brief Description of the Drawings
The invention will be described with reference to the following drawings, in which:

Figure 1 shows a prior art SIMD processor;

Figure 2 shows the architecture in accordance with the present invention;

Figure 3 is a comparison between RISC and MTAP architecture;

Figure 4 is a schematic diagram of an MTAP execution unit;

Figure 5 indicates schematically the execution of an instruction;

Figure 6 is a graph indicating the power efficiency of the MTAP architecture;
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Figure 7 is a block schematic diagram depicting an exemplary MTAP processor;
and

Figure 8 is a block diagram of a specific implementation of the MTAP architecture
as applied to an evaluation chip.
Detailed Description of the Illustrated Embodiments
The design of this processor architecture was driven by the desire to make it practical
and efficient to program in a high 1evél language. In order to make this possible a
number of features are required. First, the overall programming model needs to be
simple and 'regular’ — i.e. the same operations and addressing modes can be applied to
all data types.
The execution unit for mono data is based on well known principles used in many
RISC processors. This makes it simple for a compiler to target and easy for a user to
understand.
The functionality supported by each PE is then made as similar as possible to the
mono execution unit: each PE has an ALU, a register file and memory, and supports a
range of addressing modes for transferring data between memory and registers.
It is not necessary for the PEs to be identical to the mono execution unit in every
detail: e.g. the number of registers and the width and complexity of the ALU are
likely to be different in practice. The poly execution unit gets its performance largely
from the number of PEs brought to bear on the problem rather than the processing
power of the individual PEs. To balance this, the mono execution unit is likely to
require a wider and more complex ALU. This is reasonable because this is only
instantiated once while the PEs are replicated many times and need to be efficiently
implemented.
The number of clock cycles required to execute an instruction on the mono and poly
execution units is highly variable. Both will execute some instructions in a single
cycle. But some instructions could take several cycles on the mono execution unit or
on the poly execution unit. It is therefore essential that the two execution units are
only loosely coupled rather than operating in lock-step; this allows them to overlap
their execution of instructions. The hardware will synchronize their operations when
necessary: e.g. when they need to access a shared resource, or one execution unit
requires data from the other.
Transfers between the registers and memory, and other I/O transfers, can take place

concurrently with ALU operations. To simplify the task for the compiler, these
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interactions are all interlocked using register scoreboarding (see our copending patent
application GB 9908203.4).

An important aspect of the PE architecture to support compiled code is the existence
of a full set of addressing modes: direct, indirect and indexed. Indirect and indexed
addressing by the PEs is described in the previously mentioned copending patent
application GB 9908225.7.

Reference may also be had to our copending patent application GB 0321186.9 for
details of the “ClearConnect” bus referred to in the context of the present invention.

In a high level language compiler for this architecture, it is only necessary to
introduce a simple modification; the keyword ‘poly’ used in a declaration identifies
data that is distributed across the SIMD array. Similar methods have been used before,
for example the ‘shape' keyword used in C*, a language used for programming the
“Connection Machine”. However, it is only with the present architecture that poly
variables become ‘first class’ objects — i.e. they can be used everywhere that mormal’
mono data can be: in expressions, as function arguments, in conditional statements,
etc. Pointers to both mono and poly data are allowed, as are pointers of both mono
and poly types. Furthermore, poly variables can be mixed quite freely with mono data
in all these contexts. This provides a very simple and regular programming model for
the user.

Note that it would also be possible for a compiler to detect the parallelism in the
program or data automatically: This is frequently done with ‘vectorizing’ Fortran
compilers used with supercomputers, for example. The same techniques could be
applied to this architecture. The architeéture will now be described in more detail.
The Multi-Threaded Array Processing (MTAP) architecture has been developed to
address a number of problems in high performance, high data rate processing.

A number of applications are characterized by very high data rates, flexible
processing requirements and hard real-time constraints. We use the term data flow
processing to describe this class of problem.

The MTAP processor delivers on the three primary requirements for data flow
applications:

1. It directly addresses the data bandwidth, and has a clear scalability path for future

requirements.
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2. It provides the raw horsepower for the processing functions required, on the
maximum data rate that the system will encounter. That processing power can
scale with increasing function demands.

3. It stores the data close to the processing core to maximize bandwidth and
minimize latency.

MTAP Overview
The MTAP architecture defines a family of embedded processors with parallel data
processing capability. Figure 3 compares a standard processor and the MTAP
architecture. As can be seen, the MTAP processor has a standard, RISC-like, control
unit with instruction fetch, caches and /O mechanisms. This is coupled to a highly
parallel execution unit which provides the performance and scalability of the MTAP
architecture.

The processor is designed in a highly modular fashion which allows many details of a

specific implementation to be easily customized for the target application.

To simplify the integration of the processor into a variety of systems, the processor

can be also configured to be big or little-endian.

Control unit

The control unit fetches, decodes and dispatches instructions to the execution units.

The processor executes a fairly standard, three operand instruction set. The manner in

which the same instruction stream is decoded and issued in parallel to the mono part,

the poly part and the /O part is schematically indicated in Figure 5.

The control unit also- provides hardware support for multi-threaded execution,

allowing fast swapping between multiple threads. The threads are prioritized and are

intended primarily to support efficient overlap of I/O and compute. This can be used
to hide the latency of external data accesses.

The MTAP processor can also include instruction and data caches to minimize the

latency of memory accesses. The size and type of these is a configurable option.

Alternatively, the caches may be replaced with SRAM to provide a complete

embedded solution.

The control unit also includes a control port which is used for initializing and

debugging the processor; it includes support for breakpoints, single stepping and the

examination of internal state.

SUBSTITUTE SHEET (RULE 26)

Google Ex. 1095 - Page 118



10

15

20

25

30

WO 2005/037326

PCT/GB2004/004377
10

Execution unit

The execution unit consists of a number of processing elements (PEs). This allows it
to process data elements in parallel. Each PE consists of an ALU, registers, memory
and I/O.

The number of PEs in a processor core is a configurable parameter which allows
performance to be scaled to meet the needs of the application (see Figure 6). The
execution unit can be thought of as two, largely independent, parts (see Figure 4).

One PE forms the mono execution unit; this is dedicated to processing mono (i.e.
scalar or non-parallel) data. The mono execution unit also handles program flow
control such as branching and thread switching. The rest of the PEs form the poly
execution unit which processes parallel (poly) data.

The poly execution unit may consist of tens, hundreds or even thousands of PEs. This
array of PEs operates in a synchronous manner, similar to SIMD, where every PE
executes the same instruction on its piece of data. Each PE also has its own
independent local memory; this provides fast access to the data being processed. For
example, one PE at 400 MHz has a memory bandwidth of 1.6 Gbytes/s. An array with
256 such PEs has an aggregate bandwidth of over 400 Gbytes/s, with single cycle
latency. The number of registers and the amount of memory in each PE are
configurable options.

Input / output

The MTAP processor core has two basic I/O mechanisms. The first, Programmed I/0
(PIO), is the normal mechanism used for accessing memory external to the MTAP
core: it supports random accesses to variable sized data by the PEs. The second
mechanism is Streaming I/O (SIO) which allows chunks of contiguous data to be
streamed directly into the memory within PEs.

Each of these supports a variety of addressing modes, described in more detail later.
Programming model

From a programmer’s perspective, the MTAP processor éppears as a single processor
running a single C program. This is very different from some other parallel processing
models where the programmer has to explicitly program multiple independent
processors, or can only access the processor via function calls or some other indirect
mechanism.

The MTAP processor executes a single instruction stream; each instruction is sent to

one of the functional units: this may be the mono or poly execution unit or one of the
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I/O controllers. The processor can despatch an instruction on every cycle.
For multi-cycle instructions, the operation of the functional units can be overlapped.
So, for example, an I/O operation can be started with one instruction and on the next
cycle the mono execution unit could start a multiply instruction (which requires
several cycles to execute). While these operations are proceeding, the poly execution
unit can continue to execute instructions.
The main change from programming a standard processor is the concept of operating
on parallel data. Data to be processed is assigned to variables which have an instance
on every PE and are operated on in parallel: we call this poly data. This can be
thought of as a data vector which is distributed across the array.
Variables only requiring a single instance (e.g. loop control variables) are known as
mono variables — they behave exactly like normal variables on a sequential processor.
Applicant provides a compiler which uses a simple extension to standard C to identify
data which is to be processed in parallel. The new keyword poly is used in a
declaration to define data which exists, and is processed, on every PE in the poly
execution unit.
Example
To give a feel for the way the MTAP processor is programmed, the following
represents a fragment of code which will calculate 64 values of a sine function across
the PE array in a single operation.

#include <fnext.h>

#include <math.h>

#define PI 3.1415926535897932384

#define NUMBER_OF PES 64

poly float angle, sine;
poly int pe;

/* get PE number: 0...n-1 */

pe = get penum();

/* convert to an angle in range 0 to Pi */
angle = pe * PI / NUMBER_OF_PES;

/* calculate sine of angle on each PE */

sine = sinp(angle);
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This code uses the library function get_penum() to get a unique value in the variable
pe on each PE. This is scaled to give a range of values for angle between 0 and pi
across the PEs.

Finally, the library function sinp() is called to calculate the sine of these values on all
PEs simultaneously. The sinp function is the poly equivalent of the standard sine
function; it takes a poly argument and returns the appropriate value on every PE.
Performance

The performance of an MTAP core with 64 PEs, on a 0.13n process and running at
400 MHz is shown in Table 1. The columns show the performance achieved with the
basic PE, the PE with an additional Multiply-Accumulate (MAC) unit, and the PE
with an FPU extension.

Table 1 - Performance Comparison

Base 8-bit _ [FPU

|Architecture |[MAC
MIPS 25,600 25,600 (25,600
MMACS (x 10°%) — 25,600 [25,600
IMFLOPS = — 51,200
IMemory  Bandwidthi{100 100|100
(Gbytes / s)
Inter-PE  Bandwidth/50 50 50
(GBytes / s)
Relative Area 1.0 1.1 1.3

However, the core can be scaled well beyond this number of PEs, to 256 or even
thousands of PEs. It also scales down efficiently to lower numbers of PEs, or lower
clock rates, enabling low cost and low power systems to be built.

Figure 6 shows how performance and power scale with the number of PEs. By
choosing the number of PEs and the clock frequency, the designer has a great deal of
flexibility to tune performance, bandwidth, cost and power for the needs of a given

application.
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Architecture Details

The following sections describe the MTAP processor in more detail. A block diagram
of the processor is shown in Figure 7. This is a conceptual view, which reflects the
programming model. In practice, the control and mono execution units form a tightly-
coupled pipeline which provides overall control of the processor.

Interfaces

The processor has a number of external interfaces. The widths of each of this are
configurable. All these interfaces currently use the Virtual Component Interface
Standard defined by the VSI Alliance.

There are three categbries of interface:

Mono data & instructions

This is a single Advanced VCI (AVCI) interface which is used for mono loads and
stores, and for instruction fetching.

Poly data

This uses one or more AVCI interfaces for PIO and SIO data. The number of physical
interfaces corresponds to the number of PIO and SIO channels implemented.

Control

There are two control interfaces which use the Peripheral VCI (PVCI) protocol. One
is used for initialization and debug. The other allows the MTAP processor to generate
interrupts to the host system.

Instruction set

The processor has a fairly standard RISC-like instruction set. Most instructions can
operate on mono or poly operands and are executed by the appropriate part of the
execution unit. Some instructions are only relevant to either the mono or poly
execution unit, for example all program flow control is handled by the mono unit.

The instruction set provides a standard set of functions on both mono and poly
execution units: )

+ Integer and floating point adds, subtracts, multiplies, divides

» Logical operations: and, or, not, xor

+ Arithmetic and logical shifts

« Data comparisons: equal, not equal, greater than, less than, etc.

« Data movement between registers

+ Loads and stores between registers and memory
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To give a feel for the nature of assembly code for the MTAP processor, a few lines of
code are shown below. This simple example loads a value from memory into a mono
register, gets the PE number into a register on each PE and then adds these two values
together producing a different result on every PE.

1d 0:m4, 0x3000 // load mono reg 0 from mem

penum 8:p4 // PE number into poly reg

add 4:p4, 0:m4, 8:m4 // add; result in reg 4
Control unit
The control unit fetches instructions from memory, decodes them and despatches
them to the appropriate functional unit.
The controller includes a scheduler to provide hardware support for multi-threaded
code. This is a vital part of the architecture for achieving the performance potential of
the MTAP processor. Because of the highly parallel architecture of the poly execution
unit, there can be significant latencies if all PEs need to read or write external data.
When part of an application stalls because it is waiting for data from external
memory, the processor can switch to another code thread that is ready to run. This
serves to hide the latency of accesses and keep the processor busy.
The number of threads is a configurable option. The threads are prioritized: the
processor will run the highest priority thread that is ready to run; a higher priority
thread can pre-empt a lower priority thread when it becomes ready to run. Threads are
synchronized — with each other and with hardware, such as I/O engines — via
semaphores.
In the simplest case of multi-threaded code, a program would have two threads: one
for I/O and one for compute. By pre-fetching data in the /O thread, the programmer
(or the compiler) can ensure the data is available when it is required by the execution
units and the processor can run without stalling,
Execution units
This section describes the common aspects of the poly and mono execution units.
ALU operations
Instructions for arithmetic and logical operations are provided in several versions:
» Various sizes: 1, 2, 3 and 4 bytes, and combinations of sizes
* Various data types: signed and unsigned integers, and floating-point

* Mixes of signed/unsigned operations
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Status register

Associated with the ALU is a status register; this contains five status bits that provide
information about the result of the last ALU operation. When set, these bits indicate:

* Most significant bit set

* Carry generated

* Overflow generated

* Negative result

» Zero result

Registers

To support operations on data of different widths, the registers in the PEs can be
accessed very flexibly. The register files are best thought of as an array of bytes which
can be addressed as registers of 1 to 8 bytes wide.

The mono and poly registers are addressed in a consistent way using byte addresses
and widths specified in bytes. The mono register file is 16 bits wide and so all
addresses and widths must be a multiple of 2. There are no alignment restrictions on
poly register accesses.

Addressing modes

Load and store instructions are used to transfer data between memory and registers. In
the case of the mono execution unit, these transfer data to and from memory external
to the MTAP processor.

Poly loads and stores transfer data between the PE register file and PE memory. Data
is transferred between the PEs and external memory using the I/O functions described
later.

There are three addressing modes for loads and stores which can be used for both
mono and poly data. These are:

Direct

The address to be read/written is specified as an immediate value.

Indirect

The address is specified in a register.

Indexed

The address is calculated from adding an offset to a base address in a register. The

offset must be an immediate value.
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Conditional code

The main difference between code for the mono and the poly execution units is the
handling of conditional execution.

The mono unit uses conditional jumps to branch around code, typically based on the
result of the previous instructions. This means that mono conditions affect both mono
and poly operations. This is just like a standard RISC architecture.

The poly unit uses a set of enable bits (described in more detail below) to control
whether each PE will have its state changed instructions it executes. This provides
per-PE predicated operation. The enable state can be changed based on the result of a
previous operation.

The following sections describe the architectural features of the two execution units in
more detail.

Mono execution unit

The mono execution unit is a 16-bit processing element consisting of:

* A 16-bit ALU with optional extensions

+ A register file of configurable size

+ Status and control registers

The mono ALU extensions include a multiplier, a barrel shifier and a normalizer,
which is important for accelerating software implementations of floating point
operations.

As well as handling mono data, the mono unit is responsible for program flow control
(branching), thread switching and other control functions. The mono execution unit
also ‘has overall control of I/O operations of poly data. Results from these operations
are returned to a register in the mono unit.

Conditional execution

The mono execution unit handles conditional execution in the same way as a
traditional processor. A set of conditional and unconditional jump instructions use the
result of previous operations to jump over conditional code, back to the start of loops,
etc.

Multi-threaded execution

The MTAP processor supports several hardware threads. There is a hardware
scheduler in the control unit and the mono execution unit maintains multiple banks of

critical registers for fast context switching.
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The threads are prioritized (0 being highest priority). Control of execution between
the threads is performed using semaphores under programmer control. Higher priority
threads will only yield to lower priority threads when they are stalled on yielding
instructions (such as semaphore wait operations). Lower priority threads can be pre-
empted at any time by higher priority ones.

Semaphores are special registers that can be incremented or decremented with atomic
(non-interruptible) operations called signal and wait. A signal instruction will
increment a semaphore. A wait will decrement a semaphore unless the semaphore is
0, in which case it will stall until the semaphore is signalled by another thread.
Semaphores can also be accessed by hardware units (such as the I/O controllers) to
synchronize these with software.

Poly execution unit

The poly execution unit is an array of Processing Elements (PEs). Each PE in the poly
execution unit consists of:

* An 8-bit ALU with optional extensions such as a multiply-accumulate (MAC) unit
* A register file of configurable size ‘

+ Status and enable registers

* A block of memory of configurable size

* An inter-PE communication path

* One or more I/O channels

Load and store instructions move data between a PE’s register file and memory, while
the ALU operates on data in the register file. Data is transferred in to, and out of, the
PE’s memory using I/O instructions.

ALU

The poly ALU is used for performing arithmetic and logical operations on values held
in the PE register file.

While the ALU is only 8 bits wide, instructions exist for multi-byte arithmetic which
is handled by iteration. ALU extensions exist to accelerate functions for floating
point, DSP, etc. For example, an optional integer multiply-accumulate unit (MAC)
can be included in the ALU. This can deliver an 8 x 8 bit MAC result every cycle, or a
16 x 16 bit MAC every four cycles. The accumulated result can be up to 64 bits wide.
The standard ALU includes basic hardware support to accelerate floating point

operations.
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Conditional behaviour
The SIMD nature of the PE array prohibits each PE having its own branch unit
(branching being handled by the mono execution unit). Instead, each PE can control
whether its state should be updated by the current instruction by enabling or disabling
itself; this is rather like the predicated instructions in some RISC CPUs.
Enable state
A PE’s enable state is determined by a number of bits in the enable register. If all
these bits are set to one, then a PE is enabled and executes instructions normally. If
one or more of the enable bits is zero, then the PE is disabled and most instructions it
receives will be ignored (instructions on the enable state itself, for example, are not be
disabled).
The enable register is treated as a stack, and new bits can be pushed onto the top of
the stack allowing nested predicated execution. The result of a test, eithera 1 ora 0, is
pushed onto the enable stack. This bit can later be popped from the top of the stack to
remove the effect of that condition. This makes handling nested conditions and loops
very efficient. Note that, although the enable stack is of fixed size, the compiler
handles saving and restoring the state automatically, so there are no limitations on
compiled code. When programming at the assembler level, it is the programmer’s
responsibility to manage the stack.
Instructions
Conditional execution on the poly execution unit is supported by a set of poly
conditional instructions: if, else, endif, etc. These manage the enable bits to allow -
different PEs to execute each branch of an if...else construct in C, for example. These
also support nested conditions by pushing and popping the condition value on the
enable stack. '
As a simple example, consider the following code fragment:

// disable PEs where reg 32 is non-zero

if.eq 32:pl, 0 // push result onto stack

// increment reg 8 on enabled PEs

add 8:p4, 8:p4, 1

// return all PEs to original enable state

endif // pop enable stack
Here, the initial if instruction compares the two operands on each PE. If they are equal

it pushes 1 onto the top of the enable stack — this leaves those PEs enabled if they

SUBSTITUTE SHEET (RULE 26)

Google Ex. 1095 - Page 127



10

20

25

30

WO 2005/037326 PCT/GB2004/004377

19

were previously enabled and disabled if they were already disabled. If the two
operands are not equal, a 0 is pushed onto the stack — this disables the corresponding
PEs.

The following add instruction is sent to all PEs, but only acted on by those that are
still enabled. Finally, the endif instruction pops the enable stack, returning all PEs to
their original enable state.

Forced loads and stores

Poly loads and stores are normally predicated by the enable state of the PE. However,

‘because there are instances where it is necessary to load and store data regardless of

the current enable state, the instruction set includes forced loads and stores. These will
change the state of the PE even if it is disabled.

/O mechanisms |

There are two I/O mechanisms provided for transferring data between PE memory
and devices outside the MTAP core. Programmed I/0O (P1O) extends the load/ store
model: it is used for transfers of small amounts of data between PE memory and
external memory. Streaming I/0O (SIO) is used to efficiently transfer contiguous
chunks of data in and out of PE memory.

The number of PIO and SIO channels in a processor is a configurable parameter. A
processor will always have at least one PIO channel as this is required for normal
program execution.

Multiple /O channels can run simultaneously.

I/0 architecture

The /O systems consist of three parts: Controller, Engine and Node.

Controller

The PIO and SIO controllers decode I/O instructions and coordinate with the rest of
the control unit and the mono processor. The controllers synchronize with software
threads via semaphores.

Engine

The I/O engines are basically DMA engines which manage the actual data transfer.
There is a Controller and Engine for each I/O channel. A single Controller can

manage several I/O Engines.
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Node

There is an I/O Node in each PE. The /O Engine activates each Node in turn allowing
to serialize the data transfers. The Nodes provide buffering of data to minimize the
impact of I/O on the performance of the PEs.

Programmed 1/0 (P10)

PIO is closely coupled to program execution and is the normal way for the processor
to transfer data to and from the outside world (e.g. external memory, hardware
accelerators or a host processor).

The PIO mechanism provides a number of addressing modes:

Direct addressed

Each PE provides an external memory address for its data. This provides random ac-
cess to data.

Strided

The external memory address is incremented for each PE. In each case, the size of
data transferred to each PE is the same.

When multiple PEs are accessing memory then the transfers can be consolidated so as
to perform the minimum number of external accesses. So, for example, if half the
processors are reading one location and the other half reading another, then only two
memory reads would be performed. In fact, consolidation can be better than that:
because the bus transfers are packetized, even transfers from nearby addresses can be
effectively consolidated.

Streaming 1/0 (SIO)

SIO is used for streaming high-bandwidth data directly to and from PE memory. This
is less flexible but very efficient for transferring blocks of data in and out of the
system. This is typically used to stream data to and from memory mapped /O
devices. Each PE can transfer a different size block of data.

Streaming I/O can be made very efficient in a number of ways. For example, multi-
threaded code allows data I/O and compute to be fully overlapped. Also, multiple data
buffers can be allocated in PE memory so that different chunks of data can be input,
processed and streamed out simultaneously.

Swazzle

Finally, the PEs are able to communicate with one another via what is known as the
swazzle path that connects the register file of each PE with the register files of its left

and right neighbours. On each cycle, PE, can perform a register-to-register transfer of
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16 bits to either its left or right neighbour, PE,.; or PEq:;, while simultaneously
receiving data from the other neighbour.

Swazzle instructions use multiples of 2 bytes in their arguments, so the source and

~ destination registers must be 2-byte aligned. Instructions are provided to shift data left

or right through the array, and to swap data between adjacent PEs.

The enable state of a PE affects its participation in a swazzle operation in the
following way: if a PE is enabled, then its registers may be updated by a neighbouring
PE, regardless of the neighbouring PE’s enable state. Conversely, if a PE is disabled,
its register file will not be altered by a neighbour under any circumstance. A disabled
PE will still provide data to an enabled neighbour.

The data written into the registers of the PEs at the ends of the swazzle path can be set
by the mono execution unit.

Host interface '

The interfaces to the host system are used for 3 basic purposes: initialization and
booting, access to host services and debugging.

Initialization

There are a number of stages of initialization required to start code running on the
MTARP processor. These are normally handled transparently by the development tools,
but an overview is provided here as background information.

First, the application code (including bootstrap) is loaded into memory.

Next, the host system initializes the state of the control unit, caches and mono
execution unit by a series of writes to the PVCI port. The last of these specify the start
address of the code to execute and tell the processor to start fetching instructions.
Finally, the boot code does any remaining initialization of the processor including any
set-up of the PEs (e.g. setting the PE number) before running the application code.
Host services

Once application program is running it will need to access host resources such as the
file system.

A protocol is defined between the run-time libraries and a device driver on the host
system. This is interrupt based and allows the code running on the MTAP processor to
make calls to the application or operating system running on the host.

Debugging

The processor includes hardware support for breakpoints and single-stepping. These

are controlled via registers accessed through the PCVI interface.
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This interface also allows the debugger, running on the host, to interrogate and update
the state of the processor to support fully interactive debugging.
Case Study: Device EV1
To illustrate the use of an MTAP processor in a real device, the architecture of
Applicant’s evaluation chip EV1 is described in this section. This device is a simple
embodiment of Applicant’s MTAP processor using Applicant’s bus to interface the
various ports of the processor to a memory block and to external pins.
EV1 architecture
Figure 9 shows the top level architecture of the EV1 device. The five ports of the
MTAP processor and one port of the embedded memory block are connected to a
single ClearConnect channel (ClearConnect is Applicant’s bus structure) of six
nodes and two lanes in opposing directions. The two external ports at each end of the
bus allow the ClearConnect bus to be connected from one chip to another. This
means a system can be built from multiple EV1 devices to provide the required
performance.
The bus ports can also be used to connect to an FPGA to provide other functions, such
as peripherals, an external memory controller or a host interface.
The EV1 chip also includes on-chip SRAM which provides fast access to code and
data.
MTAP processor
The MTAP processor core in the EV1 has the following specification:
¢ General

+ Implemented on 0.13p process

+ Clock speed: 200 MHz

» 4 Kbyte instruction cache: 4-way, 256 lines x 4 instructions, with manual and

auto pre-fetch

+ 4 Kbyte data cache, 4-way, 256 lines x 16 bytes

Mono execution unit
* 64 byte register file
* Support for 8 threads
* Poly execution unit
+ Array of 48 PEs
* MAC extension to the ALU
.+ 4 Kbytes SRAM per PE
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* 64 byte register file
¢+ One PIO channel

* AVCI port: 32-bit address, 64-bit data

o Transfer size: 4, 8, 16, 32 bytes per PE

» Address modes: direct and strided
* One SIO channel .

« AVCI port: 32-bit address, 64-bit data

» Transfer size: up to 128 bytes per PE
+ Control interfaces

+ Interrupt port: 32-bit address, 32-bit data PVCI

» Register port: 32-bit address, 32-bit data PVCI
This gives a performance of:
* 9,600 MIPS
+ 9.6 billion 8x8 MACs / second
+ 38 Gbytes/s memory bandwidth
+ 18 Gbytes/s inter-PE bandwidth
Example Applications
Here we give a couple of examples of how the MTAP processor can be applied to
specific applications.
Network processing
In this case, the data to be processed consists of a stream of packets of variable size.
Each packet consists of header information and a data payload. In its simplest form,
the problem is to examine various fields in the header, do some sort of lookup
function and route the packet to the appropriate output port. This processing must be
done in real time.
In the network processing application, the SIO channels are used for continuously
streaming packets into, and out of, PE memory. Within each PE, the software
maintains several buffers so that, while one set of packets is being processed, the

previous set can be output and, simultaneously, the next set can be loaded.

"The PIO channels are used by the PEs to send requests to another subsystem that

handles lookups. This could on-chip, for example Applicant’s Table Lookup Engine,

or an off-chip solution such as CAMs.
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Bio-informatics

The developing field of in-silico drug discovery uses computer simulation rather than
the ‘wet science’ of test tubes to explore the behaviour of potential new drugs.

This includes molecular simulation of individual molecules and the interactions of
molecules. For example, the docking of a ligand molecule (drug) into a protein. This
simulation requires the calculation of the interaction energies of all atoms of one
molecule with all the atoms of the other. This process is repeated for thousands of
configurations of the molecules. This results in an embarrassingly parallel problem
ideally suited to the MTAP architecture.

Each PE is allocated a different configuration of protein and ligand, and performs all
of the atom—atom interaction energy calculations. The memory available within a PE
is insufficient to hold the details of an entire molecule, however the molecule can be
split into pieces and each piece processed in turn. The fetching of atoms can be
overlapped with the atom-atom processing and, even with the floating point
accelerated MTAP processor, is compute bound. The processing currently performed
in most production code is a simplistic model of the interaction of atoms. The
processing power that the MTAP architecture makes available allows more so-
phisticated models to be considered, improving the accuracy and thus value of the
results.

The MTAP processor is also suited to other bio-informatic tasks such as genetic
sequence comparison and pharmacophore fingerprinting.

Software Development Kit

The Software Development Kit (SDK) provides a complete set of development tools:
C compiler, assembler linker, debugger, profiler, etc. The software tools use a central
configuration file to define the attributes of the target processor that code is being
generated for.

Simulation tools

Cycle and bit-accurate simulations of the core are available in C and Verilog. These
can be parameterized for the number of PEs, size of memory, and other options. A
generic configuration of the C simulator is shipped with the SDK. Once the target
system is defined, the simulator can be configured to match that specification.

This allows application development to start before the system architecture is fully

defined, and then proceed in parallel with the silicon implementation.

SUBSTITUTE SHEET (RULE 26)

Google Ex. 1095 - Page 133



10

15

WO 2005/037326

PCT/GB2004/004377
25

Once the target hardware (or a simulation) is available then the application code can
be run and debugged on the target hardware.

Debugger

A major challenge when developing code for a parallel architecture is understanding
the state of the machine when the code is stopped at a breakpoint or error. The data-
parallel nature of the MTAP processor minimizes the difficulty here: a single
instruction stream is executing and only the data is different on each PE.

Applicant’s 2™ generation debugger builds on previous experience and provides a
variety of ways to visualize the state of PE memory and registers. As well as
traditional source-level symbolic views of data, and low-level dumps of memory and
data, the debugger provides user-defined picture views which show the contents of PE
memory or registers in graphical form. This provides a quickly understood view of the
overall state of the system.

The debugger works identically with all of the simulators and with target hardware. It
supports all the features expected from a modern development tool: graphical user

interface and command line operation, breakpoints, watchpoints, single-stepping, etc.
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Claims

1. A data processor comprising a single control unit and an integral execution

unit adapted to operate on both parallel and scalar data under the same instruction set.

2. A data processor comprising a single control unit and an integral execution
unit adapted to operate on both parallel and scalar data under the same instruction set,
and wherein the execution unit comprises a SIMD part comprising an array of
processing elements adapted to operate on said parallel data and a scalar part adapted

to operate on said scalar data.

3. A data processor comprising a single control unit and an integral execution
unit adapted to operate on both parallel and scalar data under the same instruction set,
and wherein substantially all said instructions are operable on said parallel and/or said

scalar data.

4. A data processor comprising a single control unit and an integral execution
unit adapted to operate on both parallel and scalar data under the same instruction set,
and wherein the execution unit comprises a SIMD part comprising an array of
processing elements adapted to operate on said parallel data and a scalar part adapted
to operate on said scalar data, and wherein substantially all said instructions are

operable on said parallel and/or said scalar data.

5. A data processor as claimed in claim 1, wherein said scalar part and said

SIMD part are adapted to operate asynchronously.

6. A data processor as claimed in any of claims 1, 3 or 5, wherein the execution
unit comprises a SIMD part comprising an array of processing elements (PEs) adapted

to operate on said parallel data and a scalar part adapted to operate on said scalar data.
7. A data processor as claimed in any of claims 2, 4 or 6, wherein the SIMD part

and the scalar part differ only in that each processing element of the SIMD part

contains local memory.
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8. A data processor as claimed in claim 6, wherein said SIMD part and said

scalar part have a common memory area for instructions and scalar data.

9. A data processor as claimed in claim 6, wherein each PE contains an ALU and

one or more multiply-accumulate function units.

10. A data processor as claimed in claim 6, wherein each PE contains an ALU and

one or more floating point function units.

11. A data processor as claimed in claim 6, wherein each PE has multiple enable

bits to support nested conditional code.

12. A data processor as claimed in claim 6, wherein said PEs and said scalar part
each have a similar set of status/result flags which can be used to control branching,
on the scalar part of the execution unit, and conditional execution, on the SIMD part

of the execution unit, in a similar manner.

13. A data processor as claimed in claim 6, further comprising a communication

path between PEs in the SIMD part.

14. A data processor as claimed in claim 6, wherein means are provided for data to
be transferred to and from the scalar part of the execution unit and the SIMD part of

the execution unit.

15. A data processor as claimed in any of the preceding claims, wherein the
control unit is adapted to fetch and execute multiple instruction threads

simultaneously.
16. A data processor as claimed in any of the preceding claims, further comprising
a semaphore unit adapted to use semaphores to synchronize between instruction

threads.

17. A data processor as claimed in claim 16, wherein said semaphores are adapted

to synchronize between I/O operations and instruction threads.
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18. A data processor as claimed in claim 16, wherein said contro!l unit is adapted
to schedule and execute threads based on their priority and the state of any

semaphores they are waiting on.

19. A data processor as claimed in claim 16, wherein said control unit includes a

set of said semaphores adapted to be used to synchronize threads.

20. A data processor as claimed in either of claims 2 or 3, wherein each
processing element of the SIMD array comprises one or more function units, a

register file, said local memory, and I/O means.

21. A data processor as claimed in any of claims 2, 4, 6 or 7, wherein both said
scalar part and said SIMD part have a complete range of addressing modes that allow
them to support:

scalar variables pointing to data in scalar memory;

scalar variables pointing to data in memory in the SIMD part of the exeéution
unit;

SIMD variables pointing to memory in the SIMD part of the execution unit; and

SIMD variables pointing to data in scalar memory.

22. A data processor as claimed in any of claims 1, 2 or 5-21, wherein
substantially all said instructions are operable on said parallel data or on said scalar

data or on a combination of both said parallel data and said scalar data.
23. A data processor as claimed in claim 22, further comprising a compiler
adapted to produce code from a single source program to operate on both said scalar

data and said parallel data.

24. A data processor as claimed in claim 22, wherein said compiler is adapted to

detect parallel data automatically.

25. A data processor as claimed in claim 23 or 24, wherein a programmer or said

compiler is adapted to use the multi-threaded execution to schedule /O operations
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such that they occur concurrently with computation and data is always available when

required.

26. A data processor as claimed in claim 20, wherein said scalar part, said SIMD
part and said I/O means are adapted to be operated in parallel by the same instruction

stream.

27. A data processor as claimed in claim 26, wherein said I/O means comprises
programmed I/O means adapted to enable each PE to transfer data to and from
external scalar memory and wherein each PE provides the address it wants to read

data from or write data to.

28. A data processor as claimed in claim 27, wherein memory accesses are
consolidated to minimize the number of memory transfers when multiple PEs are

accessing the same memory area.

29. A data processor as claimed in claim 26, wherein each PE is adapted to
transfer data to and from external scalar memory and wherein the address for each PE
is generated automatically based on the PE number and the amount of data being

transferred.

30. A data processor as claimed in claim 26, wherein said I/O means comprises
streaming I/O means which distributes an incoming data stream to all the PEs in the
SIMD part and collects data from all the PEs to generate an output stream

independently of program execution on the SIMD part of the execution unit.

31. A data processor as claimed in claim 30, wherein the streaming I/O means

only uses enabled PEs to take part in the streaming I/O operation.

32. A data processor as claimed in claim 30, wherein the size of data distributed

to, and collected from each PE is different for each PE.
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Abstract

Unified SIMD Processor

A data processor comprises a single control unit and an integral execution unit
adapted to operate on both parallel and scalar data under the same instruction set. The
execution unit comprises a SIMD part comprising an array of processing elements
adapted to operate on the parallel data and a scalar part adapted to operate on the
scalar data. Substantially all the instructions are operable on the parallel and/or the
scalar data. Preferably, both the scalar part and the SIMD part have a complete range
of addressing modes that allow them to support: scalar variables pointing to data in
scalar memory; scalar variables pointing to data in memory in the SIMD part of the
execution unit; SIMD variables pointing to memory in the SIMD part of the execution
unit; and SIMD variables pointing to data in scalar memory. The scalar part, the

SIMD part, and I/O means are adapted. to be operated in parallel by the same

instruction stream.

[Figure 2]
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Claims

1. A data processor comprising a single control unit and an integral execution

unit adapted to operate on both parallel and scalar data under the same instruction set.

2. A data processor comprising a single control unit and an integral execution
unit adapted to operate on both parallel and scalar data under the same instruction set,
and wherein the execution unit comprises a SIMD part comprising an array of
processing elements adapted to operate on said parallel data and a scalar part adapted

to operate on said scalar data.

3. A data processor comprising a single control unit and an integral execution
unit adapted to operate on both parallel and scalar data under the same instruction set,
and wherein substantially all said instructions are operable on said parallel and/or said

scalar data.

4. A data processor comprising a single control unit and an integral execution
unit adapted to operate on both parallel and scalar data under the same instruction set,
and wherein the execution unit comprises a SIMD part comprising an array of
processing elements adapted to operate on said parallel data and a scalar part adapted
to operate on said scalar data, and wherein substantially all said instructions are

operable on said parallel and/or said scalar data.

5. A data processor as claimed in claim 1, wherein said scalar part and said

SIMD part are adapted to operate asynchronously.

6. A data processor as claimed in any of claims 1, 3 or 5, wherein the execution
unit comprises a SIMD part comprising an array of processing elements (PEs) adapted

to operate on said parallel data and a scalar part adapted to operate on said scalar data.

7. A data processor as claimed in any of claims 2, 4 or 6, wherein the SIMD part
and the scalar part differ only in that each processing element of the SIMD part

contains local memory.
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8. A data processor as claimed in claim 6, wherein said SIMD part and said

scalar part have a common memory area for instructions and scalar data.

9. A data processor as claimed in claim 6, wherein each PE contains an ALU and

one or more multiply-accumulate function units.

10. A data processor as claimed in claim 6, wherein each PE contains an ALU and

one or more floating point function units.

11. A data processor as claimed in claim 6, wherein each PE has multiple enable

bits to support nested conditional code.

12. A data processor as claimed in claim 6, wherein said PEs and said scalar part
each have a similar set of status/result flags which can be used to control branching,
on the scalar part of the execution unit, and conditional execution, on the SIMD part

of the execution unit, in a similar manner.

13. A data processor as claimed in claim 6, further comprising a communication
path between PEs in the SIMD part.

14. A data processor as claimed in claim 6, wherein means are provided for data to
be transferred to and from the scalar part of the execution unit and the SIMD part of

the execution unit.

15. A data processor as claimed in any of the preceding claims, wherein the
control unit is adapted to fetch and execute multiple instruction threads

simultaneously.

16. A data processor as claimed in any of the preceding claims, further comprising
a semaphore unit adapted to use semaphores to synchronize between instruction
threads.

17. A data processor as claimed in claim 16, wherein said semaphores are adapted

to synchronize between I/O operations and instruction threads.
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18. A data processor as claimed in claim 16, wherein said control unit is adapted
to schedule and execute threads based on their priority and the state of any

semaphores they are waiting on.

19. A data processor as claimed in claim 16, wherein said control unit includes a

set of said semaphores adapted to be used to synchronize threads.

20. A data processor as claimed in either of claims 2 or 3, wherein each
processing element of the SIMD array comprises one or more function units, a

register file, said local memory, and I/O means.

21. A data processor as claimed in any of claims 2, 4, 6 or 7, wherein both said
scalar part and said SIMD part have a complete range of addressing modes that allow
them to support:

scalar variables pointing to data in scalar memory;

scalar variables pointing to data in memory in the SIMD part of the execution
unit;

SIMD variables pointing to memory in the SIMD part of the execution unit; and

SIMD variables pointing to data in scalar memory.

22. A data processor as claimed in any of claims 1, 2 or 5-21, wherein
substantially all said instructions are operable on said parallel data or on said scalar

data or on a combination of both said parallel data and said scalar data.

23. A data processor as claimed in claim 22, further comprising a compiler
adapted to produce code from a single source program to operate on both said scalar

data and said parallel data.

24, A data processor as claimed in claim 22, wherein said compiler is adapted to

detect parallel data automatically.

25. A data processor as claimed in claim 23 or 24, wherein a programmer or said

compiler is adapted to use the multi-threaded execution to schedule I/O operations
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such that they occur concurrently with computation and data is always available when

required.

26. A data processor as claimed in claim 20, wherein said scalar part, said SIMD

part and said /O means are adapted to be operated in parallel by the same instruction

stream.

27. A data processor as claimed in claim 26, wherein said /O means comprises
programmed I/O means adapted to enable each PE to transfer data to and from
external scalar memory and wherein each PE provides the address it wants to read

data from or write data to.

28. A data processor as claimed in claim 27, wherein memory accesses are
consolidated to minimize the number of memory transfers when multiple PEs are

accessing the same memory area.

29. A data processor as claimed in claim 26, wherein each PE is adapted to
transfer data to and from external scalar memory and wherein the address for each PE

is generated automatically based on the PE number and the amount of data being

transferred.

30. A data processor as claimed in claim 26, wherein said I/O means comprises
streaming I/O means which distributes an incoming data stream to all the PEs in the
SIMD part and collects data from all the PEs to generate an output stream

independently of program execution on the SIMD part of the execution unit.

31. A data processor as claimed in claim 30, wherein the streaming I/O means

only uses enabled PEs to take part in the streaming I/O operation.

32. A data processor as claimed in claim 30, wherein the size of data distributed

to, and collected from each PE is different for each PE.
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Unified SIMD Processor
Background to the Invention
The invention consists of a significant improvement to a well known type of parallel
processor. Single-Instruction Multiple-Data (SIMD) architectures are widely used in a
number of computing applications. They have the advantage of high performance, low
power consumption and easy scalability. A SIMD processor differs from the more
commonly used multi-processor system (where a number of processors, each
independently executing their own program code, are used together to solve a
problem) in that it executes a single stream of instructions but each instruction
operates on multiple data items in parallel.
There are a range of SIMD processor architectures. These range from an intelligent
memory type of approach where each column of a memory array has a simple 1-bit
Arithmetic Logic Unit (ALU) through to more complex architectures where a, usually
smaller, array of more complex processing elements are fed with a single instruction
stream. They have, however, been difficult to program in the past.
In all these cases the array of SIMD processing elements are fed with instructions and
data by a dedicated controller. Often the controller is the largest and most complex
part of the design because of the need to match the data prbcessing rate achieved by
the SIMD array. The array controller is not itself ‘intelligent’ and is, in turn,
controlled by a general purpose processor which also runs the bulk of the application
software. This host processor will execute most of the application code; it will send
data to be processed to the SIMD array with an indication of the function to be
performed, typically a pointer to the start of a sequence of SIMD array instructions or
microinstructions. An exemplary prior art SIMD processor is outlined in Figure 1.
This introduces two programming problems. Firstly, the array controller can only be
programmed at a very low level: a series of microcode, or possibly assembler,
instructions to be executed by the array. This is because the array controller is not
designed to work with a compiler. Secondly, this programming is completely
separated from the main application code ruhm'ng on the host processor. This may be
‘wrapped up’ by providing C functions or C++ classes which makes them appear
more integrated and reduces the complexity of passing control between the host
processor and the SIMD array. Also, in the simplest form, the host processor and the

SIMD array will have completely separate memory spaces for code and data. Any of
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the standard shared memory techniques can be used to address this with all the

resulting problems: complex arbitration, cache coherency issues, contention for

memory bandwidth, inter-processor synchronization, greater cost, etc.

A preferable solution is to provide a fully integrated architecture where the same

processor can transparently process both scalar and SIMD operations in a fully

integrated fashion. This means that a single program can be written, in a standard

high-level language such as C, which includes all parts of the application — both

‘normal’ (séalar) data and parallel data processing.

Prior Art

The basic SIMD processing model has been in use for many years. Some of the

earliest examples are the ILLIAC IV developed in 1972, Which had 64 processors

with floating point and memory, and Goodyear’s STARAN (1975) which was a 1-bit

architecture. Many variants have been developed since then.

There is also a recent trend to put small-scale SIMD extensions in standard processor

architectures. This is exemplified by the Intel MMX and SSE extensions to the x86

architecture. This allows, for example, the values in two 32-bit registers to be added

as if each register contained four independent 8-bit values. This is not considered

relevant to the current discussion for a number of reasons:

+ the SIMD processing is done on a véry small scale;

+ only a limited range of SIMD functionality is provided;

» there are distinct instructions for operating on SIMD data;

¢ the same hardware is used for SIMD and for scalar operations (althought separate
registers may be provided for the SIMD operands)

The idea of providing indexed addressing modes in a SIMD processor is disclosed in

our copending patent application GB9908225.7. This invention extends that idea by

using a more flexible implementation of that idea in combination with a more

powerful array controller to provide a unified processor architecture.

Summary of the Invention

Applicant’s approach, after many years of experience with developing systems based

on SIMD coprocessors, was to create a new architecture where instructions are

decoded and despatched to the appropriate part of the execution unit: either the scalar

(mono) execution unit or the SIMD (poly) execution unit. Instruction execution on

these are decoupled so that, for example, a mono instruction followed by a poly

instruction will execute concurrently. The support for mono and poly data is, as far as
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possible, identical — this makes it practical to write a compiler to target the processor.
This greatly simplifies the task of programming the processor.
This means a single program runs on the processor which does both mono and poly
operations as required — typically it will do both at the same time. A single C program
can be written which manages program control flow, operates on mono data, and
operates on poly data. .
To support this, and further simplify programming, this unity of the architecture is
reflected in the instruction set and programming model. The processing elements in
the SIMD array and the mono execution unit have a common instruction set. For
instance, an add instruction can be used with operands which are either poly registers
or mono registers (or immediate values); the appropriate execution unit will execute
the instruction. Mono and poly operands can also be mixed to allow, for example, a
single mono value to be added to a poly register which holds a different value on
every processing element.
It is appropriate to note that this does not require the mono execution unit to have
exactly the same micro-architecture as the poly execution unit. For example, the poly
processing elements could have an 8-bit ALU, while the mono execution unit has a
32-bit ALU.
A block schematic diagram of a processor in accordance with the invention is shown
in Figure 2.
The most significant features contributing to the novelty and inventiveness of this
invention
include the following concepts:
» The processor provides a unified programming model: a single program runs on
a processor providing both scalar and SIMD operations.
« This is supported with a unified instruction set: e.g. an add instruction can work
with either mono or poly operands (or a mixture of the two)
* Poly operations can freely use mono registers in expressions, and more
importantly for addressing memory.
* Having a full range of addressing modes and completely separate memory
blocks in each PE make it simple to support poly data structures and poly
pointers on the SIMD array (previous SIMD architectures either provde a single

address to all PEs or use sequences of instructions to construct an address in

memory).
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* Mono and poly operations are of equal standing: wherever possible, all
instructions can be used with either mono or poly operands (there are some
exceptions because a small set of operations, mainly for control, only make
sense for one or the other).

+ The mono and poly execution units are loosely coupled so that their operation
can be overlapped. Compilers are extremely good at scheduling instructions to
take advantage of this flexibility - maximizing the efficiency of the system.

¢ There are some compiler optimizations specific to this architecture: for example
it may be better, in some instances, to move an operation that would normally
be done on the mono execution unit on to the poly execution unit - either
because it can then be overlapped with other operations on the mono execution
unit or because the result is needed on the poly execution unit anyway. Again,
the compiler can detect such cases and make the appropriatevoptimizations.

* A common code and data space is available to both mono and poly operations
making it easy to generate code for, and share data between, the two execuﬁon
units.

» The overall architecture is suitable for targeting by a high level language

compiler - again for both mono and poly operations.

To this end, the invention provides, in a first aspect a data processor comprising a
single control unit and an integral execution unit adapted to operate on both parallel
and scalar data under the same instruction set.

According to a second aspect, the invention provides a data processor comprising a
single control unit and an integral execution unit adapted to operate on both parallel
and scalar data under the same instruction set, and wherein the execution unit
comprises a SIMD part comprising an array of processing elements adapted to operate
on said parallel data and a scalar part adapted to operate on said scalar data.

According to a third aspect, the invention provides a data processor comprising a
single control unit and an integral execution unit adapted to operate on both parallel
and scalar data under the same instruction set, and wherein substantially all said
instructions are operable on said parallel and/or said scalar data.

According to a fourth aspect, the invention provides a data processor comprising a
single control unit and an integral execution unit adapted to operate on both parallel

and scalar data under the same instruction set, and wherein the execution unit
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comprises a SIMD part comprising an array of processing elements adapted to operate
on said parallel data and a scalar part adapted to operate on said scalar data, and
wherein substantially all said instructions are operable on said parallel and/or said
scalar data.

The single control unit and the integral execution unit may be adapted to operate
asynchronously on both the parallel and scalar data under the same instruction set.

The execution unit preferably comprises a SIMD part comprising an array of
processing elements adapted to operate on the parallel data and a scalar part adapted
to operate on the scalar data.

Preferably, the SIMD part and the scalar part differ only in that each processing
element of the array contains local memory. The SIMD part and the scalar part
preferably have a common memory area for instructions and scalar data. Each PE
may contain an ALU and one or more multiply-accumulate function units or an ALU
and one or more floating point function units. Preferably, each PE has multiple
enable bits to support nested conditional code.

The SIMD and the scalar execution unit conveniently have a similar set of
status/result flags which can be used to control branching on the scalar part of the
execution unit and conditional execution on the SIMD part of the execution unit in a
similar manner.

There is preferably a communication path between PEs in the SIMD part and means
are preferably provided for data to be transferred to and from the scalar part of the
execution unit and the SIMD part of the execution unit.

Advantageously the control unit is adapted to fetch and execute multiple instruction
threads simultaneously. A semaphore unit may use semaphores to synchronize
between instruction threads. The semaphores may be used to synchronize between
IO operations and instruction threads. The control unit may be adapted to schedule
and execute threads based on their priority and the state of any semaphores they are
waiting on and may include a set of the semaphores for use in synchronizing threads.
Each processing element of the SIMD array may comprise one or more function units,
aregister file, said local memory, and /O means. .

Both the scalar part and the SIMD part preferably have a complete range of
addressing modes that allow them to support: scalar variables pointing to data in

scalar memory; scalar variables pointing to data in memory in the SIMD part of the
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execution unit; SIMD variables pointing to memory in the SIMD part of the execution
unit; and SIMD variables pointing to data in scalar memory.
Substantially all the instructions are preferably operable on either the parallel data or
the scalar data or a combination of both the scalar data and the parallel data.
The processor may further comprise a compiler adapted to produce code from a single
source program to operate on both the scalar and the parallel data. The compiler is
preferably adapted to detect parallel data automatically.
The scalar part, the SIMD part, and the I/O means are preferably adapted to be
operated in parallel by the same instruction stream.
A programmer or the compiler is adapted to use the multi-threaded execution to
schedule I/O operations such that they occur concurrently with computation and data
is always available when required.
The I/O means may comprise programmed I/O means adapted to enable each PE to
transfer data to and from external scalar memory and wherein each PE provides the
address it wants to read data from or write data to. The memory accesses may be
consolidated to minimize the number of memory transfers when multiple PEs are
accessing the same memory area.
Each PE is preferably adapted to transfer data to and from external scalar memory, in
which case the address for each PE is generated automatically based on the PE
number and the amount of data being transferred.
The I/O means may comprise streaming I/O means which distributes an incoming
data stream to all the PEs in the SIMD part and collects data from all the PEs to
generate an output stream independently of program execution on the SIMD part of
the execution unit. The streaming I/O means may only use enabled PEs to take part in
the streaming I/O operation. The size of data distributed to, and collected from each
PE may be different for each PE.
Brief Description of the Drawings
The invention will be described with reference to the following drawings, in which:

Figure 1 shows a prior art SIMD processor;

Figure 2 shows the architecture in accordance with the present invention;

Figure 3 is a comparison between RISC and MTAP architecture;

Figure 4 is a schematic diagram of an MTAP execution unit;

Figure 5 indicates schematically the execution of an instruction;

Figure 6 is a graph indicating the power efficiency of the MTAP architecture;
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Figure 7 is a block schematic diagram depicting an exemplary MTAP processor;
and

Figure 8 is a block diagram of a specific implementation of the MTAP architecture
as applied to an evaluation chip.
Detailed Description of the Illustrated Embodiments
The design of this processor architecture was driven by the desire to make it practical
and efficient to program in a high 1evél language. In order to make this possible a
number of features are required. First, the overall programming model needs to be
simple and 'regular’ - i.e. the same operations and addressing modes can be applied to
all data types.
The execution unit for mono data is based on well known principles used in many
RISC processors. This makes it simple for a compiler to target and easy for a user to
understand.
The functionality supported by each PE is then made as similar as possible to the
mono execution unit: each PE has an ALU, a register file and memory, and supports a
range of addressing modes for transferring data between memory and registers.
It is not necessary for the PEs to be identical to the mono execution unit in every
detail: e.g. the number of registers and the width and complexity of the ALU are
likely to be different in practice. The poly execution unit gets its performance largely
from the number of PEs brought to bear on the problem rather than the processing
power of the individual PEs. To balance this, the mono execution unit is likely to
require a wider and more complex ALU. This is reasonable because this is only
instantiated once while the PEs are replicated many times and need to be efficiently
implemented.
The number of clock cycles required to execute an instruction on the mono and poly
execution units is highly variable. Both will execute some instructions in a single
cycle. But some instructions could take several cycles on the mono execution unit or
on the poly execution unit. It is therefore essential that the two execution units are
only loosely coupled rather than operating in lock-step; this allows them to overlap
their execution of instructions. The hardware will synchronize their operations when
necessary: e.g. when they need to access a shared resource, or one execution unit
requires data from the other.
Transfers between the registers and memory, and other I/O transfers, can take place

concurrently with ALU operations. To simplify the task for the compiler, these
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interactions are all interlocked using register scoreboarding (see our copending patent
application GB 9908203.4).

An important aspect of the PE architecture to support compiled code is the existence
of a full set of addressing modes: direct, indirect and indexed. Indirect and indexed
addressing by the PEs is described in the previously mentioned copending patent
application GB 9908225.7.

Reference may also be had to our copending patent application GB 0321186.9 for
details of the “ClearConnect” bus referred to in the context of the present invention.

In a high level language compiler for this architecture, it is only necessary to
introduce a simple modification; the keyword ‘poly’ used in a declaration identifies
data that is distributed across the SIMD array. Similar methods have been used before,
for example the 'shape’ keyword used in C*, a language used for programming the
“Connection Machine”. However, it is only with the present architecture that poly
variables become ‘first class’ objects — i.e. they can be used everywhere that ‘normal'
mono data can be: in expressions, as function arguments, in conditional statements,
etc. Pointers to both mono and poly data are allowed, as are pointers of both mono
and poly types. Furthermore, poly variables can be mixed quite freely with mono data
in all these contexts. This provides a very simple and regular programming model for
the user. |

Note that it would also be possible for a compiler to detect the parallelism in the
program or data automatically: This is frequently done with ‘vectorizing’ Fortran
compilers used with supercomputers, for example. The same techniques could be
applied to this architecture. The architeéture will now be described in more detail.
The Multi-Threaded Array Processing (MTAP) architecture has been developed to
address a number of problems in high performance, high data rate processing.

A number of applications are characterized by very high data rates, flexible
processing requirements and hard real-time constraints. We use the term data flow
processing to describe this class of problem.

The MTAP processor delivers on the three primary requirements for data flow
applications:

1. It directly addresses the data bandwidth, and has a clear scalability path for future

requirements.
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2. It provides the raw horsepower for the processing functions required, on the
maximum data rate that the system will encounter. That processing power can
scale with increasing function demands.

3. It stores the data close to the processing core to maximize bandwidth and
minimize latency.

MTAP Overview .
The MTAP architecture defines a family of embedded processors with parallel data
processing capability. Figure 3 compares a standard processor and the MTAP
architecture. As can be seen, the MTAP processor has a standard, RISC-like, control
unit with instruction fetch, caches and I/O mechanisms. This is coupled to a highly
parallel execution unit which provides the performance and scalability of the MTAP
architecture.

The processor is designed in a highly modular fashion which allows many details of a

specific implementation to be easily customized for the target application.

To simplify the integration of the processor into a variety of systems, the processor

can be also configured to be big or little-endian.

Control unit

The control unit fetches, decodes and dispatches instructions to the execution units.

The processor executes a fairly standard, three operand instruction set. The manner in

which the same instruction stream is decoded and issued in parallel to the mono part,

the poly part and the I/O part is schematically indicated in Figure 5.

The control unit also provides hardware support for multi-threaded execution,

allowing fast swapping between multiple threads. The threads are prioritized and are

intended primarily to support efficient overlap of /O and compute. This can be used
to hide the latency of external data accesses.

The MTAP processor can also include instruction and data caches to minimize the

latency of memory accesses. The size and type of these is a configurable option.

Alternatively, the caches may be replaced with SRAM to provide a complete

embedded solution.

The control unit also includes a control port which is used for initializing and

debugging the processor; it includes support for breakpoints, single stepping and the

examination of internal state.
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Execution unit

The execution unit consists of a number of processing elements (PEs). This allows it
to process data elements in parallel. Each PE consists of an ALU, registers, memory
and I/O.

The number of PEs in a processor core is a configurable parameter which allows
performance to be scaled to meet the needs of the application (see Figure 6). The
execution unit can be thought of as two, largely independent, parts (see Figure 4).

One PE forms the mono execution unit; this is dedicated to processing mono (i.e.
scalar or non-parallel) data. The mono execution unit also handles program flow
control such as branching and thread switching. The rest of the PEs form the poly
execution unit which processes parallel (poly) data.

The poly execution unit may consist of tens, hundreds or even thousands of PEs. This
array of PEs operates in a synchronous manner, similar to SIMD, where every PE
executes the same instruction on its piece of data. Each PE also has its own
independent local memory; this provides fast access to the data being processed. For
example, one PE at 400 MHz has a memory bandwidth of 1.6 Gbytes/s. An array with
256 such PEs has an aggregate bandwidth of over 400 Gbytes/s, with single cycle
latency. The number of registers and the amount of memory in each PE are
configurable options.

Input / output

The MTAP processor core has two basic /O mechanisms. The first, Programmed I/O
(PIO), is the normal mechanism used for accessing memory external to the MTAP
core: it supports random accesses to variable sized data by the PEs. The second
mechanism is Streaming I/0 (SIO) which allows chunks of contiguous data to be
streamed directly into the memory within PEs.

Each of these supports a variety of addressing modes, described in more detail later.
Programming model

From a programmer’s perspective, the MTAP processor appears as a single processor
running a single C program. This is very different from some other parallel processing
models where the programmer has to explicitly program multiple independent
processors, or can only access the processor via function calls or some other indirect
mechanism.

The MTAP processor executes a single instruction stream; each instruction is sent to

one of the functional units: this may be the mono or poly execution unit or one of the
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T/O controllers. The processor can despatch an instruction on every cycle.

For multi-cycle instructions, the operation of the functional units can be overlapped.
So, for example, an I/O operation can be started with one instruction and on the next
cycle the mono execution unit could start a multiply instruction (which requires
several cycles to execute). While these operations are proceeding, the poly execution
unit can continue to execute instructions.

The main change from programming a standard processor is the concept of operating
on paralle] data. Data to be processed is assigned to variables which have an instance
on every PE and are operated on in parallel: we call this poly data. This can be
thought of as a data vector which is distributed across the array.

Variables only requiring a single instance (e.g. loop control variables) are known as
mono variables — they behave exactly like normal variables on a sequential processor.
Applicant provides a compiler which uses a simple extension to standard C to identify
data which is to be processed in parallel. The new keyword poly is used in a
declaration to define data which exists, and is processed, on every PE in the poly
execution unit. ’ .
Example

To give a feel for the way the MTAP processor is programmed, the following

represents a fragment of code which will calculate 64 values of a sine function across

. the PE array in a single operation.

#include <fnext.h>

#include <math.h>

#define PI 3.1415926535897932384
#define NUMBER_OF_PES 64

poly float angle, sine;
poly int pe;

/* get PE number: 0...n-1 */

pe = get_penum() ;

/* convert to an angle in range 0 to Pi */
angle = pe * PI / NUMBER_OF PES;

/* calculate sine of angle on each PE */

sine = sinp(angle);
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This code uses the library function get_penum() to get a unique value in the variable
pe on each PE. This is scaled to give a range of values for angle between 0 and pi
across the PEs.

Finally, the library function sinp() is called to calculate the sine of these values on all
PEs simultaneously. The sinp function is the poly equivalent of the standard sine
function; it takes a poly argument and returns the appropriate value on every PE.
Performance

The performance of an MTAP core with 64 PEs, on a 0.13p process and running at
400 MHz is shown in Table 1. The columns show the performance achieved with the

basic PE, the PE with an additional Multiply-Accumulate (MAC) unit, and the PE
with an FPU extension.

Table 1 - Performance Comparison

ase 8-bit  [FPU
Architecture [MAC
IMIPS 25,600 25,600 [25,600
MMACS (x 10%) - 05,600 [25,600
MFLOPS — = 51,200
Memory  Bandwidth{100 _ 100 100
(Gbytes / s)
[nter-PE ~ Bandwidth{50 50 50
(GBytes / s)
elative Area 1.0 1.1 1.3

However, the core can be scaled well beyond this number of PEs, to 256 or even
thousands of PEs. It also scales down efficiently to lower numbers of PEs, or lower
clock rates, enabling low cost and low power systems to be built.

Figure 6 shows how performance and power scale with the number of PEs. By
choosing the number of PEs and the clock frequency, the designer has a great deal of

flexibility to tune performance, bandwidth, cost and power for the needs of a given

application.
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Architecture Details

The following sections describe the MTAP processor in more detail. A block diagram
of the processor is shown in Figure 7. This is a conceptual view, which reflects the
programming model. In practice, the control and mono execution units form a tightly-
coupled pipeline which provides overall control of the processor.

Interfaces |

The processor has a number of external interfaces. The widths of each of this are

configurable. All these interfaces currently use the Virtual Component Interface
Standard defined by the VSI Alliance.

There are three categbries of interface:

Mono data & instructions

This is a single Advanced VCI (AVCI) interface which is used for mono loads and
stores, and for instruction fetching.

Poly data

This uses one or more AVCI interfaces for PIO and SIO data. The number of physical
interfaces corresponds to the number of PIO and SIO channels implemented.

Control

There are two contro!l interfaces which use the Peripheral VCI (PVCI) protocol. One
is used for initialization and debug. The other allows the MTAP processor to generate
interrupts to the host system.

Instruction set

The processor has a fairly standard RISC-like instruction set. Most instructions can
operate on mono or poly operands and are executed by the appropriate part of the
execution unit. Some instructions are only relevant to either the mono or poly
execution unit, for example all program flow control is handled by the mono unit.

The instruction set provides a standard set of functions on both mono and poly
execution units: ‘

+ Integer and floating point adds, subtracts, multiplies, divides

* Logical operations: and, or, not, xor

* Arithmetic and logical shifts

» Data comparisons: equal, not equal, greater than, less than, etc.

» Data movement between registers

* Loads and stores between registers and memory
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To give a feel for the nature of assembly code for the MTAP processor, a few lines of
code are shown below. This simple example loads a value from memory into a mono
register, gets the PE number into a register on each PE and then adds these two values
together producing a different result on every PE.

1d 0:m4, 0x3000 // load mono reg 0 from mem

penum 8:p4 // PE number into poly reg

add 4:p4, 0:m4, 8:md4 // add; result in reg 4
Control unit
The control unit fetches instructions from memory, decodes them and despatches
them to the appropriate functional unit.
The controller includes a scheduler to provide hardware support for multi-threaded
code. This is a vital part of the architecture for achieving the performance potential of
the MTAP processor. Because of the highly parallel architecture of the poly execution
unit, there can be significant latencies if all PEs need to read or write external data.
When part of an application stalls because it is waiting for data from external
memory, the processor can switch to another code thread that is ready to run. This
serves to hide the latency of accesses and keep the processor busy.
The number of threads is a configurable option. The threads are prioritized: the
processor will run the highest priority thread that is ready to run; a higher priority
thread can pre-empt a lower priority thread when it becomes ready to run. Threads are
synchronized — with each other and with hardware, such as /O engines — via
semaphores.
In the simplest case of multi-threaded code, a program would have two threads: one
for VO and one for compute. By pre-fetching data in the I/O thread, the programmer
(or the compiler) can ensure the data is available when it is required by the execution
units and the processor can run without stalling.
Execution units
This section describes the common aspects of the poly and mono execution units.
ALU operations
Instructions for arithmetic and logical operations are provided in several versions:
* Various sizes: 1, 2, 3 and 4 bytes, and combinations of sizes
+ Various data types: signed and unsigned integers, and floating-point

» Mixes of signed/unsigned operations
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Status register

Associated with the ALU is a status register; this contains five status bits that provide
information about the result of the last ALU operation. When set, these bits indicate:

» Most significant bit set

* Carry generated

+ Overflow generated

« Negative result

» Zero result

Registers

To support operations on data of different widths, the registers in the PEs can be
accessed very flexibly. The register files are best thought of as an array of bytes which
can be addressed as registers of 1 to 8 bytes wide.

The mono and poly registers are addressed in a consistent way using byte addresses
and widths specified in bytes. The mono register file is 16 bits wide and so all
addresses and widths must be a multiple of 2. There are no alignment restrictions on
poly régister accesses.

Addressing modes

Load and store instructions are used to transfer data between memory and regisiers. In
the case of the mono execution unit, these transfer data to and from memory external
to the MTAP processor.

Poly loads and stores transfer data between the PE register file and PE memory. Data
is transferred between the PEs and external memory using the I/O functions described
later.

There are three addfessing modes for loads and stores which can be used for both
mono and poly data. These are:

Direct

The address to be read/written is specified as an immediate value.

Indirect

The address is specified in a register.

Indexed

The address is calculated from adding an offset to a base address in a register. The

offset must be an immediate value.
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Conditional code

The main difference between code for the mono and the poly execution units is the
handling of conditional execution.

The mono unit uses conditional jumps to branch around code, typically based on the
result of the previous instructions. This means that mono conditions affect both mono
and poly operations. This is just like a standard RISC architecture.

The poly unit uses a set of enable bits (described in more detail below) to control
whether each PE will have its state changed instructions it executes. This provides
per-PE predicated operation. The enable state can be changed based on the result of a
previous operation,

The following sections describe the architectural features of the two execution units in
more detail.

Mono execution unit

The mono execution unit is a 16-bit processing element consisting of:

* A 16-bit ALU with optional extensions

+ A register file of configurable size

+ Status and control registers

The mono ALU extensions include a multiplier, a barrel shifter and a normalizer,
which is important for accelerating software implementations of floating point
operations.

As well as handling mono data, the mono unit is responsible for program flow control
(branching), thread switching and other control functions. The mono execution unit
also has overall control of I/O operations of poly data. Results from these operations
are returned to a register in the mono unit.

Conditional execution

The mono execution unit handles conditional execution in the same way as a
traditional processor. A set of conditional and unconditional jump instructions use the

result of previous operations to jump over conditional code, back to the start of loops,

etc.
Multi-threaded execution
The MTAP processor supports several hardware threads. There is a hardware

scheduler in the control unit and the mono execution unit maintains multiple banks of

critical registers for fast context switching.
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The threads are prioritized (0 being highest priority). Control of execution between
the threads is performed using semaphores under programmer control. Higher priority
threads will only yield to lower priority threads when they are stalled on yielding
instructions (such as semaphore wait operations). Lower priority threads can be pre-
empted at any time by higher priority ones.

Semaphores are special registers that can be incremented or decremented with atomic
(non-interruptible) operations called signal and wait. A signal instruction will
increment a semaphore. A wait will decrement a semaphore unless the semaphore is
0, in which case it will stall until the semaphore is signalled by another thread.
Semaphores can also be accessed by hardware units (such as the I/O controllers) to
synchronize these with software.

Poly execution unit

The poly execution unit is an array of Processing Elements (PEs). Each PE in the poly
execution unit consists of:

* An 8-bit ALU with optional extensions such as a multiply-accumulate (MAC) unit
* A register file of configurable size

+ Status and enable registers

* A block of memory of configurable size

* Aninter-PE communication path

* One or more /O channels

Load and store instructions move data between a PE’s register file and memory, while
the ALU operates on data in the register file. Data is transferred in to, and out of, the
PE’s memory using I/O instructions.

ALU

The poly ALU is used for performing arithmetic and logical operations on values held
in the PE register file. A

While the ALU is only 8 bits wide, instructions exist for multi-byte arithmetic which
is handled by iteration. ALU extensions exist to accelerate functions for floating
point, DSP, etc. For example, an optional integer multiply-accumulate unit (MAC)
can be included in the ALU. This can deliver an 8 x 8 bit MAC result every cycle, or a
16 x 16 bit MAC every four cycles. The accumulated result can be up to 64 bits wide.

The standard ALU includes basic hardware support to accelerate floating point

operations.
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Conditional behaviour
The SIMD nature of the PE array prohibits each PE having its own branch unit
(branching being handled by the mono execution unit). Instead, each PE can control
whether its state should be updated by the current instruction by enabling or disabling
itself; this is rather like the predicated instructions in some RISC CPUs.
Enable state
A PE’s enable state is determined by a number of bits in the enable register. If all
these bits are set to one, then a PE is enabled and executes instructions normally. If
one or more of the enable bits is zero, then the PE is disabled and most instructions it
receives will be ignored (instructions on the enable state itself, for example, are not be
disabled).
The enable register is treated as a stack, and new bits can be pushed onto the top of
the stack allowing nested predicated execution. The result of a test, eithera 1 or a 0, is
pushed onto the enable stack. This bit can later be popped from the top of the stack to
remove the effect of that condition. This makes handling nested conditions and loops
very efficient. Note that, although the enable stack is of fixed size, the compiler
handles saving and restoring the state automatically, so there are no limitations on
compiled code. When programming at the assembler level, it is the programmer’s
responsibility to manage the stack.
Instructions
Conditional execution on the poly execution unit is supported by a set of poly
conditional instructions: if, else, endif, etc. These manage the enable bits to allow
different PEs to execute each branch of an if...else construct in C, for example. These
also support nested conditions by pushing and popping the condition value on the
enable stack.
As a simple example, consider the following code fragment:

// disable PEs where reg 32 is non-zero

if.eq 32:pl, 0 // push result onto stack

// increment reg 8 on enabled PEs

add 8:p4, 8:p4, 1

// return all PEs to original enable state

endif // pop enable stack
Here, the initial if instruction compares the two operands on each PE. If they are equal

it pushes 1 onto the top of the enable stack — this leaves those PEs enabled if they
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were previously enabled and disabled if they were already disabled. If the two
operands are not equal, a O is pushed onto the stack — this disables the corresponding
PEs.

The following add instruction is sent to all PEs, but only acted on by those that are
still enabled. Finally, the endif instruction pops the enable stack, returning all PEs to

their original enable state.

Forced loads and stores

Poly loads and stores are normally predicated by the enable state of the PE. However,
because there are instances where it is necessary to load and store data regardless of
the current enable state, the instruction set includes forced loads and stores. These will
change the state of the PE even if it is disabled.

1/0 mechanisms ‘

There are two I/O mechanisms provided for transferring data between PE memory
and devices outside the MTAP core. Programmed I/0 (PIO) extends the load/ store
model: it is used for transfers of small amounts of data between PE memory and
external memory. Streaming I/0 (SIO) is used to efficiently transfer contiguous
chunks of data in and out of PE memory.

The number of PIO and SIO channels in a processor is a configurable parameter. A
processor will always have at least one PIO channel as this is required for normal
program execution.

Multiple /O channels can run simultaneously.

/O architecture

The I/O systems consist of three parts: Controller, Engine and Node.

Controller

The PIO and SIO controllers decode I/O instructions and coordinate with the rest of
the control unit and the mono processor. The controllers synchronize with software
threads via semaphores.

Engine

The I/O engines are basically DMA engines which manage the actual data transfer.
There is a Controller and Engine for each I/O channel. A single Controller can

manage several /O Engines.
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Node

There is an /O Node in each PE. The /O Engine activates each Node in turn allowing
to serialize the data transfers. The Nodes provide buffering of data to minimize the
impact of I/O on the performance of the PEs.

Programmed I/O (P10)

PIO is closely coupled to program execution and is the normal way for the processor
to transfer data to and from the outside world (e.g. external memory, hardware
accelerators or a host processor).

The PIO mechanism provides a number of addressing modes:

Direct addressed

Each PE provides an external memory address for its data. This provides random ac-
cess to data.

Strided

The external memory address is incremented for each PE. In each case, the size of
data transferred to each PE is the same.

When multiple PEs are accessing memory then the transfers can be consolidated so as
to perform the minimum number of external accesses. So, for example, if half the
processors are reading one location and the other half reading another, then only two
memory reads would be performed. In fact, consolidation can be better than that:

because the bus transfers are packetized, even transfers from nearby addresses can be

effectively consolidated.

Streaming I/O (SIO)

SIO is used for streaming high-bandwidth data directly to and from PE memory. This
is less flexible but very efficient for transferring blocks of data in and out of the
system. This is typically used to stream data to and from memory mapped /O
devices. Each PE can transfer a different size block of data. .
Streaming I/O can be made very efficient in a number of ways. For example, multi-
threaded code allows data I/O and compute to be fully overlapped. Also, multiple data
buffers can be allocated in PE memory so that different chunks of data can be input,
processed and streamed out simultaneously.

Swazzle

Finally, the PEs are able to communicate with one another via what is known as the
swazzle path that connects the register file of each PE with the register files of its left

and right neighbours. On each cycle, PE,; can perform a register-to-register transfer of
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16 bits to either its left or right neighbour, PE,; or PE,+, while simultaneously
receiving data from the other neighbour. '

Swazzle instructions use multiples of 2 bytes in their arguments, so the source and
destination registers must be 2-byte aligned. Instructions are provided to shift data left
or right through the array, and to swap data between adjacent PEs.

The enable state of a PE affects its participation in a swazzle operation in the
following way: if a PE is enabled, then its registers may be updated by a neighbouring
PE, regardless of the neighbouring PE’s enable state. Cohversely, if a PE is disabled,
its register file will not be altered by a neighbour under any circumstance. A disabled
PE will still provide data to an enabled neighbour.

The data written into the registers of the PEs at the ends of the swazzle path can be set
by the mono execution unit.

Host interface

The interfaces to the host system are used for 3 basic purposes: initialization and
booting, access to host services and debugging.

Initialization

There are a number of stages of initialization required to start code running on the
MTAP processor. These are normally handled transparently by the developmeht tools,
but an overview is provided here as background information.

First, the application code (including bootstrap) is loaded into memory.

Next, the host system initializes the state of the control unit, caches and mono
execution unit by a series of writes to the PVCI port. The last of these specify the start
address of the code to execute and tell the processor to start fetching instructions.
Finally, the boot code does any remaining initialization of the processor including any
set-up of the PEs (e.g. setting the PE number) before running the application code.

Host services

Once application program is running it will need to access host resources such as the
file system.

A protocol is defined between the run-time libraries and a device driver on the host
system. This is interrupt based and allows the code running on the MTAP processor to
make calls to the application or operating system running on the host.

Debugging

The processor includes hardware support for breakpoints and single-stepping. These

are controlled via registers accessed through the PCVI interface.
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This interface also allows the debugger, running on the host, to interrogate and update
the state of the processor to support fully interactive debugging,
Case Study: Device EV1
To illustrate the use of an MTAP processor in a real device, the architecture of
Applicant’s evaluation chip EV1 is described in this section. This device is a simple
embodiment of Applicant’s MTAP processor using Applicant’s bus to interface the
various ports of the processor to a memory block and to external pins.
EV1 architecture
Figure 9 shows the top level architecture of the EV1 device. The five ports of the
MTAP processor and one port of the embedded memory block are connected to a
single ClearConnect channel (CleﬁrConnect is Applicant’s bus structure) of six
nodes and two lanes in opposing directions. The two external ports at each end of the
bus allow the ClearConnect bus to be connected from one chip to another. This
means a system can be built from multiple EV1 devices to provide the required
performance.
The bus ports can also be used to connect to an FPGA to provide other functions, such
as peripherals, an external memory controller or a host interface.
The EV1 chip also includes on—chip SRAM which provides fast access to code and
data.
MTAP processor
The MTAP processor core in the EV1 has the following specification:
* General

* Implemented on 0.13u process

* Clock speed: 200 MHz

* 4 Kbyte instruction cache: 4-way, 256 lines x 4 instructions, with manual and

auto pre-fetch

¢ 4 Kbyte data cache, 4-way, 256 lines x 16 bytes
* Mono execution unit

¢ 64 byte register file

* Support for 8 threads
* Poly execution unit

* Array of 48 PEs

* MAC extension to the ALU

* 4 Kbytes SRAM per PE
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* 64 byte register file
* One PIO channel

* AVCI port: 32-bit address, 64-bit data

* Transfer size: 4, 8, 16, 32 bytes per PE

* Address modes: direct and strided
* One SIO channel '

* AVCI port: 32-bit address, 64-bit data

* Transfer size: up to 128 bytes per PE
+ Control interfaces

* Interrupt port: 32-bit address, 32-bit data PVCI

» Register port: 32-bit address, 32-bit data PVCI
This gives a performance of:
* 9,600 MIPS
* 9.6 billion 8x8 MACs / second
* 38 Gbytes/s memory bandwidth
* 18 Gbytes/s inter-PE bandwidth
Example Applications
Here we give a couple of examples of how the MTAP processor can be applied to
specific applications.
Network processing
In this case, the data to be processed consists of a stream of packets of variable size.
Each packet consists of header information and a data payload. In its simplest form,
the problem is to examine various fields in the header, do some sort of lookup
function and route the packet to the appropriate output port. This processing must be
done in real time.
In the network processing application, the SIO channels are used for continuously
streaming packets into, and out of, PE memory. Within each PE, the software
maintains several buffers so that, while one set of packets is being processed, the
previous set can be output and, simultaneously, the next set can be loaded.
The PIO channels are used by the PEs to send requests to another subsystem that
handles lookups. This could on-chip, for example Applicant’s Table Lookup Engine,

or an off-chip solution such as CAMs.
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Bio-informatics

The developing field of in-silico drug discovery uses computer simulation rather than
the ‘wet science’ of test tubes to explore the behaviour of potential new drugs.

This includes molecular simulation of individual molecules and the interactions of
molecules. For example, the docking of a ligand molecule (drug) into a protein. This
simulation requires the calculation of the interaction energies of all atoms of one
molecule with all the atoms of the other. This process is repeated for thousands of
configurations of the molecules. This results in an embarrassingly parallel problem
ideally suited to the MTAP architecture.

Each PE is allocated a different configuration of protein and ligand, and performs all
of the atom—atom interaction energy calculations. The memory available within a PE
is insufficient to hold the details of an entire molecule, however the molecule can be
split into pieces and each piece processed in turn. The fetching of atoms can be
overlapped with the atom-atom processing and, even with the floating point
accelerated MTAP processor, is compute bound. The processing currently performed
in most production code is a simplistic model of the interaction of atoms. The
processing power that the MTAP architecture makes available allows more so-
phisticated models to be considered, improving the accuracy and thus value of the
results.

The MTAP processor is also suited td other bio-informatic tasks such as genetic
sequence comparison and pharmacophore fingerprinting.

Software Development Kit

The Software Development Kit (SDK) provides a complete set of development tools:
C compiler, assembler linker, debugger, profiler, etc. The software tools use a central

configuration file to define the attributes of the target processor that code is being

generated for.

Simulation tools

Cycle and bit-accurate simulations of the core are available in C and Verilog. These
can be parameterized for the number of PEs, size of memory, and other options. A
generic configuration of the C simulator is shipped with the SDK. Once the target
system is defined, the simulator can be configured to match that specification.

This allows application development to start before the system architecture is fully

defined, and then proceed in parallel with the silicon implementation.
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Once the target hardware (or a simulation) is available then the application code can
be run and debugged on the target hardware.

Debugger

A major challenge when developing code for a parallel architecture is understanding
the state of the machine when the code is stopped at a breakpoint or error. The data-
parallel nature of the MTAP processor minimizes the difficulty here: a single
instruction stream is executing and only the data is different on each PE.

Applicant’s 2™ generation debugger builds on previous experience and provides a
variety of ways to visualize the state of PE memory and registers. As well as
traditional source-level symbolic views of data, and low-level dumps of memory and
data, the debugger provides user-defined picture views which show the contents of PE
memory or registers in graphical form. This provides a quickly understood view of the
overall state of the system.

The debugger works identically with all of the simulators and with target hardware. It
supports all the features expected from a modem development tool: graphical user

interface and command line operation, breakpoints, watchpoints, single-stepping, etc.
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