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O Mail Stop 8 REPORT ON THE
’ Bireetor of the U.8. Patent and Trademark OGifice FILING OR DETERMINATION OF AN
P.O. Box 1458 ACTION REGARDING APATENT OR
Alexandria, VA 22313-1450 TRADEMARK
In Compliance with 35 U.8.C. § 290 and/or 15 U.5.C. § 1116 vou are hereby advised that a court action has been
filed in the U.S. Dustrict Count Western District of Washington on the folowing
] Trademarks or ¥ Patews. ([ the patent action involves 33 (.80, § 292.):
DOCKET NO. ; DATE FILED ) U8, BISTRICT COURT
: 4/13/2022 Western District of Washington
PLAINTIFF DEFENDANT
ThroughPuter, Inc. Microsoft Corporation
PATENT OR DATE OF PATENT . T D AT DEMARK
TRADEMARK NQO, OR TRADEMARK HOLDER OF PATENT OR TRADEM!
1 11150848 18/16/2021 ThroughPuter, Inc.
2 11038556 §/15/2021 ThroughPuter, Inc.
4
5
In the above—cntitled case, the following patent(s) trademark(s) have been included:
DATE INCLUDED INCLUDED BY
1 Amendment [ Answer 3 Cross Bill ] Other Pleading
PATENT OR DATE OF PATENT . - D A TR NORAADL
TRADEMARK NGO, R TRADEMARK HOLDER OF PATENT OR TRADEMARK
i
3
4
5

inthe above-—euntitled case, the following decision has been rendered or judgement issued:

DECISIONJUDGEMENT

CLERK BY) DEPUTY DATE

Ravi Subramanan ¥ 471572022

A, 4

Copy I—Upon initiation of action, mail thic copy to Director  Copy 3—Upon terminativn of action, mail this copy te Birector
{opy 2—Upon filing document adding patent(s), mail this copy to Birector Copy 4—Case file copy

1 MICROSOFT 1002



UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PQ. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov’

| APPLICATION NUMBER | FILING OR 371(C) DATE | FIRST NAMED APPLICANT | ATTY. DOCKET NO./TITLE |
17/212,903 03/25/2021 Mark Henrik Sandstrom P50206US10
CONFIRMATION NO. 3714
179167 PUBLICATION NOTICE

Gardella Grace P.A.

80 M Street SE, st Floor IR AT AL

Washington, DC 20003 00000128792027

Title:MANAGING PROGRAMMABLE LOGIC-BASED PROCESSING UNIT ALLOCATION ON A PARALLEL
DATA PROCESSING PLATFORM

Publication No.US-2021-0303354-A1
Publication Date:09/30/2021

NOTICE OF PUBLICATION OF APPLICATION

The above-identified application will be electronically published as a patent application publication pursuant to 37
CFR 1.211, et seq. The patent application publication number and publication date are set forth above.

The publication may be accessed through the USPTO's publically available Searchable Databases via the
Internet at www.uspto.gov. The direct link to access the publication is currently http:/www.uspto.gov/patft/.

The publication process established by the Office does not provide for mailing a copy of the publication to
applicant. A copy of the publication may be obtained from the Office upon payment of the appropriate fee set
forth in 37 CFR 1.19(a)(1). Orders for copies of patent application publications are handled by the USPTO's
Public Records Division. The Public Records Division can be reached by telephone at (571) 272-3150 or (800)
972-6382, by facsimile at (571) 273-3250, by mail addressed to the United States Patent and Trademark Office,
Public Records Division, Alexandria, VA 22313-1450 or via the Internet.

In addition, information on the status of the application, including the mailing date of Office actions and

the dates of receipt of correspondence filed in the Office, may also be accessed via the Internet through

the Patent Electronic Business Center at www.uspto.gov using the public side of the Patent Application
Information and Retrieval (PAIR) system. The direct link to access this status information is currently
https://portal.uspto.gov/pair/PublicPair. Prior to publication, such status information is confidential and may only
be obtained by applicant using the private side of PAIR.

Further assistance in electronically accessing the publication, or about PAIR, is available by calling the Patent
Electronic Business Center at 1-866-217-9197.

Office of Data Managment, Application Assistance Unit (571) 272-4000, or (571) 272-4200, or 1-888-786-0101

page 1 of 1



e UNITED STATES PATENT AND TRADEMARK OFFICE

ENES UNITED STATES DEPARTMENT OF COMMERCE
R United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450
Alexandria, Virginia 22313-1450
WWW.uspto.gov

83

| APPLICATION NO. ISSUE DATE PATENT NO. ATTORNEY DOCKET NO. CONFIRMATION NO.
17/212,903 10/19/2021 11150948 P50206US10 3714
179167 7590 09/29/2021
Gardella Grace P.A.

80 M Street SE, 1st Floor
Washington, DC 20003

ISSUE NOTIFICATION

The projected patent number and issue date are specified above.

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(application filed on or after May 29, 2000)

The Patent Term Adjustment is 0 day(s). Any patent to issue from the above-identified application will include
an indication of the adjustment on the front page.

If a Continued Prosecution Application (CPA) was filed in the above-identified application, the filing date that
determines Patent Term Adjustment is the filing date of the most recent CPA.

Applicant will be able to obtain more detailed information by accessing the Patent Application Information
Retrieval (PAIR) WEB site (http://pair.uspto.gov).

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office
of Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments
should be directed to the Application Assistance Unit (AAU) of the Office of Data Management (ODM) at
(571)-272-4200.

APPLICANT(s) (Please see PAIR WEB site http://pair.uspto.gov for additional applicants):

ThroughPuter, Inc., Williamsburg, VA;

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location
for business investment, innovation, and commercialization of new technologies. The USA offers tremendous
resources and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation
works to encourage and facilitate business investment. To learn more about why the USA is the best country in
the world to develop technology, manufacture products, and grow your business, visit SelectUSA.gov.

IR103 (Rev. 10/09)



United States Patent and Trademark Office

Office of the Chief Finanenl Qffioey

Document CodeWEEER
User :048472
Hefund Accounting Dale:08/21/2021

Effective Date Sale ltem Reference Number  Refund Total

09/03/2021 17212903 $680.00

Document Number Fee Code Fee Code Description Amount Paid Payment Method Account Number
120219K032374750 2801 RCE- 1ST REQUEST  $680.00 American Express Freweees 1044



United States Patent and Trademark Office

Office of the Chief Finanenl Qffioey

Document Code ' WHEER
User :048472
Sale Adiustment Accounting Date:09/21/2021

Effective Date Sale Accounting Date Sale ltem Reference Number

09/03/2021 09/21/2021 17212903

Document Number Fee Code Fee Code Description Amount Paid Payment Method
120219K032374750 2801 RCE- 1ST REQUEST $680.00 American Express



UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

www.uspto.gov

| APPLICATION NO. | FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. |  CONFIRMATION NO. |
17/212,903 03/25/2021 Mark Henrik Sandstrom P50206US10 3714
179167 7590 09/16/2021 | EXAMINER |
Gardella Grace P.A.
80 M Street SE, 1st Floor SUN, CHARLIE
Washington, DC 20003
| ART UNIT | PAPER NUMBER |
2196
| NOTIFICATION DATE | DELIVERY MODE |
09/16/2021 ELECTRONIC

Please find below and/or attached an Office communication concerning this application or proceeding.
The time period for reply, if any, is set in the attached communication.

Notice of the Office communication was sent electronically on above-indicated "Notification Date" to the
following e-mail address(es):

info@ gardellagrace.com
mark @throughputer.com
ngrace @ gardellagrace.com

PTOL-90A (Rev. 04/07)



rrect, Application No. Applicant(s)
Noti CO/A/IGd bili 17/212,903 Sandstrom, Mark Henrik
olice of Allowabilily Examiner ArtUnit | AIA (FITF) Status
CHARLIE SUN 2196 Yes

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address--
All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included
herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS
NOTICE OF ALLOWABILITY IS NOT A GRANT OF PATENT RIGHTS. This application is subject to withdrawal from issue at the initiative
of the Office or upon petition by the applicant. See 37 CFR 1.313 and MPEP 1308.
1.4) This communication is responsive to 09/03/2021.

[J A declaration(s)affidavit(s) under 37 CFR 1.130(b) was/were filed on .

2.[J An election was made by the applicant in response to a restriction requirement set forth during the interview on ; the
restriction requirement and election have been incorporated into this action.

3. The allowed claim(s) is/are 2-16 . As a result of the allowed claim(s), you may be eligible to benefit from the Patent Prosecution
Highway program at a participating intellectual property office for the corresponding application. For more information, please see
http://www.uspto.gov/patents/init_events/pph/index.jsp or send an inquiry to PPHfeedback@uspto.gov.

4. Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).
Certified copies:
a) Al b) (J Some* ¢) [J None of the:
1. [0 Certified copies of the priority documents have been received.
2. [ Certified copies of the priority documents have been received in Application No.
3. [ Copies of the certified copies of the priority documents have been received in this national stage application from the
International Bureau (PCT Rule 17.2(a)).

* Certified copies not received:

Applicant has THREE MONTHS FROM THE "MAILING DATE" of this communication to file a reply complying with the requirements
noted below. Failure to timely comply will result in ABANDONMENT of this application.
THIS THREE-MONTH PERIOD IS NOT EXTENDABLE.

5] CORRECTED DRAWINGS (as "replacement sheets") must be submitted.

(3O including changes required by the attached Examiner's Amendment / Comment or in the Office action of
Paper No./Mail Date .

Identifying indicia such as the application number (see 37 CFR 1.84(c)) should be written on the drawings in the front {not the back) of each
sheet. Replacement sheet(s) should be labeled as such in the header according to 37 CFR 1.121(d).

6..] DEPOSIT OF and/or INFORMATION about the deposit of BIOLOGICAL MATERIAL must be submitted. Note the
attached Examiner's comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL.

Attachment(s)

1.0 Notice of References Cited (PTO-892) 5. (J Examiner's Amendment/Comment

2.V} Information Disclosure Statements (PTO/SB/08), 6. (J Examiner's Statement of Reasons for Allowance
Paper No./Mail Date 09/03/2021.

3.0J Examiner's Comment Regarding Requirement for Deposit 7. O Other .

of Biological Material
4.0 Interview Summary (PTO-413),
Paper No./Mail Date.

/CHARLIE SUN/
Primary Examiner, Art Unit 2196

U.S. Patent and Trademark Office i
PTOL-37 (Rev. 08-13) Notice of Allowability Part of Paper No./Mail Date 20210909




Raeceipt date:

Doc code: IDS
Doc description: Information Disclosure Statement (IDS) Filed

08/03/2021

17/212,903 - GAU: 2196

PTO/SB/08a (02-18)

Approved for use through 11/30/2020. OMB 0651-0031
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Application Number 17212903
Filing Date P021-03-25
INFORMATION DISCLOSURE First Named Inventor ‘IVIark Henrik Sandstrom
STATEMENT BY APPLICANT ——— BE
( Not for submission under 37 CFR 1.89)
Examiner Name ‘ Charlie Sun
Attorney Docket Number | P50206US10
U.S.PATENTS Remove
Examiner| Cite Kind Name of Patentee or Applicant Pages Columns, Lines where
e Patent Number Issue Date . Relevant Passages or Relevant
Initial No Code! of cited Document )
Figures Appear
1 5,341,477 1994-08-23 Pitkin
2 b,692,192 1997-11-25 Sudo
3 b,986,021 P006-01-10 Master
4 ¥ .165,256 PO07-01-16 Boudnik
5 7,200,837 PO07-04-03 Stevens
6 V.437,730 P008-10-14 Goyal
7 7,478,097 P009-01-13 Fmeis
8 ¥ .685,409 P010-03-23 Du

EFS Web 2.1.18

ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /C.&/
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Receipt date: 038/03/2021

INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.29)

17/212,903 - GAU: 2198
Application Number 17212903
Filing Date 2021-03-25
First Named Inventor ’ Mark Henrik Sandstrom
Art Unit | 2196
Examiner Name ‘ Charlie Sun
Attorney Docket Number | P50206US10

9 7,774,532 P010-08-10 [yamazaki
10 7,996,346 011-08-09 Bell, Jr.
1 B,065,880 P011-11-08 Fujisawa
12 B,144,149 P012-03-27 Uiao

13 B,234,652 P012-07-31 Arimilli
14 B,296,434 P012-10-23 Miller

15 B.443,377 P013-05-14 fnoue

16 B,516,491 P013-08-20 Nitta

17 B,528,001 P013-09-03 Song

18 8,612,330 P013-12-17 Certain
19 B,645,955 014-02-04 Jyim

EFS Web 2.1.18

ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /C.&/
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Receipt date: 038/03/2021 17/212,903 ~ GAU: 2198
Application Number 17212903
Filing Date 2021-03-25
INFORMATION DISCLOSURE First Named Inventor ’ Mark Henrik Sandstrom
STATEMENT BY APPLICANT | 2190
( Not for submission under 37 CFR 1.29)
Examiner Name ‘ Charlie Sun
Attorney Docket Number | P50206US10
20 B,656,077 P014-02-18 Miloushev
21 B,683,471 P014-03-25 Brent
22 B,719,415 P014-05-06 Sirota
23 B,850,437 P014-09-30 Shutkin
24 B,924 481 P014-12-30 [Conlon
25 0,038,072 P015-05-19 Nollet
26 0,092,339 P015-07-28 [Giacomoni
27 0,141,350 P015-09-22 Stravers
28 0,390,130 P016-07-12 Kakarlamudi
29 0,507,640 P016-11-29 Capps, Jr.
30 0,645,854 P017-05-09 Sander

EFS Web 2.1.18

ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /C.&/
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Receipt date: 08/03/2021 17/212,903 - GAU: 2196

Application Number 17212903
Filing Date 2021-03-25
INFORMATION DISCLOSURE First Named Inventor ’ Mark Henrik Sandstrom
STATEMENT BY APPLICANT 2190
( Not for submission under 37 CFR 1.29)
Examiner Name ‘ Charlie Sun
Attorney Docket Number | P50206US10
31 0,841,994 P017-12-12 Henriksson
32 0,985,848 P018-05-29 \Ward, Jr.
33 [10,452,997 P019-10-22 Ivang
If you wish to add additional U.S. Patent citation information please click the Add button. Add
U_S.PATENT APPLICATION PUBLICATIONS Remove
. L . N . Pages,Columns,Lines where
Examiner| .. Publication Kind | Publication Name of Patentee or Applicant
i Cite No . Relevant Passages or Relevant
Initial Number Codel| Date of cited Document )
Figures Appear
1 20020107962 P002-08-08 Richter
2 0040098718 P004-05-20 froshii
3 20040215987 P004-10-28 FFarkas
4 20050044344 P005-02-24 Stevens
5 20050081202 P005-04-14 Brokenshire
6 20050193081 P005-09-01 [Gruber

EFS Web 2.1.18
ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /C.&/
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Receipt date: 038/03/2021 17/212,903 ~ GAU: 2198
Application Number 17212903
Filing Date 2021-03-25
INFORMATION DISCLOSURE First Named Inventor ’ Mark Henrik Sandstrom
STATEMENT BY APPLICANT | 2190
( Not for submission under 37 CFR 1.29)
Examiner Name ‘ Charlie Sun
Attorney Docket Number | P50206US10
7 0070198981 PO07-08-23 acobs
8 20070283349 P007-12-06 Creamer
9 0070283358 P007-12-06 Kasahara
10 0080201716 P008-08-21 Du
11 20080222640 P008-09-11 Daly
12 0080270752 P008-10-30 Rhine
13 20080276322 P008-11-06 Sueyosh
14 20090025004 P009-01-22 Bamard
15 20090320031 P009-12-24 Song
16 0100153956 P010-06-17 Capps, Jr.
17 20100161573 P010-06-24 Chan

EFS Web 2.1.18

ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /C.&/
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Receipt date: 08/03/2021 17/212,903 - GAU: 2198
Application Number 17212903
Filing Date 2021-03-25
INFORMATION DISCLOSURE First Named Inventor ’ Mark Henrik Sandstrom
STATEMENT BY APPLICANT 2190
( Not for submission under 37 CFR 1.29)
Examiner Name ‘ Charlie Sun
Attorney Docket Number | P50206US10
18 20100228951 P010-09-09 | iu
19 20110083125 P011-04-07 Komatsu
20 0110307661 P011-12-15 Smith
21 20120017218 P012-01-19 Branson
22 20120284492 P012-11-08 Vievers
23 20130179895 P013-07-11 Calder
24 720130312002 P013-11-21 [yamauchi
25 20130339977 P013-12-19 Pennis
If you wish to add additional U.S. Published Application citation information please click the Add button| Add
FOREIGN PATENT DOCUMENTS w
Name of Patentee or Pages,Columns,Lines
Examiner| Cite | Foreign Document | Country Kind | Publication Abplicant of cited where Relevant Ts
Initial* No | Number3 Code2j Code?| Date PR Passages or Relevant
Document .
Figures Appear
1 11372084 P 2003-12-17 Nollet

EFS Web 2.1.18

ALL REFERENCES CONSIDERED EXCEPT WHERE

13

LINED THROUGH. /C.8&8/



Receipt date: 038/03/2021 17/212,903 ~ GAU: 2198
Application Number 17212903
Filing Date 2021-03-25
INFORMATION DISCLOSURE First Named Inventor ’ Mark Henrik Sandstrom
STATEMENT BY APPLICANT 2190
( Not for submission under 37 CFR 1.29)
Examiner Name ‘ Charlie Sun
Attorney Docket Number | P50206US10
2 008061162 O 2008-05-22 |[Gilson
3 010037177 O 2010-04-08 omaya
4 D328077 P 2011-06-01 | ippett
5 011090776 O 2011-07-28 Brent
If you wish to add additional Foreign Patent Document citation information please click the Add button | Add
NON-PATENT LITERATURE DOCUMENTS Remove
. .. | Include name of the author (in CAPITAL LETTERS), title of the article (when appropriate), title of the item
Examiner| Cite o . . )
e (book, magazine, journal, serial, symposium, catalog, etc), date, pages(s), volume-issue number(s), TS
Initials No . - .
publisher, city and/or country where published.
1 [CASAVANT et al., "A Taxonomy of Scheduling in General-Purpose Distributed Computing Systems,” IEEE
|Transactions on Software Engineering, February 1988, 14(2):141-154.
2 [COMPTON et al., "Reconfigurable Computing: A Survey of Systems and Software," ACM Computing Surveys, June
D002, 34(2):171-210.
3 DIESSEL et al., "Dynamic Scheduling of Tasks on Partially Reconfigurable FPGAs," August 2, 1999, 21 pages.
4 FLGINDY et al., "Task Rearrangement on Partially Reconfigurable FPGAs with Restricted Buffer,” 2000, 10 pages.
5 FANGPENG et al_, "Scheduling Algorithms for Grid Computing: State of the Art and Open Problems,” School of

[Computing, Queen’s University, Kingston, Ontario, January 2006, pp. 1-55.

EFS Web 2.1.18

ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /C.&/
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Receipt date: 038/03/2021 17/212,903 ~ GAU: 2198
Application Number 17212903

Filing Date 2021-03-25

INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.29)

First Named Inventor ’ Mark Henrik Sandstrom

Art Unit | 2196

Examiner Name ‘ Charlie Sun

Attorney Docket Number | P50206US10

6 FEITELSON, "Job Scheduling in Multiprogrammed Parallel Systems," IBM Research Report, Second Revision, August
1997, 175 pages.

7 [CHEN et al., "Configuration-Sensitive Process Scheduling for FFGA-Based Computing Platforms,” 2000, 6 pages.

8 HAUCK, "Configuration Prefetch for Single Context Reconfigurable Coprocessors," ACM/SIGDA International
Bymposium on Field-Programmable Gate Arrays, 1998, 10 pages.

9 KAZUYA et al., "Proposal of Adapted Load Balancing Model for Dynamically Reconfigurable Devices,” Graduate
[School of Computer Science and Engineering, The University of Aizu, 2006, Japan, 1 page.

RUTTEN et al., "Eclipse: A Heterogeneous Multiprocessor Architecture for Flexible Media Processing,” IEEE Design &
10
ITest of Computers, 2002, 17 pages.

11 BCHMIT et al., "Pipeline Reconfigurable FPGAs," Journal of VLS| Signal Processing Systems, 2000, 24:129-146.

12 |JTEICH et al., "Compile-Time Optimization of Dynamic Hardware Reconfigurations,” 1999, Germany, 7 pages.

13 EICH et al., "Optimization of Dynamic Hardware Reconfigurations,” The Journal of Supercomputing, 2001,
9{1):57-75.

14 WALDER et al., "Online Scheduling for Block-partitioned Reconfigurable Devices," Design, Automation and Test in
Furope Conference and Exhibition, IEEE, 2003, 6 pages.

15 WIGLEY et al., "The Development of an Operating System for Reconfigurable Computing,” 2001, Australia, 11 pages.

If you wish to add additional non-patent literature document citation information please click the Add button| Add

EFS Web 2.1.18
ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /C.&/
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Receipt date: 038/03/2021

INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.29)

17/212,903 - GAU: 2198
Application Number 17212903
Filing Date 2021-03-25
First Named Inventor ’ Mark Henrik Sandstrom
Art Unit | 2196
Examiner Name ‘ Charlie Sun

Attorney Docket Number | P50206US10

EXAMINER SIGNATURE

Examiner Signature

/CHARLIE SUN/

Date Considered 08/08/2021

*EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw line through a
citation if not in conformance and not considered. Include copy of this form with next communication to applicant.

1 See Kind Codes of USPTO Patent Documents at www.USPTO.GOV or MPEP 901.04. 2 Enter office that issued the document, by the two-letter code (WIPO

Standard ST.3). 3 For Japanese patent documents, the indication of the year of the reign of the Emperor must precede the serial number of the patent document.
4 Kind of document by the appropriate symbols as indicated on the document under WIPQ Standard ST.16 if possible. ® Applicant is to place a check mark here if
English language translation is attached.

EFS Web 2.1.18

ALL REFERENCES CONS

IDERED EXCEPT WHERE LIMNED THROUGH. /C.8/
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Receipt date: 038/03/2021 17/212,903 ~ GAU: 2198
Application Number 17212903

Filing Date 2021-03-25

INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.29)

First Named Inventor ’ Mark Henrik Sandstrom
Art Unit | 2196

Examiner Name ‘ Charlie Sun

Attorney Docket Number | P50206US10

CERTIFICATION STATEMENT

Please see 37 CFR 1.97 and 1.98 to make the appropriate selection(s):

That each item of information contained in the information disclosure statement was first cited in any communication
from a foreign patent office in a counterpart foreign application not more than three months prior to the filing of the
information disclosure statement. See 37 CFR 1.97(e)(1).

OR

That ne item of information contained in the information disclosure statement was cited in a communication from a
foreign patent office in a counterpart foreign application, and, to the knowledge of the person signing the certification
after making reasonable inquiry, no item of information contained in the information disclosure statement was known to

¥ any individual designated in 37 CFR 1.56(c) more than three months prior to the filing of the information disclosure
statement. See 37 CFR 1.97(e)(2).

See attached certification statement.
X The fee set forth in 37 CFR 1.17 (p) has been submitted herewith.

A certification statement is not submitted herewith.

SIGNATURE
A signature of the applicant or representative is required in accordance with CFR 1.33, 10.18. Please see CFR 1.4(d) for the
form of the signature.

Signature /Natalie J. Grace/ Date (YYYY-MM-DD) 2021-09-03
Name/Print Natalie J. Grace Registration Number k)5803

This collection of information is required by 37 CFR 1.97 and 1.98. The information is required to obtain or retain a benefit by the
public which is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.5.C. 122 and 37 CFR
1.14. This collection is estimated to take 1 hour to complete, including gathering, preparing and submitting the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you
require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1430, Alexandria, VA 22313-1450. DO NOT SEND
FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria,
VA 22313-1450.

EFS Web 2.1.18
ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /C.&/
17



Receipt date: 08/03/2021 17/212,903 - GAU: 2196

Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the
attached form related to a patent application or patent. Accordingly, pursuant to the requirements of the Act, please be advised
that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited
is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and Trademark Office is to
process and/or examine your submission related to a patent application or patent. If you do not furnish the requested
information, the U.S. Patent and Trademark Office may not be able to process and/or examine your submission, which may
result in termination of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act
(5 U.8.C. 552) and the Privacy Act (5 U.5.C. 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether the Freedom of Information Act requires disclosure of these record s.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a
court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settlement
negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from the
Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for
the information in order to perform a contract. Recipients of information shall be required to comply with the
requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records
may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant
to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review {35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or
his/her desighee, during an inspection of records conducted by GSA as part of that agency's responsibility to
recommend improvements in records management practices and programs, under authority of 44 U.S.C. 2904 and
2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of records for this
purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make
determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record
may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in
an application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.

EFS Web 2.1.18
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Document Code ' WEFEE
User (71530
Sale Accounting Date:08/08/2021
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Document Number Fee Code Fee Code Description Amount Paid Payment Method

1202199F17241901 2806 SUBMISSION- INFORMATION $130.00 Deposit Account
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Doc Code: QPIDS.REQ
Document Description: QuickPath Information Disclosure Statement

PTO/SB/09 (09-18)

CERTIFICATION AND REQUEST FOR CONSIDERATION OF AN INFORMATION DISCLOSURE
STATEMENT FILED AFTER PAYMENT OF THE ISSUE FEE UNDER THE QPIDS PROGRAM

Non-Provisional Application Number: Filing Date:

17/212,903 March 25, 2021

First Named Inventor: Title of Invention:

M a rk H e n rl k Sa n d St ro m MANAGING PROGRAMMABLE LOGIC-BASED PROCESSING UNIT ALLOCATION ON A PARALLE

THE UNDERSIGNED HEREBY CERTIFIES AND REQUESTS THE FOLLOWING FOR THE ABOVE-
IDENTIFIED APPLICATION.

1.

2.

Consideration is requested of the information disclosure statement (IDS) submitted herewith, which is
being filed after payment ofthe issue fee.

Check the box next to the appropriate selection:

Each item of information contained in the IDS was first cited in any communication from a foreign
patent office in a counterpart foreign application not more than three months prior to the filing ofthe IDS.
See 37 CFR 1.97(e)(1).

OR

in 'a counterpart foreign application, and, to the knowledge of the person signing the certification after
making reasonable inquiry, no item of information contained in the IDS was known to any individual
designated in 37 CFR 1.56(c) more than three months prior to the filing of the IDS. See 37 CFR
1.97(e)(2).

OR

See attached certification statement in compliance with 37 CFR 1.97(e).

Please charge the IDS fee set forth in 37 CFR 1.17(p) to Deposit Account No. 601484

A Petition to Withdraw from Issue After Payment ofthe Issue Fee (37 CFR 1.313(c)(2)), including the
petition fee set forth in 37 CFR 1.17(h), is submitted herewith as a Web-based ePetition.

WARNING: Do not submitthe petition as a follow-on paper via EFS-Web. Submit the petition as a Web-
based ePetition by signing on to EFS-Web as a registered user, selecting the radio button next to
“Existing application/patent,” and then selecting the radio button next to “ePettion (for automatic
processing and immediate grant, if all petitions requirements are met).” Failure to use the Web-based
ePetition interface will result in automatic entry ofthe RCE.

A request for continued examination (RCE) under 37 CFR 1.114 and the RCE fee under 37 CFR 1.17(e)
are submitted herewith.

The RCE will be treated as a “conditional” RCE. In the event the examiner determines that any item of
information contained in the IDS necessitates the reopening of prosecution in the application, the
undersigned understands that (i) the RCE will be processed and treated as an RCE under 37 CFR 1.114
and therefore (ii) the IDS fee under 37 CFR 1.17(p) will be returned in accordance with

37 CFR 1.97(b)(4). Inthe event that no item of information in the IDS necessitates reopening prosecution,
the undersigned understands that the RCE will not be processed and the RCE fee under 37 CFR 1.17(e)
will be returned.

This certification and request is being filed as a Web-based ePetition and is not accompanied by an
amendment to the application. Inclusion of an amendment will result in automatic entry ofthe RCE.

signature/ Natalie J. Grace/ pate 2021-09-03

Name Natalle J Grace Registration Number65803

(Print/Typed)

Practitioner

(If applicable)

Note: Signaturesofall the inventors orassignees of record of the entire interest ortheirrepresentative(s) are requiredin accordance with
37 CFR 1.33 and 11.18. Please see 37 CFR 1.4(d) for the form of the signature. If necessary, submit multiple forms for more than one
signature, see below.*

*Total of_1____ formsare submitted.

If you need assistance in conpleting the form call 1-800-PTO-9199 and selectoption 2.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requiresthatyou be given certain information in connectionwith your
submission ofthe attached form related to a patent application or patent. Accordingly, pursuantto the requirements of
the Act, please be advised that: (1) the general authorityfor the collection ofthis information is 35 U.S.C.2(b)(2); (2)
furnishing ofthe information solicited is voluntary; and (3) the principal purpose forwhich the information is used bythe
U.S. Patent and Trademark Office is to process and/orexamine your submission related to a patentapplication or
patent. If you do not furnish the requestedinformation,the U.S. Patent and Trademark Office maynot be able to
process and/orexamine your submission, which mayresultin termination of proceedings orabandonment ofthe
application orexpiration ofthe patent.

The information provided byyou in this form will be subjectto the following routine uses:

1.

The information on this form will be treated confidentiallyto the extent allowed underthe Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (6 U.S.C 552a). Records from this systemofrecords may
be disclosed to the Department of Justice to determine whetherdisclosure ofthese records is required bythe
Freedom of Information Act.

A record from this system ofrecords maybe disclosed, as aroutine use, in the course ofpresenting evidence
to a court, magistrate, oradministrative tribunal, including disclosures to opposing counselin the course of
settlementnegotiations.

Arecord in this system ofrecords maybe disclosed,as aroutine use,to a Memberof Congress submitting a
requestinwlving an individual,to whom the record pertains, when the individual has requested assistance fom
the Memberwith respectto the subject matterofthe record.

A record in this system ofrecords maybedisclosed, as a routine use, to a contractorofthe Agency having
need for the information in orderto perform a contract. Recipients ofinformation shallbe required to comply
with the requirements ofthe Privacy Act of 1974, as amended, pursuantto 5 U.S.C. 552a(m).

Arecord related to an International Application filed underthe PatentCooperation Treatyin this system of
records maybe disclosed, as aroutine use,to the International Bureau ofthe World Intellectual Property
Organization, pursuantto the Patent Cooperation Treaty.

A record in this system ofrecords maybe disclosed, as aroutine use,to anotherfederal agencyfor purposes
of National Securityreview (35 U.S.C. 181) and for review pursuantto the Atomic Energy Act (42 U.S.C.
218(c)).

A record from this system ofrecords maybe disclosed, as aroutine use, to the Administrator, General
Services, or his/herdesignee, during an inspection ofrecords conducted by GSA as part of that agency's
responsibilityto recommend improvements in records management practices and programs, under authorityof
44 U.S.C. 2904 and 2906. Such disclosure shallbe made in accordance with the GSA regulations governing
inspection ofrecords forthis purpose, and anyotherrelevant (i.e., GSA orCommerce)directive. Such
disclosure shallnotbe used to make determinations aboutindividuals.

A record from this system ofrecords maybe disclosed, as a routine use, to the public after either publication of
the application pursuantto 35 U.S.C. 122(b) or issuance ofa patentpursuantto 35 U.S.C. 151. Further, a
record may be disclosed, subjectto the limitations 0of37 CFR 1.14, as a routine use, to the publicifthe record
was filed in an application which became abandoned orin which the proceedings were terminated and which
application is referenced byeithera published application, an application open to publicinspection oran issued
patent.

A record from this system ofrecords maybe disclosed,as aroutine use, to a Federal, State, or local law
enforcementagency,ifthe USPTO becomes aware ofa violation or potential violation of law or regulation.
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Doc code: RCEX PTO/SB/30EFS (02-18)

Doc description: Request for Continued Examination (RCE) Approved for use through 11/30/2020. OMB 0851-0031
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

REQUEST FOR CONTINUED EXAMINATION(RCE)TRANSMITTAL
(Submitted Only via EFS-Web)

Application | k519903 Filing | b451.03-25 Docket Number | 1,505 061,510 At 1 b1ge
Number Date (if applicable) Unit

First Named Mark Henrik Sandstrom Examiner Charlie Sun

Inventor Name

This is a Request for Continued Examination (RCE) under 37 CFR 1.114 of the above-identified application.
Request for Continued Examination (RCE) practice under 37 CFR 1.114 does not apply to any utility or plant application filed prior to June 8,
1995, or to any design application. The Instruction Sheet for this form is located at WWW . USPTO.GOV

SUBMISSION REQUIRED UNDER 37 CFR 1.114

Note: If the RCE is proper, any previously filed unentered amendments and amendments enclosed with the RCE will be entered in the order
in which they were filed unless applicant instructs otherwise. If applicant does not wish to have any previously filed unentered amendment(s)
entered, applicant must request non-entry of such amendment(s).

|:| Previously submitted. If a final Office action is outstanding, any amendments filed after the final Office action may be considered as a
submission even if this box is hot checked.

|:| Consider the arguments in the Appeal Brief or Reply Brief previously filed on

[ ] Other

X Enclosed

[] Amendment/Reply
g Information Disclosure Statement (IDS)

|:| Affidavit(s)/ Declaration{s)

X| Other (Certification and Request for Consideration of an Information Disclosure Statement filed After Payment of the Issue
Fee Under the QPIDS Program.

MISCELLANEOUS

|:| Suspension of action on the above-identified application is requested under 37 CFR 1.103(c) for a period of months
{Period of suspension shall not exceed 3 months; Fee under 37 CFR 1.17(i) required)

[] Other

FEES

The RCE fee under 37 CFR 1.17(e) is required by 37 CFR 1.114 when the RCE is filed.
|Z| The Director is hereby authorized to charge any underpayment of fees, or credit any overpayments, to
Deposit Account No Fs01484

SIGNATURE OF APPLICANT, ATTORNEY, OR AGENT REQUIRED

X Patent Practitioner Signature

Applicant Signature

EFS - Web 2.1.16
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Doc code: RCEX
Doc description: Request for Continued Examination (RCE)

PTO/SB/30EFS {02-18)
Approved for use through 11/30/2020. OMB 0651-0031

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Signature of Registered U.S. Patent Practitioner

Signature

Natalie J. Grace/

Date (YYYY-MM-DD) E021-09-03 I

Name

Natalie J. Grace

Registration Number F5803

This collection of information is required by 37 CFR 1.114. The informaticn is required to obtain or retain a benefit by the public which is to
file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is
estimated to take 12 minutes to complete, including gathering, preparing, and submitting the completed application form to the USPTO. Time
will vary depending upon the individual case. Any comments on the amount of time you require to complete this form and/or suggestions for
reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark Office, U.S. Department of Commerce,
P.O. Box 1450, Alexandria, VA 22313-1450.

If vou need assistance in completing the form, call 1-800-PT0O-9199 and select option 2.

EFS - Web 2.

1.16
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Privacy Act Statement

The Privacy Act of 1974 {(P.L. 93-579) requires that you be given certain information in connection with your submission of the
attached form related to a patent application or patent. Accordingly, pursuant to the requirements of the Act, please be
advised that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)(2); (2) furnishing of the information
solicited is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and Trademark Office
is to process and/or examine your submission related to a patent application or patent. If you do not furnish the requested
information, the U.S. Patent and Trademark Office may not be able to process and/or examine your submission, which may
result in termination of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information on this form will be treated confidentially to the extent allowed under the Freedom of Information
Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C. 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether the Freedom of Information Act requires disclosure of these records.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a
court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settlement
negotiations.

A record in this system of records may be disclosed, as a routine use, tc a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from the
Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need
for the information in order to perform a contract. Recipients of information shall be required to comply with the
requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records
may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property Organization,
pursuant to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services,
or his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility to
recommend improvements in records management practices and programs, under authority of 44 U.S.C. 2904 and
2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of records for this
purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make
determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record may
be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in an
application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application cpen to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.

EFS - Web 2.1.16
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Doc code: IDS

Doc description: Information Disclosure Statement (IDS) Filed

PTO/SB/08a (02-18)

Approved for use through 11/30/2020. OMB 0651-0031
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Application Number 17212903
Filing Date P021-03-25
First Named Inventor ||Vlark Henrik Sandstrom
Art Unit | 2196

Examiner Name | Charlie Sun

Attorney Docket Number | P50206US10

U.S.PATENTS Remove
Examiner| Cite Kind Name of Patentee or Applicant Pages,Columns,Lines where
- Patent Number Issue Date . Relevant Passages or Relevant
Initial No Code? of cited Document )
Figures Appear
1 b,341,477 [1994-08-23 Pitkin
2 b,692,192 1997-11-25 Budo
3 b,986,021 PO06-01-10 Master
4 7,169,256 PO07-01-16 Boudnik
5 7,200,837 PO0T7-04-03 Stevens
6 7,437,730 P008-10-14 (Goyal
7 7,478,097 D009-01-13 Fmeis
8 7,685,409 P010-03-23 Pu

EFS Web 2.1.18
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INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Application Number 17212903

Filing Date 2021-03-25
First Named Inventor | Mark Henrik Sandstrom
Art Unit | 219

Examiner Name | Charlie Sun

Attorney Docket Number |P50206US10

9 7,774,532 P010-08-10 Y amazaki
10 7,996,346 D011-08-09 Bell, Jr.
11 B.055,880 P011-11-08 FFujisawa
12 B.144,149 P012-03-27 Jiao

13 B,234,652 P012-07-31 Arimilli
14 B.296,434 P012-10-23 Miller

15 B.443,377 P013-05-14 Inoue

16 B.516,491 P013-08-20 Nitta

17 B.528,001 P013-09-03 Song

18 B.612,330 P013-12-17 Certain
19 B.645,955 D014-02-04 Yim

EFS Web 2.1.18
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INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Application Number 17212903

Filing Date 2021-03-25
First Named Inventor | Mark Henrik Sandstrom
Art Unit | 219

Examiner Name | Charlie Sun

Attorney Docket Number |P50206US10

20 B.656,077 P014-02-18 Miloushev
21 B.683,471 D014-03-25 Brent

22 B,719,415 P014-05-06 Birota

23 B.850,437 P014-09-30 BShutkin

24 B.924.481 P014-12-30 Conlon

25 0,038,072 P015-05-19 Nollet

26 0,092,339 P015-07-28 (Giacomoni
27 0,141,350 P015-09-22 Btravers
28 0,390,130 P016-07-12 Kakarlamudi
29 D,507,640 P016-11-29 Capps, Jr.
30 0,645,854 P01 7-05-09 Sander

EFS Web 2.1.18
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INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Application Number 17212903
Filing Date 2021-03-25
First Named Inventor | Mark Henrik Sandstrom
Art Unit | 219

Examiner Name | Charlie Sun

Attorney Docket Number | P50206US10

31 0,841,994 P017-12-12 Henriksson
32 0,985,848 D018-05-29 Ward, Jr.
33 10,452,997 P019-10-22 Yang

If you wish to add additional U.S. Paten

t citatiol

n information please click the Add button.

Add

U.S.PATENT APPLICATION PUBLICATIONS Remove
Examiner| .. Publication Kind | Publication Name of Patentee or Applicant Pages,Columns,Lines where
e Cite No . Relevant Passages or Relevant
Initial Number Code’| Date of cited Document )
Figures Appear
1 0020107962 P002-08-08 Richter
2 0040098718 P004-05-20 Y oshii
3 0040215987 p004-10-28 Farkas
4 0050044344 PO03-02-24 Stevens
5 0050081202 P005-04-14 Brokenshire
6 0050193081 P005-09-01 [Gruber

EFS Web 2.1.18
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INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Application Number 17212903

Filing Date 2021-03-25

First Named Inventor | Mark Henrik Sandstrom

Art Unit | 2196

Examiner Name | Charlie Sun

Attorney Docket Number |P50206US10

7 0070198981 PO07-08-23 Jacobs

8 P0070283349 D007-12-06 Creamer
9 20070283358 PO0T7-12-06 Kasahara
10 20080201716 P008-08-21 Pu

11 20080222640 P008-09-11 Paly

12 0080270752 P008-10-30 Rhine

13 0080276322 P008-11-06 Bueyoshi
14 20090025004 P009-01-22 Bamard
15 0090320031 P009-12-24 Song

16 20100153956 P010-06-17 Capps, Jr.
17 P0100161573 D010-06-24 Chan

EFS Web 2.1.18
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INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Application Number 17212903

Filing Date 2021-03-25
First Named Inventor | Mark Henrik Sandstrom
Art Unit | 219

Examiner Name | Charlie Sun

Attorney Docket Number | P50206US10

18 20100228951 P010-09-09 | iu

19 00110083125 D011-04-07 Komatsu
20 0110307661 P011-12-15 Bmith

21 20120017218 P012-01-19 Branson
22 20120284492 P012-11-08 Vievers
23 20130179895 P013-07-11 Calder
24 20130312002 P013-11-21 Y amauchi
25 20130339977 P013-12-19 Pennis

If you wish to add additional U.S. Published Application citation information please click the Add button| Add

FOREIGN PATENT DOCUMENTS

Remove

Name of Patentee or

Pages,Columns,Lines

Examiner| Cite | Foreign Document | Country Kind | Publication Applicant of cited where Relevant Ts
Initial* No | Number3 Code?j Code#| Date PR Passages or Relevant
Document .
Figures Appear
1 n3rzcs4 EP 2003-12-17 Nollet

EFS Web 2.1.18
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INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Application Number 17212903

Filing Date 2021-03-25

First Named Inventor | Mark Henrik Sandstrom

Art Unit | 2196

Examiner Name | Charlie Sun

Attorney Docket Number |P50206US10

2 008061162 WO 2008-05-22 [Gilson

3 P010037177 WO 2010-04-08 omaya
4 328077 EP 2011-06-01 | ippett
5 P011090776 Wwo 2011-07-28 Brent

If you wish to add additional Foreign Patent Document citation information please click the Add button | Add

NON-PATENT LITERATURE DOCUMENTS Remove

Include name of the author (in CAPITAL LETTERS), title of the article (when appropriate), title of the item

E)_(gmlr:er Cite (book, magazine, journal, serial, sympaosium, catalog, etc), date, pages(s), volume-issue number(s), Ts
Initials No . - .
publisher, city and/or country where published.
1 [CASAVANT et al., "A Taxonomy of Scheduling in General-Purpose Distributed Computing Systems," IEEE
ITransactions on Software Engineering, February 1988, 14(2):141-154.
5 [COMPTON et al., "Reconfigurable Computing: A Survey of Systems and Software," ACM Computing Surveys, June
P002, 34(2):171-210.
3 DIESSEL et al., "Dynamic Scheduling of Tasks on Partially Reconfigurable FPGAs," August 2, 1999, 21 pages.
4 FLGINDY et al., "Task Rearrangement on Partially Reconfigurable FPGAs with Restricted Buffer,” 2000, 10 pages.
5 FANGPENG et al., "Scheduling Algorithms for Grid Computing: State of the Art and Open Problems,” School of

[Computing, Queen’s University, Kingston, Ontario, January 2006, pp. 1-55.

EFS Web 2.1.18
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INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Application Number 17212903

Filing Date 2021-03-25

First Named Inventor | Mark Henrik Sandstrom

Art Unit | 2196

Examiner Name | Charlie Sun

Attorney Docket Number |P50206US10

6 FEITELSON, "Job Scheduling in Multiprogrammed Parallel Systems,” IBM Research Report, Second Revision, August|
1997, 175 pages.

7 [CHEN et al_, "Configuration-Sensitive Process Scheduling for FPGA-Based Computing Platforms,” 2000, 6 pages.

8 HAUCK, "Configuration Prefetch for Single Context Reconfigurable Coprocessors,” ACM/SIGDA International
Bymposium on Field-Programmable Gate Arrays, 1998, 10 pages.

9 KAZUYA et al_, "Proposal of Adapted Load Balancing Model for Dynamically Reconfigurable Devices," Graduate
Bchool of Computer Science and Engineering, The University of Aizu, 2006, Japan, 1 page.
RUTTEN et al., "Eclipse: A Heterogeneous Multiprocessor Architecture for Flexible Media Processing,” IEEE Design &

10
[Test of Computers, 2002, 17 pages.

11 BCHMIT et al., "Pipeline Reconfigurable FPGAs," Journal of VLS| Signal Processing Systems, 2000, 24:129-146.

12 [JTEICH et al., "Compile-Time Optimization of Dynamic Hardware Reconfigurations," 1999, Germany, 7 pages.

13 EICH et al., "Optimization of Dynamic Hardware Reconfigurations,” The Journal of Supercomputing, 2001,

9(1):57-75.

14 WALDER et al_, "Online Scheduling for Block-partitioned Reconfigurable Devices " Design, Automation and Test in
Furope Conference and Exhibition, IEEE, 2003, 6 pages.

15 WIGLEY et al., "The Development of an Operating System for Reconfigurable Computing,” 2001, Australia, 11 pages.

EFS Web 2.1.18

If you wish to add additional non-patent literature document citation information please click the Add button| Add
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Application Number 17212903
Filing Date 2021-03-25

INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

First Named Inventor | Mark Henrik Sandstrom

Art Unit | 2196

Examiner Name | Charlie Sun

Attorney Docket Number |P50206US10

EXAMINER SIGNATURE

Examiner Signature Date Considered

*EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw line through a
citation if not in conformance and not considered. Include copy of this form with next communication to applicant.

1 See Kind Codes of USPTO Patent Documents at www.USPTO.GOV or MPEP 501.04. 2 Enter office that issued the document, by the two-letter code (WIPO

Standard ST.3). 2 For Japanese patent documents, the indication of the year of the reign of the Emperor must precede the serial number of the patent document.
1 Kind of document by the appropriate symbols as indicated on the document under WIPO Standard ST.16 if possible. 5 Applicant is to place a check mark here if|
English language translation is attached.

EFS Web 2.1.18
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Application Number 17212903

Filing Date 2021-03-25

INFORMATION DISCLOSURE

First Named Inventor | Mark Henrik Sandstrom

STATEMENT BY APPLICANT

A Art Unit | 219
( Not for submission under 37 CFR 1.99)

Examiner Name | Charlie Sun

Attorney Docket Number |P50206US10

CERTIFICATION STATEMENT

Please see 37 CFR 1.97 and 1.98 to make the appropriate selection{s):

That each item of information contained in the information disclosure statement was first cited in any communication
from a foreign patent office in a counterpart foreign application not more than three months prior to the filing of the
information disclosure statement. See 37 CFR 1.97(e){(1).

OR

That no item of information contained in the information disclosure statement was cited in a communication from a
foreign patent office in a counterpart foreign application, and, to the knowledge of the person signing the certification
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(57) A platform supporting reconfigurable comput-
ing, enabling the introduction of reconfigurable hard-
ware into portable devices is described. Dynamic hard-
ware/software multitasking methods for a reconfigura-
ble computing platform including reconfigurable hard-
ware devices such as gate arrays, especially FPGA's,
and software means, like dedicated hardware/software
operating systems and middleware, adapted for sup-
porting said methods, especially multitasking are de-
scribed.

A computing platform, which is a heterogeneous
multi-processor platform, containing one or more in-
struction set processors (ISP) and a reconfigurable ma-
trix (for 5 instance a gate array, especially an FPGA),
adapted for (dynamic) hardware/software multitasking
is decribed.

An operating systems (OS) is provided, capable of
dealing with the platform, by providing a clear interface
to the facilities of said platform and supporting concur-
rent task execution. The operating system is preferably
an application independent system, allowing applica-
tions with a plurality of tasks, to communicate to said
heterogeneous platform. Application tasks mapped on
the reconfigurable matrix are denoted as hardware
(HW) tasks (or components) while other tasks are de-
noted softwae (SW) tasks or components, e.g. for run-
ning on an Instruction Set Processor (ISP). Facilities for

Method for hardware-software multitasking on a reconfigurable computing platform

invoking hard real time constraints on a SW task are in-
cluded in the operating system. Means for storing state
information of a task preempted on a reconfigurable de-
vice are provided. The storage and transfer/restoration
of state information can be managed by a HW/SW OS
scheduler.

Fig. 1
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Description
FIELD OF THE INVENTION

[0001] The invention relates to multitasking computing systems and methods adapted for reconfigurable computing
platforms as well as reconfigurable hardware devices and software, such as operating systems, middleware, or drivers
adapted for supporting and executing the methods.

BACKGROUND OF THE INVENTION

[0002] Nowadays a lot of applications, like multimedia applications are emerging on portable appliances. These
applications require both the flexibility of upgradable devices (typically software based) and a powerful computing
engine (typically hardware). This application domain is therefore a very good target for reconfigurable computing.
[0003] Execution of applications on a software based computing platform is often supported by an operating system,
that abstracts the hardware, by providing a clear interface to the facilities of the platform. Operating systems for a
general purpose programmable processor are known. The OS can also provide an environment where several tasks
can run concurrently, with a minimal of interference betweenthem, but with support for safe data sharing. In that context,
the OS should manage the available hardware resources in a consistent, efficient and fair way. Operating systems for
combinations of general purpose programmable processors, enabling such multitasking, are also known. Many con-
temporary platforms have a general purpose OS that abstracts the hardware. These operating systems however do
not provide any support for incorporating hard real time properties into tasks.

[0004] Running of applications on a dedicated hardware device can involve writing a device driver, allowing appli-
cations to communicate with this device. Such a-device driver-only approach makes an application designer respon-
sible for the execution of the application, instead of the OS. Such a device driver is device and application specific.
[0005] In case multiple resources are available on a computing platform, a scheduling problem can be defined as
follows. Since the computing resources are limited: how to decide what task to run and where, in case there are multiple
processors or processing engines available. These decisions can be based on parameters like task priority, processor
affinity. In case of preemptive scheduling: how can the context of the current task be saved, in order for this task to
continue whenever additional computing resources are assigned to it. The existing work in the area of runtime recon-
figurable systems concentrates on managing the time evolution of applications that exclusively own the reconfigurable
matrix for a short while. A lot of work has already been done on describing general concepts about scheduling tasks
on heterogeneous multi-processor systems, as well as specific scheduling technigues.

[0006] Multi-processor architectures include interconnection networks. Various interconnection networks are known
in the multicomputing world and System-on-Chip. A packet-switched network for instance exists in different flavors,
both for the topology (k-ary n-cubes, hypercubes, butterflies, crossbars) and for the type of routing (wormhole, virtual
cut-through, mad postman switching). Such a concept has been introduced in SoC, allowing to route packets instead
of wires.

AIM OF THE INVENTION

[0007] It is an aim of the invention to provide an improved computing platform, methods of operating the same,
software such as an operating system, middleware and device drivers as well as reconfigurable hardware devices
which are more flexible in their use of resources.

SUMMARY OF THE INVENTION

[0008] The invention presents in general the platform supporting reconfigurable computing, enabling the introduction
of reconfigurable hardware into portable devices. In particular, the present invention can provide dynamic hardware/
software multitasking methods for a reconfigurable computing platform including reconfigurable hardware devices such
as gate arrays, especially FPGA's, and software means, like dedicated hardware/software operating systems and
middleware, adapted for supporting said methods, especially multitasking.

[0009] It is an aspect of the invention to provide a platform, which is a heterogeneous multi-processor platform,
containing one ormore instruction set processors (ISP) and a reconfigurable matrix (for instance a gate array, especially
an FPGA), adapted for (dynamic) hardware/software multitasking.

[0010] Itis also an aspect of the invention to provide an operating systems (OS), capable of dealing with said platform,
by providing a clear interface to the facilities of said platform and supporting concurrent task execution. The operating
system is preferably an application independent system, allowing applications with a plurality of tasks, to communicate
to said heterogeneous platform. Application tasks mapped on the reconfigurable matrix are denoted as hardware (HW)
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tasks (or components) while other tasks are denoted softwae (SW) tasks or components, e.g. for running on an In-
struction Set Processor (ISP). The operating system is denoted a HW/SW OS. Facilities for invoking hard real time
constraints on a SW task are included in the operating system. Means for storing state information of a task preempted
on a reconfigurable device are provided. The storage and transfer/restoration of state information can be managed by
a HW/SW OS scheduler.

[0011] Itis an aspect of the invention to provide an abstraction layer, in the form of device driver, between the recon-
figurable matrix and the operating system (HW/SW OS). The application communicates to the HW/SW OS, which in
turn communicates with the device driver. The device driver deals with the reconfigurable matrix. Essentially there is
no direct communication between the application and this device driver. The device driver, that abstracts the reconfig-
urable matrix away from the HW/SW OS, can handle the problem of where to place the HW tasks in the reconfigurable
matrix.

[0012] A further aspect of the invention is the provision of an interconnection network on said reconfigurable matrix.
[0013] An aspect of the invention is a method for execution of an application or a plurality of applications, said exe-
cution requiring running substantially simultaneously a plurality of tasks (multi-tasking), on said platform. Said execution
method allows for dynamically instantiation of HW tasks by exploiting partial reconfiguration of the reconfigurable matrix,
for a low hardware overhead. The reconfigurable matrix can be subdivided into smaller processing units or "tiles". The
tiles of the reconfigurable matrix are reconfigurable, hence fine-grain configurability is exploited. The tiles may be
suitable for a dedicated hardware task or may be a microcontroller. The method opens the way to a new class of hybrid
applications dynamically mixing hardware and software components.

[0014] It is an aspect of the invention to provide means to (re)schedule a task either in hardware or software in a
reconfigurable system-on-chip, provided with a uniform communication scheme, more in particular tools incorporated
within a suitable object-oriented design environment permitting the implementation and management of hardware/
software relocatable tasks. The above means enable development of applications in a way that ensures an equivalent
behavior for hardware and software implementations to allow run-time relocation and equivalence of states between
hardware and software for enabling efficient heterogeneous context switches. Full hardware/software multitasking is
realized, in such a way that the operating system is able to spawn and relocate a task either in hardware or software.
[0015] In particular, the present invention provides a method of dynamically reconfiguring a computing platform in a
process for executing at least one application on said platform, said platform comprising at least one programmable
processor and a reconfigurable processing device, said application comprising a plurality of tasks, a humber of said
tasks being selectably executable as a software task on a programmable processor or as a hardware task on a hardware
device, said method comprising: configuring said reconfigurable device so as to be capable of executing a first plurality
of hardware tasks; after said configuring, executing a first set of tasks of an application substantially simultaneously
on said platform, at least two of said tasks of said first set being substantially simultaneously executed as hardware
tasks of said first plurality on said reconfigurable device; interrupting said execution of said first set; configuring said
reconfigurable device such that at least one new hardware task other than one of the first plurality of hardware tasks
can be executed; executing a second set of said tasks to further execute the application, the second set including said
new hardware task, the execution being substantially simultaneously on said platform, at least two of said tasks of said
second set, including said new hardware task, being substantially simultaneously executed as hardware tasks on said
reconfigurable device.

[0016] The configuring of said reconfigurable device is preferably carried out at run-time of the application. The
configuring of said reconfigurable device is preferably transparent to a user running the application. The hardware
tasks can be written in a description language and the hardware tasks written in the description language can be
automatically converted into a hardware bitstream description. Preferably, said reconfigurable device, comprises a
plurality of tiles, each tile being configurable in variety of configurations, each of said tile configurations being capable
of running a hardware task and wherein the configuring of said reconfigurable device such that said at least one new
hardware task other than the first plurality of hardware tasks can be executed, changes at least one of said tiles from
one configuration to another configuration.

[0017] The reconfigurable device can comprise a plurality of tiles and a communication network for providing com-
munication between said tiles, wherein during said configuring of said reconfigurable device such that at least one new
hardware component other than the hardware components of said first list can be executed, said communication net-
work remains fixed.

[0018] In the method a new task can be first executed on said programmable processor and thereafter, when the
configuring is ready, executing the second set of said tasks, including said new task, substantially simultaneously on
said platform, while at least two of said tasks of said second set, including said new task, are substantially simultane-
ously executed as hardware tasks on said reconfigurable device.

[0019] A task is preferably described in adescription using a description language being represented as a first set
of objects with a first set of relationships therebetween. The description or a derivation thereof is then transformed into
synthesizable code.
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[0020] In one aspect the application can be represented by codes, of which at least a first part is convertible in a first
code, obtainable by mapping at least part of said application onto a virtual device which is hardware reconfigurable.
Further at least a second part of said code is convertible in a second code obtainable by mapping at least part of said
application onto a virtual programmable processor, said first code comprising configuration information for hardware
reconfiguring said virtual device, said hardware reconfiguring being required for enabling execution of said application
on said virtual device, said second code comprising instructions compilable on a virtual programmable processor. Said
first code is transformed into a third code, said third code comprising configuration information for hardware configuring
said hardware reconfigurable device, said hardware reconfiguring being required for enabling execution of said appli-
cation on said hardware reconfigurable device. Said second code is transformed into a fourth code, said fourth code
comprising instructions compilable on said programmable processor. Finally, said application with said third and fourth
code is executed on said device.

[0021] The application can also be defined as a set of process threads in a description language, the set defining a
representation of the application, at least part of said process thread representing a process which can be carried out
on either said reconfigurable hardware device or said programmable processor, said description language including a
function that suspends a thread. Then, at least one thread is suspended the state information of said thread is stored
by invoking said function.

[0022] The present invention also provides an operating system of a computing platform, capable of managing the
execution of at least one application, comprising a plurality of tasks, a number of said tasks being selectably executable
as a software task on a programmable processor or as a hardware task on a hardware device, on the computing
platform comprising at least one programmable processor and a reconfigurable device. The operating system com-
prised means for scheduling said tasks and means to reconfigure at run-time resources for a hardware task executed
on the reconfigurable device. Means to allocate resources between the programmable processorand the reconfigurable
device can also be provided. The operating system or another program can comprise means to pre-empt and relocate
tasks between the programmable processor and the reconfigurable device and vice versa. Means for storing state
information can be provided for a task executed as a hardware component, when preempted on said reconfigurable
device.

[0023] The tasks can be capable of moving to a preemption state when receiving a pre-emption request, and means
can be provided, when said preemption state is reached for a task, to send a message containing the current state of
that task. Also means for restoration of state information on said reconfigurable device, when the corresponding task's
execution is re-started can be provided.

[0024] Further, means for invoking hard real time constraints on a task executed as a software task can be provided.
Means for supporting uniform communication, allowing tasks to send/receive messages regardless of whether they
are executed as hardware or as software tasks can also be provided. The operating system can be adapted for handling
logical addresses as representations of said tasks, and the means for supporting uniform communication can comprise
means for updating address translation tables, enabling translation of said logical addresses into physical addresses,
representing the location of a task within the reconfigurable device.

[0025] The operating system can be adapted for operating with a platform with a reconfigurable device comprising
a plurality of tiles, each tile being configurable in a variety of configurations, each of said tile configurations being
capable of running a hardware component, as well as means for storing the usage of tiles by said hardware components
at any moment. The operating system can further comprise means for deciding on which tile a hardware task is exe-
cuted.

[0026] Meansforadaptingthe configurations of saidtiles by performing a partial reconfiguration of said reconfigurable
device without rerouting can also be provided. The operating system may be for execution on said programmable
processor in real-time mode. The operating system may be adapted to co-operate with means for operating system
support, said means being adapted for execution on said reconfigurable device.

[0027] The present invention also provides a piece of middleware software, the middle software comprising: means
of communicating with the operating system described above, and means for performing the selection of whether a
task will be selected as software or as hardware component. The middleware software may further comprise: means
for handling a representation of said application as a set of communicating threads. The middleware software may
further comprise: means for automatic code generation for a task either as hardware component or as software com-
ponent.

[0028] The selection of whether a task will be selected as software or as hardware component can be based on
determining a trade-off in terms of QoS.

[0029] The present invention also provides a device driver, dedicated for a reconfigurable device configured to have
a plurality of tiles. The device driver can comprise means for communicating with an operating system, said means for
communicating providing said operating system with information about the number of tiles and the speed of reconfig-
urability of said reconfigurable device.

[0030] The presentinvention may provide a reconfigurable device comprising a plurality of tiles and a communication
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network for providing communication between said tiles, as well as means for message routing over said communication
network. The messaging may be provided by routing tables.

[0031] The present invention also provides a communication network, configured on a reconfigurable device, said
reconfiguration being configured to have a plurality of tiles, said communication network providing communication
between said tiles. The communication network can be adapted for supporting packet-switched interconnection net-
work, in particular, for supporting message passing communication between tasks, executed by said tiles. The com-
munication network may have multiple time-multiplexed virtual channels. The communication network can have atorus-
like 2-D network topology, and can be adapted for supporting wormhole routing, for instance. The communication
network may comprise a plurality of routers. Interfaces, for decoupling said tasks from the network may be provided.
The interfaces may include double port memories. The network clock rate may be substantially higher than the tile
clock rate.

[0032] The presentinvention provides a multi-tasking reconfigurable device, comprising: a plurality of tiles, each tile
being configurable in a variety of configurations, each of said tile configurations being capable of running a hardware
task, each of said tile configurations having an interface, wherein the position of said interfaces is constant. The tiles
can be separately configurable. The input/output topology of each of the configurations of a single title can be identical.
The reconfigurable device may comprise a plurality of configurable logic blocks (CLB's); said CLB's being arranged in
an array wherein respective CLB's are placed edge to edge in a tiled arrangement, thereby defining said tiles. A routing
structure for interconnecting said configurable logic blocks (CLB's) may be provided. Acommunication network defined
on said routing structure for providing communication between said tiles can also be provided. The communication
network can comprise a plurality of routers. The communication network may be implemented in an ON-CHIP packet-
switched interconnection network. Each of the tiles can define partly a virtual processor. Each of said titles may define
partly alocal memory to which said virtual processor has direct access without passing the routers or routing resources.
[0033] The present invention also provides a method for reconfiguring a reconfiurable hardware device having tiles
such that a set of hardware tasks said device is capable to run is changed, the method comprising reconfiguring one
of said tiles from a first configuration, capable of running a first task, into a second different configuration, capable of
running a second different task; said reconfiguring of said one tile being such that the interface of the second config-
uration satisfies said interface position constraints.

BRIEF DESCRIPTION OF THE DRAWINGS
[0034]

Fig. 1 represents a block diagram of an embodiment of a hybrid computing platform in accordance with the present
invention.

Figs. 2a and b and Fig. 3 show representations of a state switch in accordance with an embodiment of the present
invention.

Fig. 4 is a representation of a switch between a decode running on software and hardware in accordance with an
embodiment of the present invention.

Fig. 5 is a representation of an architecture in accordance with an embodiment of the present invention.

Fig. 6 is a representation of a reconfigurable device in accordance with an embodiment of the present invention.
Figs. 7a and b show arrangements of routers.

Fig. 8 shows a process flow for flits on for two virtual channels in accordance with an embodiment of the present
invention.

Fig. 9 is a representation of a net cell in accordance with an embodiment of the present invention.

Fig. 10 is a representation of data flow between two routers in accordance with an embodiment of the present
invention.

Fig. 11 shows a representation of an arrangement of routers, |P blocks bus macros and block RAMs in accordance
with an embodiment of the present invention.

Fig. 12 is a representation of a block diagram of a further embodiment in accordance with the present invention.
Fig. 13 shows a flow diagram of an algorithm to link different computing units in a hierarchical way in accordance
with an embodiment of the present invention.

Fig. 14 shows setting up and starting a task in accordance with an embodiment of the present invention.

Figs. 15a and b show how unused reconfigurable hardware device area can be better uitilized in accordance with
an embodiment of the present invention.

Figs. 16 and 17 show a process flow in accordance with an embodiment of the present invention.
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DETAILED DESCRIPTION OF THE PRESENT INVENTION

[0035] The present invention will be described with respect to particular embodiments and with reference to certain
drawings but the invention is not limited thereto but only by the claims. The drawings described are only schematic
and are non-limiting. In the drawings, the size of some of the elements may be exaggerated and not drawn on scale
for illustrative purposes.

[0036] The terms first, second, third and the like in the description and in the claims, are used for distinguishing
between similar elements and not necessarily for describing a sequential or chronological order. It is to be understood
that the terms so used are interchangeable under appropriate circumstances and that the embodiments of the invention
described herein are capable of operation in other sequences than described or illustrated herein.

[0037] The present invention relates to an apparatus or environment, capable of performing multi-tasking, to multi-
tasking methods, to an operating system that supports the methods and runs on the apparatus or parts of such an
apparatus.

[0038] More in particular the apparatus is capable of executing at least one application, composed of a plurality of
tasks. These tasks may execute as threads. At least a number of the tasks are selectably executable as software
components or tasks, meaning executable on a programmable processor, and as hardware components or tasks,
meaning executable on a dedicated datapath or on a micorcontroller or similar. The apparatus comprises of a plurality
of resources, more in particular at least of one programmable processor and a reconfigurable hardware device, meaning
capable of being reconfigured in various datapaths, suited for executing said hardware components or tasks.

[0039] A reconfigurable hardware device, comprises typically of a plurality of small configurable logic blocks and an
interconnect structure for interconnecting said configurable logic blocks. A reconfigurable hardware device can be a
logic gate array, e.g. a Field Programmable Gate Array (FPGA). Reconfiguring the hardware device means changing
the configuration or function of said logic blocks and/or the interconnection between said configurable logic blocks. As
said reconfiguration works at the level of these relatively small configurable logic blocks, this type of reconfigurability
is denoted fine grain reconfigurability.

[0040] In an aspect, the present invention relates to a method of using such a reconfigurable hardware device, said
method being particularly adapted for multi-tasking. Whereas fine grain reconfigurability allows for changing all con-
figurable logic blocks and their interconnect but requires a full place-and-route operation, in one aspect the invented
method restricts the degree's of freedom in reconfiguring while retaining the necessary flexibility for enabling the hard-
ware device to execute a hardware component or task. This is realized by arranging said configurable logic blocks in
various groups, typically in an array, wherein respective blocks being placed edge-to-edge in a tiled arrangement,
thereby defining so-called tiles. A tile can thus be defined as a plurality of near-by or neighbouring configurable logic
blocks. The tile size can be selected such that a title is configurable in a variety of configurations, each of said title
configurations being capable of running a hardware component or task. In order to avoid full place-and-route operations,
each of the tile configurations has an interface of which the position of said interfaces within the hardware device being
predetermined. A multi-tasking method in accordance with an embodiment of the present invention, executed on an
apparatus incorporating a reconfigurable hardware device, reconfigures the hardware device, by selecting configura-
tions from the predetermined configurations of said tiles. Such a method can modify the functionality of the hardware
reconfigurable device (hence such that the set of hardware tasks said device is capable to run is changed) by recon-
figuring at least one of said tiles from a first configuration, capable of running a first task, into a second (different)
configuration, capable of running a second (different) task. Further, said reconfiguring of said one tile can be such that
the interface of the second configuration satisfies said interface position constraints.

[0041] In another aspect the present invention provides an operating system, or at least extensions for a traditional
operating system, for a reconfigurable system, capable of managing tasks (of one or more applications) over the dif-
ferent resources of an apparatus, having at least one reconfigurable hardware logic device, enabling handling of tasks,
executable as hardware component, also denoted a hardware task. The operating system schedules tasks, both on a
programmable processor such as an Instruction Set Processor (ISP) and on the reconfigurable logic device and sup-
ports a uniform communication framework, which allows tasks to send/receive messages, regardless of their execution
location.

[0042] In a further aspect the present invention provides a middle layer system or middleware running on top of the
operating system, takingthe application as input and deciding on the partitioning of the tasks between the reconfigurable
hardware device and the software-based programmable processor. The partitioning is preferably based on quality of
service considerations.

[0043] In accordance with a further aspect of the present invention, a method of reconfiguring the apparatus provides
communication while the tasks are executed. Therefore, on the reconfigurable hardware device a communication net-
work such as an interconnection network or arragementfor routing resources is defined on the routing structure, defined
for the configurable logic blocks, for providing communication between said tiles.

[0044] In an embodiment the inter-task communication is based on message passing. Messages are transferred
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from one task to another in a common format for both hardware and software tasks. Both the operating system and
the hardware architecture should therefore support this kind of communication.

[0045] The operating system preferably provides means for updating address translation tables, to be used whenever
the operating system schedules a task, represented by a logical address, in hardware. This address translation table
allows the operating system to translate a logical address into a physical address and vice versa. The assigned physical
address is based on the location of the task in the interconnection network. The operating system can further provide
a message passing API, which uses these logical/physical addresses to route the messages.

[0046] In accordance with another aspect of the presetn invention, the operating system is aware of the tile usage
at any moment. As a consequence, it can spawn a new task without placement overhead by replacing the tile content
through partial reconfiguration of the FPGA.

[0047] The hardware architecture can provide the necessary support for message passing. Messages between tasks,
both scheduled in hardware, can be routed inside the interconnection network. Nevertheless, since the operating sys-
tem can control the task placement, it also controls the way the messages are routed inside the network, by adjusting
the hardware task routing tables. A packet-switched interconnection network can be provided to handle hardware
management issues such as task placement, location independence, routing, and inter-task communication. Task
placement is the problem of positioning a task somewhere in the reconfigurable hardware fabric by executing a place-
ment algorithm but with a constraint to fit the task in the shape of a tile. Run-time task placement is therefore enabled
and greatly facilitated, since every tile has the same size and same shape.

[0048] The run-time routing provided by the present invention can be described as providing connectivity between
the newly placed task and the rest of the system. The provided communication infrastructur, implemented at design-
time inside the interconnection network, provides the new task with a fixed communication interface, based on routing
tables. Once again, the operating preferably does not run any complex algorithm. Its only action is updating the routing
tables every time a new task is inserted/removed from the reconfigurable hardware.

[0049] In afurther aspect of the present invention the design of relocatable tasks is provided as a common behavior
forthe HW and the SW implementation of a task. The invention provides for a unified representation that can be refined
to both hardware and software. Consider a C++ library that allows unified hardware/software system design, by allowing
to make a representation of an application as communicating threads. The objects contain timing information, allowing
cycle-true simulation of the system. Once the system is designed, automatic code generation for both hardware and
software is available. This ensures a uniform behavior for both implementations in the heterogeneous reconfigurable
system.

[0050] Through the use of the foreign language interface features, an interface is provided that represents the com-
munication with the other tasks. This interface provides functions like send_message and receive_message that will
afterwards be expanded to the corresponding hardware or software implementation code. This ensures a communi-
cation scheme that is common to both implementations.

[0051] Methods in accordance with the present invention provide for spatial multitasking in hardware, in contrast to
the time-based multitasking. Since the number of tiles is limited, the operating is forced to decide at run-time on the
allocation of resources, in order to achieve maximum performance. Consequently, the operating system has means
to pre-empt and relocate tasks from the reconfigurable logic to the ISP and vice versa.

[0052] ISP registers and atask memory completely describe the state of any task running on the ISP. Consequently,
the state of a preempted task can be fully saved by pushing all the ISP registers onto a task stack. Whenever the task
gets rescheduled at the ISP, simply popping the register values from its stack and initializing the registers with these
values restores its state. This approach is not necessarily usable for a hardware task, since a hardware device can
depict its state in a completely different way. For example, state information can be held in several registers, latches
and internal memory, in a way that is very specific for a given task implementation. In a such a design there is no
simple, universal state representation, as for tasks executing on the ISP. Nevertheless, in accordance with an aspect
of the prtesent invention the operating system extracts and restores the state of a task executing in hardware, since
this is a key issue when enabling heterogeneous context switches. A way to extract and restore state when dealing
with tasks executing on the reconfigurable logic can be achieved by getting all status information bits out of the read
back bitstream. This way, manipulation of the configuration bitstream allows re-initializing the hardware task. When
adopting this methodology to enable heterogeneous context switches the present invention provides a translation layer
in the operating system, allowing it to translate an ISP type state into FPGA state bits and vice versa. Furthermore,
with this technique, the exact position of all the configuration bits in the bitstream must be known. However, it is clear
that this kind of approach does not produce a universally applicable solution for storing/restoring task state.

[0053] In a further aspect the present invention preferably provides a high level abstraction of the task state infor-
mation. In this way the operating system is able to dynamically reschedule a task from the ISP to the reconfigurable
logic and vice versa.

[0054] In afurther aspectthe present invention enables reconfigurable computing, e.g. the ability to execute a variety
of computational functions on the same computing platform, by changing the computation capabilities of said platform,
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in a dynamic way, meaning at run-time. When executing an application the reconfigurable platform functions however
as if it were a fixed hardware programmable processor, i.e. the reconfiguration remains transparent to a user of the
system. The invention exploits the fine-grain architecture of the platform, meaning the ability to change the function of
each of the logic blocks on the one hand but introduces a coarse grain onto said platform for enabling the run-time
approach, e.g. by reconfiguring groups of logic blocks or tiles of the reconfigurable device. Indeed the invention exploits
the reconfiguration properties of the platform, more in particular the partial reconfiguration capabilities while avoiding
rerouting. This is done by imposing restrictions in the configurations allowed on the platform. Said restriction invoke
the presence of computing blocks larger than the logic blocks of which said platform comprises but smaller than the
platform itself. Said computing blocks are communicating via an interconnection network. The network can also partly
comprise logic blocks. The invention provides an operating system performing the scheduling controle for multitasking,
dynamic task creation and deletion and task swapping. A communication semantic, called message passing, suited
for both HW and SW tasks, is presented. The message passing can be used instead of fixed wiring. Decisions on a
network topology and routing strategy, keeping the communication overhead in terms of area (e.g. the routing controller)
and timing low, are also provided. The network of the present invention is preferably designed in order to prevent
deadlocks and guarantee communication within a given time frame, although no fixed route/wire is available. Important
for allowing task and the involved context switching in such a HW/SW multitasking platform is the capability of having
a uniform state representation, for both a HW and SW task. By providing a high-level description of a task, said de-
scription being capable of being mapped to both a HW or SW task, allows the indication by the task developer to
indicate the important state variables. The Operating System has means for saving/accessing the state of a task when
a task swapping is performed. Method for transforming high-level task descriptions, for instance using single threaded
code, like in C or C++, into multi-threaded descriptions, like dynamic dataflow models, are suitable.

[0055] Inan embodiment of the present invention, at a first stage, the application is represented by a functional model
- see Fig. 16. This functional model 61 is optionally partitioned at into two sub-models 62, 63. The partitioning can be
done at run time. One optional sub-model 62 describes the application software part. The other model 63 describes
the application hardware part. Detailed source code 64 of an application software part is then run-time precompiled
(e.g. on-the-fly compiling) in step 66 into software bytecode 68 by a software virtual machine precompiler. The precom-
piler operates at run time, e.g. on-the-fly compiling. The hardware sub-model 63 is written in a description language
and is fed into an automatic hardware code generation environment such as described in US 6,233, 540. The sub
model 63 the hardware is transformed at run time into a structural register transfer level (RTL) hardware description
in step 65. The hardware design environment can be depicted as a hardware virtual machine precompiler 67 (e.g. for
run-time compiling, such as on-the-fly compiling), generating abstract hardware bytecode as describedin EP 1,168,168
which is incorporated herein by reference.

[0056] The software bytecode 68 is interpreted by the software virtual machine in step 69, and turned into native
application software code 70 that runs on the native CPU of a programmable processor 71, e.g. an ISP - see Fig. 17.
On the other hand, the hardware bytecode 72 is interpreted by the hardware virtual machine (HVM) in step 73, and
turned into native FPGA bitstreams 74 that will configure the native FPGA 75.

[0057] The methods and apparatus accordinhg to the present invention can be applied, for instance, to multimedia
applications, e.g. on portable devices like a personal digital assistant (PDA) or a mobile phone, MP3 players, MPEG
players, games and browsers. To achieve Quality of Service (QoS) required for these applications, the present invention
not only provides the flexibility of a programmable processor, as well as an improved computation power for a specific
application domain but also allows improved flexiblity, e.g. by use of a reconfigurable harwdare device.

[0058] An aspect of the invention is therefore a general-purpose computing platform that allows to run different ap-
plications, like multimedia applications, and that offers enough flexibility to download and execute future applications.
This platform can be powerful, flexible, energy conscious and inexpensive. Said reconfigurable platform is provided
with a software environment that allows the same ease-of-programming as a general-purpose processor platform
today. The invented platform is a combination of an instruction-set processor (ISP) with a reconfigurable hardware
device. The introduction of the reconfigurable hardware device provides low power consumption for high computation
power by its hardware characteristics on the one hand, and flexibility by its reconfiguration aspects on the other hand.
The platform supports true hardware/software multitasking. At least one of the tasks can be run either on the ISP or
on the reconfigurable hardware. An operating system manages the applications by distributing the different tasks on
the available resources. The provided platform is thus a heterogeneous multi-processor platform, containing one or
more instruction set processors (ISP) and one or more reconfigurable matrices (for instance a logic gate array, espe-
cially an FPGA).

[0059] Itis an aspect of the invention to provide an operating system (OS), capable of dealing with said platform, by
providing a clear interface to the facilities of said platform and to support concurrent task execution. The operating
system is preferably an application independent system, allowing applications with a plurality of tasks, to communicate
with said HW/SW platform. Application tasks mapped on the reconfigurable matrix are denoted hardware (HW) tasks
while other tasks are denoted softwae (SW) tasks. The operating system is denoted a HW/SW OS. Facilities forinvoking
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hard real time constraints on a SW task are included in the operating system. Means for storing state information of a
task preempted on a reconfigurable device are introduced. The storage and transfer/restoration of state information is
managed by the HW/SW OS scheduler. The OS allows incorporation of a reconfigurable matrix as a system resource.
The OS provides for architecture independence, meaning that it does not matter for the OS whether the reconfigurable
matrix is an attached resource, an embedded resource or completely integrated with the ISP. Further abstraction is
provided, meaning that a virtual processor is abstracted in an efficient way, so that the execution details are hidden to
the application (and programmer). Further means for scheduling, thus deciding how to perform true multitasking on
the reconfigurable matrix, are provided. Communication means for setting up multi-purpose, efficient communication
between the reconfigurable resource and the rest of the system components are provided. Creation a HW/SW OS
capable of handling all the hardware design differences of the existing and future platforms is extremely difficult. The
reconfigurable matrix might be an attached resource (meaning, it might not always be present e.g. Ipag Expansion
Pack), it could be an embedded resource, or even integrated with the ISP. The scheduling means performs scheduling
of tasks on a heterogeneous multi-processor platform. In general, solving the scheduling issue, means solving the
following problems: Since the computing resources are limited: how to decide what task to run and where, in case
there are multiple processors are available. These decisions can be based on parameters like task priority, processor
affinity,etc. In case of preemptive scheduling, the context of the current task can be saved, in order for this task to
continue whenever additional computing resources are assigned to it. The applicatios run on the platform concerns
multiple, possibly independent, tasks running in parallel on the reconfigurable matrix. The invention makes a distinction
between the following tasks : (i) software only tasks: they need an ISP to run, (ii) Hardware only tasks: can only be
executed on a reconfigurable matrix and (iii) Hardware/Software tasks: this is a special kind of task that can be executed
either on an ISP or a reconfigurable matrix. This also implies that both representations (ISP and reconfigurable matrix)
are available on the platform. Tasks that can run either in hardware or in software are the most flexible kind of tasks:
based on a set of parameter values, the OS scheduling system will decide what task will be run on what processor.
This way the reconfigurable matrix will be filled with hardware capable tasks. In case not all hardware/software capable
tasks are assigned to the reconfigurable matrix and if there is some spare computing power on the ISP, these unas-
signed tasks can be executed by the ISP. In order to preserve the behaviour of the HW/SW task as much as possible
(with respect to running the task in HW) when executing this task on the ISP, it is executed as a software task with
hard real time properties. Furthermore, this software task is controlled by the same API, as when the task runs in
hardware. This also simplifies switching such a task from hardware execution to software execution and vice versa.
Context switching, when considering ISP's, means that the OS preempts the currently running task and stores its
context. The context of such a task is fully described by the ISP's registers. Switching to the new task (for whatever
reason), is done by simply loading its saved context into the ISP's registers and continuing execution at the point it
was preempted. When preemting a task on a reconfigurable matrix, storing the context is done in a different way. The
state of a hardware task is defined by several registers, placed all over the IP block. One possible way of extracting
the state of the task running in hardware is to filter out all the revelant status information bits from the readback bistream.
Restoring the context, in that sense, implies setting the state of each single register in the configuration bitstream.
[0060] In an alternative approach, as soon as a hardware task running on the hardware device receives a preemption
request from the scheduler, it moves from the switching point to a preemption state and sends a message containing
its current state. This state information can be used to start a software program running on the ISP and continue at
the preemption point of the hardware task, or to restore the context of hardware task at the next hardware context
switch. This means, of course, that the amount and form of the state information that needs to be transfered at preemp-
tion is task dependant or could be switching point dependant. The storage and transfer/restoration of state information
is managed by the HW/SW OS scheduler. This technique can also be applied when context switching is initiated by
the hardware task itself. Further the harware device, e.g. an FPGA, can incorporate architectural support for the HW/
SW OS. For this purpose a kind of memory controller/programmer is provided. This takes care of saving/reloading
context and configuration of the IP tiles. Suppose all tasks are partitioned, but a new HW/SW task comes in. Although
it should be executed in HW, the HW/SW OS can decide to start it in SW in order to minimize execution latency and,
as soon as the reconfiguration is finished, switch the task from SW to HW.

[0061] To create a true hardware/software multitasking environment, an operating system is provided by the present
invention that manages the different applications running on the platform. The main function of the operating system
is to manage tasks. An application running on the platform will contain a combination of tasks. Each of these tasks isq
to run on one of the available resources. When a new task is started or an old task is deleted, some of the existing
tasks might have to be rescheduled onto another resource (e.g. to provide more computational power to the new task
or to decrease the power consumption). In accordance with an aspect of the present invention, the task creation and
deletion consist in the usual task handling for a software task, and in reconfiguring the FPGA for a hardware task. The
operating system preferably keeps track of the available resources, meaning location of all the tasks running. For
example, the OS can keep track of which tile of an FPGA is being used to execute a task. Task rescheduling is also
provided by the present invention. State equivalence is indetified between a software task and a hardware task. Indeed,
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when a task is rescheduled from hardware to software or vice-versa, the state information is transferred in order to
resume the task where it has stopped. The operating system preferably handles communication between the tasks.
Three possible cases are envisaged: communication between two hardware tasks, communication between a hardware
task and a software task and communication between two software tasks. A preferred communication scheme is mes-
sage passing. The communication between hardware tasks is preferably handled by an interconnection network. The
operating system updates at run-time the routing tables of the tasks, and the network drives the messages to the
correct destination. For hardware-software communication, the hardware block uses a specific address in its routing
table that corresponds to the operating system. The messages between the ISP and the FPGA are stored in buffers.
For software-software communication, the same scheme, e.g. message passing, is used in order to have a unified
representation of the communication between tasks, no matter where the tasks are located. In order to guarantee some
QoS in the system, real-time services should be provided by the operating system. The communication will indeed
generate interrupts that should be handled fast enough (especially in the case of multimedia streams).

[0062] The operating system software canbe supplied as a computer program product which includes code segments
which when executed on a computing device execute methods in accordance with the present invention. The present
invention also includes a data carrier storing the operating system computer program product and being machine
readable to install and execute the operating system when loaded into a computing device.

[0063] Itis afurther aspect of the invention to provide an abstraction layer, in the form of device driver, between the
reconfigurable matrix and the operating system (HW/SW OS). The application running on the computing platform
communicates with the HW/SW OS, which in turn communicates with the device driver. Essentially no direct commu-
nication between the application and this device driver needs to exist. The device driver, that abstracts the reconfig-
urable matrix away from the HW/SW OS, handles the problem of where to place the HW tasks in the reconfigurable
matrix. This device driver provides a uniform way to communicate with the reconfigurable hardware device. The ab-
straction layer is such that it works for a pre-routed network (ICN) on the reconfigurable device, e.g. an FPGA, and
other runtime reconfigurable architectures, that have a different task placing mechanism, as long as a device driver
with the suitable API is provided. The API informs the HW/SW OS of the parameters of the underlaying HW: this
includes the number of IP tiles (how many tasks can be run in parallel), the reconfiguration speed/latency, the com-
munication speed / latency).

[0064] The driver software can be supplied as a computer program product which includes code segments which
when executed on acomputing device execute methods in accordance with the present invention. The presentinvention
also includes a data carrier storing the driver computer program product and being machine readable to execute the
driver when loaded into a computing device.

[0065] In a further aspect of the present invention a middleware software is provided which has means for commu-
nicating with the operating system, the middleware software having means for performing the selection of whether a
task will be selected as software or as hardware component. In this way a conventional operating system can be used
which is enhanced by means of the middleware software to carry out methods in accordance with the present invention.
The middleware can have means for handling a representation of the application running on the computing platform
as a set of communicating threads. The middleware software may also assume the role of generating automatic code
for a task either as hardware component or as software component. The selection of whether a task will be executed
as a software or as a hardware component can be based on determining a trade-off in terms of QoS for the execution
of the application.

[0066] The middleware software can be supplied as a computer program product which includes code segments
which when executed on a computing device execute methodsin accordance with the present invention. The present
invention also includes a data carrier storing the middleware computer program product and being machine readable
to execute the middleware when loaded into a computing device.

[0067] The middleware layer has to fulfill two functions: platform abstraction and QoS-aware rescheduling of task.
The user has access to real-time updates of services. For example, using a wireless networked device, the user down-
loads new services from service providers. A typical example is an applet that a user downloads while browsing the
Internet. This applet is coded in a platform-abstracted way, e.g. using the JAVAT framework. The code is then run on
a JAVA virtual machine, e.g. running on a programmable processor. The JAVA virtual machine interprets the bytecodes
of the applet. Applying the same concept to the heterogeneous platform in accordnace with the present invention, a
virtualmachine is provided that can run applets on hardware as well as on software. A suitable hardware virtual machine
is disclosed in US 6,233,540 which is incorprated herein by reference in its entirety. A combination of a hardware and
a software virtual machine is provided to have one unique machine that can, from a single bytecode, spawn tasks both
in hardware and in software. This approach also alleviates the problem of the design entry for the platform. The appli-
cation is split into tasks and each task or some of the tasks can be run in hardware or software. But a software task is
usually an object file, while the hardware task is represented by a bitstream. Therefore, the level of abstraction is raised.
Three embodiments of the present invention relate to this issue. In a first embodiment, several implementations with
different hardware/software partitioning for an application are used, generated at design time; the different implemen-
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tations providing different performances and for each application one of the implementations can be selected at run-
time. The result is an object file and bitstreams. In a second embodiment, the application contains tasks for which both
implementations will be available; the operating system will select at task level whether a task will run in hardware or
software. In a third embodiment, a unified language is decoded by the operating system and executed on either the
hardware or software resources. The second and third embodiments present two possible solutions for the design
entry. The second embodiment corresponds to a platform dependent approach. Every platform builder provides its
own hardware/software compiler and that every application would be represented by two sets of tasks (a hardware
and a software version for each task). The third embodiment corresponds to platform abstraction, in the same way as
the JAVA virtual machine does for programmable processors. Indeed, using a compiler solution requires to store both
versions, both hardware and software, for each task. This increases the memory footprint. On the other hand, having
a unified representation can generate some overhead that would reduce the performance of the platform.

[0068] Another functionality of the middleware is the QoS aware rescheduling of tasks. The QoS aware rescheduling
task of the middleware consists in determining the best trade-off in terms of QoS for the different applications that run
simultaneously on the platform. By varying for each application the resources on which its tasks are running, different
global QoS levels can be provided.

[0069] It is another aspect of the present invention to provide an interconnection network on said reconfigurable
matrix. Separating communication from computation enables hardware multi-tasking. Implementation of a fixed com-
munication-layer that decouples the computation elements, allows them to be dynamically reconfigured. This commu-
nication layer is an interconnection network, allowing fast synchronous communication between hardware tasks im-
plemented on the same matrix. The network can be a 2D torus, for instance, using wormhole routing. Interconnection
networks allow fine-grain dynamic patrtial reconfiguration and make hardware multi-tasking a reality. As already men-
tioned, the platform can be composed of ISP(s), ASIC(s) and reconfigurable hardware. Multitasking on both the ISPs
and the reconfigurable hardware is achieved. A reconfigurable hardware suited for running multiple tasks in parallel is
provided. To run independent tasks in parallel on one piece of reconfigurable hardware, tasks are remove and created
without affecting other tasks. On a Field Programmable Gate Array (FPGA) for example, some part of the logic is
modified without affecting the rest. Two embodiments are provided: (a) reading back the configuration of the FPGA,
updating it and writing back the modified configuration; and (b) writing part of the configuration at each time, i.e. a
partial reconfiguration is made. State-of-the-art FPGAs allow a partial reconfiguration of their functionality. For example,
the Xilinx Virtex™ series offers a reconfiguration speed of 50 Mbytes/sec. Reconfiguring 10% of a 800 k system gates
device (which contains 4715616 configuration bits), would take about 1.1 ms. This is fast enough for user-initiated
interaction (starting a new program - the 3D game for example) but may be too slow for a dynamic context switching
of task. Therefore, to realize a dynamic multitasking system, the tasks will be spawned on the available resources,
either a hardware tile or an ISP and the ISP will run a traditional multitasking operating system. If a task requires, for
example, for QoS reasons, to be executed in hardware, one of the less critical tasks running on a hardware tile will be
reschedule onto an ISP, providing a free resource for the new task. However, each partial reconfiguration would need
a complete Place and Route (P&R) iteration, which would prevent a run-time utilization. Indeed, the borders between
the different blocks of the system are not fixed on the FPGA architecture, and would have to be rearranged each time
a modification is performed. A P&R run typically takes minutes to hours, and is therefore not presently practical when
targeting run-time reconfiguration. Therefore to avoid a complete P&R iteration for each reconfiguration, an additional
layer is presented with fixed interface topeclogy on top of the FPGA, to raise the granularity of the architecture. In this
way a coarse-grain platform is created, containing a set of logical tiles that can be reconfigured separately. A fixed
communication network between the tiles allows them to communicate together and with the ISPs. This separation
between communication and computation enables an easy and flexible instantiation of new blocks of functionality in
the system.

[0070] In a further embodiment of this interconnection feature of the invention, a packet-switched interconnection
network is used. When applying this type of network in the context of FPGAs, no wires to route means that no cum-
bersome P&R iteration is required anymore. As communication model, the packet-switched interconnection network
preferably uses message passing. This model can also be used towards the ISPs, so that a unified scheme is obtained
for hardware/hardware and hardware/software communication. In short, in one aspect an interconnection network is
built on top of an FPGA in order to allow dynamic reconfiguration of the tasks running in hardware. The communication
scheme is unified for both hardware and software tasks.

[0071] Regarding the rest of the platform, fewer constraints are required. Preferably at least one of the ISPs should
be used to run the operating system. This ISP should therefore have a connection to the reconfiguration interface of
the FPGA. The ASIC part is there for managing fixed parts of the platform, like an LCD or connectivity (e.g., wireless).
[0072] The applications running on the platform can be composed of several software threads and of several hard-
ware tasks. These HW and SW components are able to inter-communicate, i.e. a specific HW communication layer,
compatible with SW communication, is presented. Hardware resources are shared by dividing the FPGA into logical
tiles of coarse granularity. Examples of the use of such a taile is as a JPEG decoder. However, the reconfiguration
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grain is fine, i.e. an AES encryption module can replace the JPEG decoder. Tasks can be dynamically instantiated in
the tile matrix by partial reconfiguration. The communication-layer can be a packet-switched InterConnection Network
(ICN) and is fixed in place to allow Dynamic Partial Reconfiguration (DPR). In order to do multitasking, the FPGA is
partitioned into an array of identical tiles, each tile running a hardware task, equivalent to a software thread. Whereas
the granularity of the tiles is coarse, e.g. a tile running a JPEG decoder, the reconfiguration grain is fine: the same tile
can be configured to run an image filter as well as a data encryption module. The ability to dynamically reconfigure
tasks depends on the control over the boundaries between them. This avoids the traditional design-flow. For example,
conventionally, when an AES encryption module is reconfigured in place of a Laplace edge detector, their interfaces
do not match and a Place and Route (P&R) on the whole FPGA has to be performed. However, by adding constraints
to the positioning of the interface in accordance with the presetn invention, the P&R phase is only required at design-
time because it yields hardware components with an identical input/output topology. Hardware tasks are thus encap-
sulated into a fixed layer providing them with a unified way of communicating. This communication layer raises the
abstraction level of the hardware blocks, allowing easy Intellectual Property (IP) block integration. Various fixed com-
munication layers such as buses and on-chip interconnection networks can be used to this end. However, a packet-
switched network is preferred over a bus for three reasons. A simple bus is a major bottleneck because its routing
resources are shared by all connected blocks, whereas in a network routing resources are distributed. A network is
therefore easily scalable, whereas the complexity of a bus arbiter increases with the number of blocks controlled.
Finally, networks are more power efficient than buses, because idle parts can be powered off, whereas buses must
always drive long lines. An interconnection network can be seen as an array of routers interconnecting an array of
processors. In general each processor has direct access to a localmemory, without using the ICN. Otherinterconnection
networks can successfully used such as the J-Machine, with various forms of architectures, e.g. k-ary n-cubes, hyper-
cubes, butterflies, crossbars and routing policies, e.g. virtual cut-through, wormhole, mad-postman switching. Embod-
iments of the present invention are implemented as a whole network with all the processors on the same FPGA. The
choice of ICN is therefore dictated by the need for low hardware overhead. A network, and therefore its complexity,
are described by two parameters: topology and routing algorithm. An FPGA is a 2-dimensional chip, so a 2D network
topology is suitable. In a mesh-topology a router has to be able to route in all directions: North, South, East and West
(Fig. 7a). It is possible to reduce the router complexity by using a similar topology, called a torus network. Such a
network folds the mesh along the horizontal and vertical directions and therefore only requires routing along two di-
rections, i.e. East and South (Fig. 7b). However, this complexity reduction comes at the expense of a 156% increase
(for a 4*4 folded torus) in power consumption with respect to a mesh network. A suitable routing algorithm in a 2D torus
is called Wormhole Routing. It is a blocking, hop-based, deterministic routing algorithm. It uses relative addresses and
thus does notrequire a global knowledge of the network. In wormhole switching, message packets are pipelined through
the network. This technique relieves routers of buffering complete messages, thus making them small and fast. A
message is broken into flits (flow control units). Flits come in two types: header flits, containing routing information and
data flits containing the message itself. The two header flits give the number of channels that must be traversed re-
spectively in the X and Y directions. Packets are routed first along the X direction, then along the Y direction before
reaching their target. The value in the X header flit is decremented each time a router is traversed. When it reaches
zero, the X heading flit is discarded and routing starts on the Y dimension. When Y equals zero, the message enters
the destination hardware block (see Fig. 8a). The network can use two time-multiplexed Virtual Channels (VC) to avoid
deadlocks (see Fig. 8b). Deadlocks in an interconnection network occur when no message can advance toward its
destination because all queues are full with messages not destined to neighboring routers. Router 0 only sends mes-
sages on VC_0, whereas the other routers may initiate messages only on VC_1 (see Fig. 8b). This virtual channel
management policy avoids deadlocks by breaking the torus into a spiral.

[0073] It is another aspect of the invention to present method for execution of an application or a plurality of appli-
cations, said execution requiring running substantially simultaneously a plurality of tasks (multi-tasking), on said plat-
form. Said execution method allows for dynamically instantiation of HW tasks by exploiting partial reconfiguration of a
reconfigurable matrix, for a low hardware overhead. Parts of the reconfigurable matrix, e.g. a tile, are reconfigured,
hence fine-grain configurability is exploited. The invention provides a new class of hybrid platforms dynamically mixing
hardware and software components. The invention thus concerns reconfigurable architectures, composed of an in-
struction-set processor running software processes and coupled to a reconfigurable hardware device such as an FPGA
on which hardware tasks are spawned by dynamic partial reconfiguration. Separating communication from computation
enables hardware multi-tasking. The present invention is not limited to a specific driver application.

[0074] As an example, a user powers on a portable device to watch a movie. He presses the start button and begins
enjoying the show. Some time later, a scene is boring him. He wants to play a 3D game for a while, while the scene is
going on. He will resume watching the movie after the scene. He therefore wants to have the movie being displayed
in a small part of the screen. The computing platform platform is used in the protable device. It is composed of one or
more ISP(s), one or more application specific integrated circuit(s) (ASIC) for functions like wireless communication or
LCD management, and reconfigurable hardware. When the user is starting his movie decoder the first time, the recon-

12

47



20

25

30

35

40

45

50

55

EP 1 372 084 A2

figurable hardware is free and completely available. As a result, the movie player can be started on it, as a hardware
task. The computational power of the reconfigurable hardware allows playing the movie at full quality. When the user
decides to start the 3D game, there are not enough resources available on the reconfigurable hardware to run both
applications. However the movie can be downscaled in resolution and frame rate, resulting in reduced computational
requirements for the player. The movie player can therefore be rescheduled into one of the ISPs, as a software task.
This frees up some hardware resources and allows the 3D game to be started as a hardware task. For different mul-
timedia content, different architectures are required. Consequently the two architectures would have to be present on
the device to enable the same scenario. By running these applications on a reconfigurable hardware this problem is
avoided. An architecture can be downloaded that fits best the application running on the device. An ASIP can be tuned
for each application, and replaced every time the application is changed. This scenario can be extended to the task
level. An application is typically composed of communicating tasks. The reconfigurable hardware can run muitiple
separate (hardware) tasks at the same time. As a result, the platform can realize true hardware-software multitasking.
Consider a reconfigurable hardware matrix containing ny, tiles. Each of these tiles is able to run a task. An application
i is divided into n; tasks. Each task can be run either in hardware or in software. The system will first try to schedule
the tasks on the hardware tiles. If it fails - meaning that the sum of the tasks of each application is bigger than the n,
available - two solutions can be envisaged: the operating system and/or middleware selects which tasks are critical
and should be run in hardware, and schedules the other ones on the ISP or the tasks are dynamically scheduled one
after the other on the hardware tiles. The first solution implies that some applications would receive more compute
power than others, generating the best trade-off for the user. The second solution is equivalent to consider the n,, tiles
as ny, processors that can schedule multiple tasks sequentially. It requires the possibility to perform a context switch
of a hardware task.

[0075] The present invention in one aspect can be represented in three layers (see Fig. 5). The lowest layer 10
represents the physical platform in itself, including the reconfigurable hardware and the ISPs. The middle and upper
layers 12, 14 comprise the programming infrastructure that needs to be built on top of the physical platform 10 to allow
easy design of applications on it. The middle layer 12 is the operating system, which enables multitasking of both
hardware tasks and software tasks, and provides some real-time services. The upper layer 14 is a middleware layer
that delivers two types of services. First, it creates an abstraction layer for the programmers. Indeed, these are pref-
erably shielded from the internals of the platform, having a common way of coding their applications 16 independently
of the target device on which they would run. Second, the middleware has to manage the usage of the resources in
order to provide always the best trade-off in terms of QoS for each of the applications.

[0076] Asanexample of an implementation of the present invention, a board is provided containing a Xilinx Virtex-1IT™
XC2V6000 FPGA, a Compag iPaq™ handheld device and some glue logic. The FPGA serves as the reconfigurable
hardware device, having a packet-switched interconnection network, and runs hardware tasks. The iPaq contains the
rest of the platform. There is only one ISP, which is a StrongARM SA-1110 processor, for example. The iPaqg and the
FPGA board are connected together via the Expansion Bus of the iPaq. The communication between the processor
and the network on the FPGA is performed by buffering messages in a Random Access Memeory, e.g. a DPRAM. The
glue logic on the FPGA board allows the processor to perform a partial reconfiguration of the FPGA. The operating
system is based on Linux™, for example. A port of Linux is indeed available for the iPaq. Real-time services to the
Linux OS (RT-Linux), running on the processor (206Mhz) is added. Extensions enabling the management of hardware
tasks are added. The interconnection network is a 2D torus using wormhole routing, for example. This implementation
achieves transfer rates up to 77.6 MB/s between two adjacent routers, when clocked at 40 MHz. Interconnection net-
works on FPGAs allow fine-grain dynamic partial reconfiguration and make hardware multi-tasking a reality.

[0077] A further example of an implementation of the present invention is a packet-switched ICN on a Virtex XCV800.
Reconfigurable designs can target the Virtex I, because it features 6 columns of block-RAMs (BRAMSs), allowing im-
plementation of up to 6 routers, whereas the Virtex | has only 2. The data-path width is chosen to maximize the network's
throughput. However, it cannot be too wide, because on the Virtex | family the BRAM element is 16-bit wide. Moreover,
reconfigurable modules have to use the scarce number of long-lines connecting tri-state buffers to connect routers
together and to get access to resources such as BRAMs or multipliers. Preferably the availability to these resources
is prioritized. Therefore, on the network, messages are segmented into 16-bit flits. The Maximum Transfer Unit (MTU)
is fixed to 128 data flits per message, enabling a Virtex | to buffer two messages in a BRAM. The ICN is fully pipelined
and achieves, between two routers, a peak rate of 38.8 MBytes/s per virtual channel, when clocked at 40 MHz. Hardware
tasks can be slow compared to the network's bitrates. Therefore, to avoid blocking, the hardware tasks are decoupled
from the network using interfaces. These interfaces use dual-port BRAMs (Block Random Access Memeory) to buffer
messages and work as a network abstraction layer for the hardware task. The ICN is connected to the memory bus of
the Strong-Arm SA1110 on a Compagq iPaq 3760. A specialized interface (IO interface) resides at the border of the
FPGA to enable communication with the CPU. The IO interface uses control registers and interrupts to communicate
with the CPU and its message buffers are memory mapped to the SA1110. The scheduling of the hardware tasks is
done on the CPU. Moreover, the reconfiguration of the Virtex is also done by the CPU, which accesses the Virtex
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select-map port through some glue-logic. At 50MHz a Virtex XCV800 can be reconfigured in less than 11ms (39.5ms
on a XC2V6000). For partial reconfiguration can be achieved at well under 5ms, which allows hardware tasks to start
in atime a user cannot perceive. On a 2D torus, rows are equivalentto columns, therefore the torus can be decomposed
into rows of 1D toruses connected to columns of 1D toruses - see Fig. 6. Two simple 1D routers 28 can be chained to
obtain a 2D router and produce a more modular network. A 1D-router has two input/output channels (see Fig. 8). A
message entering a router 28 can either be forwarded along the current direction or sent orthogonally, either on a
column if the Y header-flit is non-zero, or into a hardware task 29. Each channel is composed of a 16-bit data path and
of 3-bit control signals. Two control-bits are used to signal the presence of a message and its destination and the third
is a back-pressure signal (NACK) used to block a message entering a busy router or interface. The routers 28 handle
two time-multiplexed VCs to avoid deadlocking. These VCs are interleaved, with one clock cycle each. For efficiency,
the router is fully pipelined. Because the data channels are interleaved the control signals are also interleaved and
precede data by one clock cycle. The NACK signal, used for blocking, is back-propagated along the message path. It
takes two ticks for a flit to get out of a router, therefore at each clock cycle data is transmitted on, alternating VCs. A
1D-router is composed of one input controller 31 per channel, one arbiter 35 and an output-controller 36 (see Fig. 9).
The input controllers 31a, 31b issue output requests to a round-robin arbiter 35 and a unit 32a, 32b decrements header-
flits when routing. Each output channel has a unit 33A, 33b with a 2-flit deep buffer 34a, 34b to be able to resume
blocked messages. The output controller 36 is composed of a 2-input crossbar-switch and the NACK. An interface
decouples the hardware task 29 from the network using DP-RAMs as message buffers. The hardware task 29 can
then use independent data-width and clock rates, allowing easy IP integration. The interfaces are designed to cope
with the sustained bit-rates required by the ICN and perform multiple-message buffering to reduce network congestion.
Moreover the interface, called a "net-cell", provides the hardware task (or IP-block) with high-level communication by
means of routing tables. Hardware tasks 29 within an application communicate through a tuple composed of a logical
address and a port number, similar to the IP address and UDP port number for the UDP protocol. Routing tables
transform a destination logical address into the number of X and Y hops on the network. The routing tables are updated
by the RT-OS to match the position of the IP-block in the network. Therefore, a task does not need to know where it
is situated in the network and whether the tasks it communicates with are running in hardware or software. The RT-OS
adapts the routing tables after an IP-block reconfiguration. They can also be modified at any time without having to
reset or stop the hardware task. This is very useful if some other task from the same application is switched in or out
of the network as a function of the available resources and the QoS policy. The net-cell buffers two input and two output
messages on a Virtex | and eight on the Virtex Il. Each message buffer is complemented by a control register bank
giving the length and origin/destination of the message. This high-level protocol information such as port number or
net-cell origin is piggy-backed in the Y-header flit and does not require extra bandwidth.

[0078] A net-cell 40 is composed of a process of reading 41 the local router and steering the storage of messages
in a circular linked-list 42 of message buffers and control registers (see Fig. 10). The hardware task is encapsulated
in a block 44 that always presents the same fixed interface giving access to a message-in presentation layer 43 and
a message-out presentation layer 45. Moreover, this fixed block 44 also gives ports 47 to extra local resources such
as BRAMS or even multipliers on a Virtex Il. The presentation layers 43, 45 abstract the internals of the net-cell from
the IP-block. A process is continued by steering the storage of messages in a circular linked-list 46 of message buffers
and control registers and of writing 46 to the next local router (see Fig. 10)

[0079] The reconfigurable platform is composed of an ISP (SA-1110) coupled to an FPGA through its memory bus.
A special interface, similar to a net-cell, has been designed to allow fast and efficient communication between them
by means of memory-mapped registers and interrupts. The Virtex | implementation can buffer 8 input and 8 output
messages in its BRAMs. These are mapped in the memory space of the SA-1110 to allow fast access. Indeed, on an
iPaq 3760 the SA-1110 has a maximum access speed of up to 103 MHz on its memory bus. The full design is composed
of fixed router modules 52 and replaceable IP modules 54 (see Fig. 11). The IP modules 54 can be loaded dynamically,
according to the user actions. When a new IP module 54 is to be loaded into the FPGA it will be placed into a free
predefined area, or will replace a module that is no longer needed. In order to be able to dynamically reconfigure the
design, partial bitstreams of the IP modules 54 must be available. The partial bitstreams for the IP modules 54 can be
generated following the Partial Reconfiguration (PR) methodology developed by Xilinx (ISE tool suite v4.2 and higher).
According to the Xilinx methodology, the design has to be partitioned in fixed and reconfigurable modules. Routers 52
are fixed and hardware tasks are executed on the reconfigurable modules. In principle, during the partial reconfiguration
process all the modules can continue working, except for the reconfigured module. However, if the network has to
maintain communication between modules this may not be possible. According to the PR methodology, the reconfig-
urable modules must span the whole chip from top to bottom. Therefore the 2D torus must be folded into a 1D structure
and consequently the communication between routers has to traverse the reconfigurable modules. The communication
with the reconfigurable modules can take place through a "Bus Macro" 56 (BM - se Fig. 11). The BM 56 ensures the
reproducibility of the design routing and is implemented using tri-state buffers. The tri-state buffers force the routing to
always pass through the same places. At the same time they decouple the modules from each other during reconfig-
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uration, avoiding possible harmful transitory situations. In this way, a 4 bit per row communication channel is possible
between adjacent modules. This limitation comes from the current Virtex architecture and its limited routing resources.
The Virtex Il 6000 has 96 rows, limiting the total number of bits passing through the interface to 384. Moreover, the
BMs 56 only support unidirectional signals, strongly limiting the minimum size of an FPGA that can be used to implement
the network. The current Xilinx tool suite requires the modules to have widths in multiples of 4 columns. A Virtex Il
6000 has 88 columns which sets the upper limit of the possible modules to 22. However, the main limitation in the
number of modules comes from the fact that all resources, such as BRAMs 58, present inside the area reserved for a
module can only be used by that module. Because the routers 52 use BRAMs 58, the maximum number of routers 52
is given by the number of BRAM columns available on the FPGA: 2 for a Virtex | and 6 for a Virtex Il 6000. The use of
an ICN brings in some hardware overhead. The synthesis has been performed with Synopsys Design Compiler on a
Virtex XCV800. For a 22 torus network the hardware overhead on a Virtex XCV800 amounts to 35%, but drops to
9.5% on a bigger Virtex XC2V6000. The ICN is fully pipelined and it takes 2 clock cycles to transmit one 16-bit flit on
a given VC. There are 128 data flits in a message and two extra header flits plus two more for the message tail. The
bandwidth between two adjacent routers, per VC is therefore: (16-bit * 20MHz * 128/132)/8 = 38.8 MBytes/s. Ona 22
torus network, the total bandwidth is therefore 310.4 MBytes/s. The throughput of the network is however limited by
the deterministic routing scheme. If each task is simultaneously sending a message, the throughput drops to 20%. A
technique to overcome this problem is to clock the network faster than the hardware tasks. The proposed three steps
enable the use of interconnection networks to perform fine-grain dynamic multi-tasking on FPGAs. In the first place,
one separates communication from computation by using a fixed communication layer. To this end, interconnection
networks are to be preferred over bus architectures because they are more scalable and consume less power. The
interconnection network can be a fully-pipelined 2D-torus that uses wormhole routing to minimize hardware overhead
and achieves 77.6 MBytes/s at 40MHz. Finally, dynamic partial reconfiguration is possible on Virtex FPGAs by folding
the 2D-network into a 1D-structure fitting the Virtex column-based architecture.

[0080] Itis an aspect of the invention to provide an operating system (or at least extensions for traditional operating
systems) for reconfigurable systems (OS4RS) capable of managing the tasks over the different resources, including
handling of hardware tasks.

The OS4RS provides multiple functions. First of all, it implements a hardware abstraction layer (HAL), which provides
a clean interface to the reconfigurable logic. Secondly, the OS4RS is responsible for scheduling tasks, both on the ISP
and on the reconfigurable logic. This implies that the OS4RS abstracts the total computational pool, containing the ISP
and the reconfigurable tiles, in such a way that the application designer is not aware on which computing resource the
application will run. A critical part of the functionality is the uniform communication framework, which allows tasks to
send/receive messages, regardless of their execution location.

[0081] On top of the operating system a middle layer taking the application as input and deciding on the partitioning
of the tasks, is provided. This decision is driven by quality-of-service considerations.

[0082] An application should preferably be designed in such a way that it can be executed on the platform. In a first
approach, a uniform HW/SW design environment is used to design the application. Although it ensures a common
behavior for both HW and SW versions of the task, it still requires both versions of the task to be present in memory.
Alternatively unified code that can be interpreted by the middleware layer and spawned either in HW or SW can be
used. This approach is not only platform independent similar to JAVA, it also reduces the memory footprint, since the
software and the hardware code will be integrated.

[0083] Relocating a task from hardware to software need not affect the way other tasks are communicating with the
relocated task. By providing a uniform communication scheme for hardware and software tasks, the OS4RS hides this
complexity.

[0084] In an embodiment the inter-task communication is based on message passing. Messages are transferred
from one task to another in a common format for both hardware and software tasks. Both the operating system and
the hardware architecture should therefore support this kind of communication.

[0085] Every task is assigned a logical address. Whenever the OS4RS schedules a task in hardware, an address
translation table is updated. This address translation table allows the operating system to translate a logical address
into a physical address and vice versa. The assigned physical address is based on the location of the task in the
interconnection network (ICN).

[0086] The OS4RS 1 provides a message passing API 2, which uses these logical/physical addresses to route the
messages. In an exemplary communication scheme, three subtypes of message passing between tasks can be dis-
tinguished (Fig. 1).

[0087] Messages 3 between two tasks (P1 and P2), both scheduled on the ISP 8, are routed solely based on their
logical address and do not pass the hardware abstraction layer (HAL) 7.

[0088] Communication 4 between an ISP task (P3) and a hardware (FPGA) task (Pc) does pass through the hardware
abstraction layer 7. In this case, a translation between the logical address and the physical address is performed by
the communication API. The task's physical address allows the HAL 7 to determine on which tile 9 of the ICN the
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sending or receiving task is executing.

[0089] On the hardware side, the packet-switched interconnection network is providing the necessary support for
message passing. Messages 5 between tasks, both scheduled in hardware 8, are routed inside the interconnection
network without passing through the HAL 7. Nevertheless, since the operating system 1 controls the task placement,
it also controls the way the messages are routed inside the ICN, by adjusting the hardware task routing tables.
[0090] The packet-switched interconnection network, which supports the hardware communication, solves some
operating system issues related to hardware management such as task placement, location independence, routing,
and inter-task communication. Task placement is the problem of positioning a task somewhere in the reconfigurable
hardware fabric. At design time, task placement is realized by using place and route tools from the reconfigurable
hardware vendor. This usually generates an irregular task footprint. At run-time, the management software is respon-
sible for arranging all the tasks inside the reconfigurable fabric. When using irregular task shapes, the management
software needs to run a complex fitting algorithm. Executing this placement algorithm considerably increases run-time
overhead. Preferably, the designer constrains the place and route tool to fit the task in the shape of a tile. Run-time
task placement is therefore greatly facilitated, since every tile 9 has the same size and same shape. The OS4RS 1 is
aware of the tile usage at any moment. As a consequence, it can spawn a new task without placement overhead by
replacing the tile content through partial reconfiguration of the reconfigurable hardware device 8 (FPGA).

[0091] Location independence consists of being able to place any task in any free location. This is an FPGA-de-
pendent problem, which requires a relocatable bitstream for every task. A first approach is to have a partial bitstream
for every tile 9. A second alternative is to manipulate a single bitstream at run-time.

[0092] The run-time routing problem can be described as providing connectivity between the newly placed task and
the rest of the system. A communication infrastructure is implemented at design-time inside the interconnection net-
work. This infrastructure provides the new task with a fixed communication interface, based on routing tables. Once
again, the OS4RS 1 should not run any complex algorithm. Its only action is updating the routing tables every time a
new task is inserted/removed from the reconfigurable hardware 8.

[0093] A trade-off is made between area and run-time overhead. As every tile 9 is identical in size and shape, the
area fragmentation is indeed higher than in a system where the logic blocks can have different sizes and shapes.
However, the OS4RS 1 will only need a very small execution time to spawn a task on the reconfigurable hardware 8,
since the allocation algorithm is limited to the check of tile availability.

[0094] For the relocatable tasks, a common behavior for the HW and the SW implementation of a task is provided.
In one embodiment a unified representation is provided that can be refined to both hardware and software.

[0095] Consider a C++ library (denoted OCAPI-xI) that allows unified hardware/software system design as described
generally in US 6,233,540 which is incorprated herein by reference. Through the use of the set of objects from OCAPI-
x|, a designer can represent the application as communicating threads. The objects contain timing information, allowing
cycle-true simulation of the system as described in EP 1,022,654 which is incorporated herein by reference. Once the
system is designed, automatic code generation for both hardware and software is available. This ensures a uniform
behavior for both implementations in our heterogeneous reconfigurable system.

[0096] Through the use of the FLI (Foreign Language Interface) feature of OCAPI-xI, an interface can be designed
that represents the communication with the other tasks. This interface provides functions like send_message and
receive_message that will afterwards be expanded to the corresponding hardware or software implementation code.
This ensures a communication scheme that is common to both implementations.

[0097] Itis possible for the programmer to know at design time on which of the heterogeneous processors the tasks
preferably should run. However, the presetn invention does not guarantee run-time availability of hardware tiles. Fur-
thermore, the switch latency of hardware tasks (in the range of 20ms on a FPGA) severely limits the number of time-
based context switches. It is preferred if spatial multitasking is made in hardware, in contrast to the time-based multi-
tasking presented. Since the number of tiles is limited, the OS4RS is forced to decide at run-time on the allocation of
resources, in order to achieve maximum performance. Consequently, it is possible for the OS4RS to pre-empt and
relocate tasks from the reconfigurable logic to the ISP and vice versa.

[0098] The ISP registers and the task memory completely describe the state of any task running on the ISP. Conse-
quently, the state of a preempted task can be fully saved by pushing all the ISP registers on the task stack. Whenever
the task gets rescheduled at the ISP, simply popping the register values from its stack and initializing the registers with
these values restores its state.

[0099] This approach is not usable for a hardware task, since it depicts its state in a completely different way: state
information is held in several registers, latches and internal memory, in a way that is very specific for a given task
implementation. There is no simple, universal state representation, as for tasks executing on the ISP. Nevertheless,
the operating system will need a way to extract and restore the state of a task executing in hardware, since this is a
key issue when enabling heterogeneous context switches.

[0100] A way to extract and restore state when dealing with tasks executing on the reconfigurable logic can be
achieved by getting all status information bits out of the read back bitstream. This way, manipulation of the configuration
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bitstream allows re-initializing the hardware task. Adopting this methodology to enable heterogeneous context switches
requires a translation layer in the operating system, allowing it to translate an ISP type state into FPGA state bits and
vice versa. Furthermore, with this technique, the exact position of all the configuration bits in the bitstream must be
known. It is clear that this kind of approach does not produce a universally applicable solution for storing/restoring task
state. It is preferred to use a high level abstraction of the task state information. This way the OS4RS is able to dy-
namically reschedule a task from the ISP to the reconfigurable logic and vice versa. Fig. 2a represents a relocatable
task, containing several states 21-26. This task contains 2 switch-point states 22, 26 at which the operating system
can relocate the task. The entire switch process is described in detail by Fig. 3. In order to relocate a task, the operating
system can signal that task at any time as in (1). Whenever the signaled task reaches a switch-point, it goes into the
interrupted state (2) that is also shown in Fig. 2b as state 27. Switch points in a task are described EP 0 918 280 which
is incorporated herein by reference. In this interrupted state 27 all the relevant state information of the switch-point is
transferred to the OS4RS - item (3) of Fig. 3. Consequently, the OS4RS will re-initiate the task on the second hetero-
geneous processor using the received state information - item (4). The task resumes on the second processor, by
continuing to execute in the corresponding switch-point - item (5). Note that the task described in Fig. 2 contains multiple
switch-points 22, 26, which makes it possible that the state information that needs to be transferred to the OS4RS can
be different for each switch-point 22, 26. Furthermore, the unified design of both the ISP and FPGA version of a task,
ensures that the position of the switch-points 22, 26 and the state information are identical.

[0101] A relocatable video decode example described below illustrates that the developed operating system is able
to dynamically reschedule a task from the ISP to the reconfigurable logic and vice versa. At this point in time, this
simplified application contains only one switchable state, which contains no state information. This however illustrates
the importance of the location of the switch-points. Designers preferably create their applications and place the switch-
points in such a way that the amount of state information is minimal, since the time needed to transfer this information
adds directly to the context switching overhead. The insertion of these "low overhead" switch-points will also be strongly
architecture dependent: in case of a shared memory between the ISP and the reconfigurable logic, transferring state
can be as simple as passing a pointer, while in case of distributed memory, data will have to be copied.

[0102] Alternatively a design tool should be able to create these switch-points automatically or at least give sugges-
tions therefore. One of the inputs of the design tool will be the target architecture. The OS4RS will then use these
switch-points to perform the context switches in a way hidden from the designer.

[0103] As an illustration of the presetn invention a relocatable video decoder is presented. First the platform on which
the decoder as implemented is described. Then the decoder implementation is detailed. Finally performance and im-
plementation results are presented.

[0104] A first reconfigurable computing platform for HW/SW multitasking is provided. A Gecko demonstrator is a
platform composed of a Compagq iPAQ 3760 and a Xilinx Virtex 2 FPGA. The iPAQ is a personal digital assistant (PDA)
that features a StrongARM SA-1110 ISP and an expansion bus that allows connection of an external device. The FPGA
is a XC2V6000 containing 6000k system gates. The FPGA is mounted on a generic prototyping board connected to
the iPAQ via the expansion bus. On the FPGA, a soft packet-switched interconnection network composed of two ap-
plication tiles and one interface tile is provided. The Gecko platform is showcasing a video decoder that can be executed
in hardware or in software and that can be rescheduled at run-time. The video decoder is a motion JPEG frame decoder.
A send thread passes the coded frames one by one to the decoder thread. This thread decodes the frames and sends
them, one macroblock at a time, to a receive thread that reconstructs the images and displays them. The send thread
and the receive thread run in software on the iPAQ, while the decoder thread can be scheduled in HW or in SW (Fig.
4). The switch point has been inserted at the end of the frame because, at this point, no state information has to be
transferred from HW to SW or vice-versa. Two implementations of the JPEG decoder have been implemented. The
first one is quality factor and run-length encoding specific (referred as specific hereafter), meaning that the quantization
tables and the Huffman tables are fixed, while the second one can accept any of these tables (referred as general
hereafter). Both implementations target the 4:2:0 sampling ratio. Table 1 details the results of the implementation of
the decoders in hardware. (These results are given by the report file from the Synplicity® Synplify Pro™ advanced
FPGA synthesis tool, targeting the Virtex2 XC2V6000 device, with BF957 package and speed grade -4, and for a
required clock frequency of 40 MHz).
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Specific General
implementation implementation
Decoder size 9570 15901
(LUT)

Table 1. Hardware implementation of the decoder

[0105] Table 2 shows the frame rate of the decoder. These results are the same for both general and specific imple-
mentation. The clock runs at 40 MHz, which is the maximum frequency that can be used for this application on the
FPGA (speed grade - 4).

Software Hardware

Frame rate 6 23
(fps)

Table 2. Achieved frame rate

[0106] When achieving 6 fps in software, the CPU load is about 95%. Moving the task to hardware reduces the
computational load of the CPU, but increases the load generated by the communication. Indeed, the communication
between the send thread and the decoder on the one side, and between the decoder and the receive thread on the
other side, is heavily loading the processor. The communication between the iPAQ and the FPGA is performed using
BlockRAM internal DPRAMSs of the Xilinx Virtex FPGA. While the DPRAM can be accessed at about 20 MHz, the CPU
memory access clock runs at 103 MHz. Since the CPU is using a synchronous RAM scheme to access these DPRAMSs,
wait-states have to be inserted. During these wait-states, the CPU is prevented from doing anything else, which in-
creases the CPU load. Therefore, the hardware performance is mainly limited by the speed of the CPU-FPGA interface.
This results in the fact that for a performance of 23 fps in hardware, the CPU is also at 95% load. Although the OS4RS
overhead for relocating the decoder from software to hardware is only about 100 s, the total latency is about 108 ms.
The low OS4RS overhead can be explained by the absence of a complex task placement algorithm. Most of the relo-
cation latency is caused by the actual partial reconfiguration through the slow CPU-FPGA interface. In theory, the total
software to hardware relocation latency can be reduced to about 11ms, when performing the partial reconfiguration at
full speed. When relocating a task from hardware to software, the total relocation latency is equal to the OS4RS over-
head, since in this case no partial reconfiguration is required.

[0107] A further embodiment of the present invention is shown in Fig. 12. The arrangement of Fig. 12 is a system,
managed by OS4RS 1, that contains a) an ISP 6, b) a hardware reconfigurable device 8 such as an FPGA and c) a
soft computing unit 10. The soft computing unit 10 will rely on a host computing unit (the ISP 6 or the FPGA 8) to
execute OS4RS tasks. Each computing unit 10 has an interface layer 42 responsible for hiding its internal complexity
from the OS4RS 1 by providing the required processor information structure functions. In case of an ISP 6, an RTOS
layer 43 as interface layer is used, since it readily provides all necessary processor information structure functions.
[0108] Fig. 13 shows a method flow to link the different computing units in a hierarchical way. These actions are
performed by the operating system, US 24RS when it needs to execute a task on a computing resource. In case the
task is assigned ato a software computing unit, the operating system needs to recursively allocate a suitable host
computing unit and link both computing resources by means of their respective processor information;

[0109] Fig. 14 shows setting up and starting an OS4RS task as achieved by recursively setting up and starting every
computing unit in the hierarchy. This is done by means of interface functions present in the processor information
structure. It is the responsibility of the software computing unit to set an instance of itself on the host computing unit
before execution of the assigned task. This is possible due to the fact that the processor structures form a hierarchically
linked list (Fig. 13).

[0110] Fig. 15 demonstrates in (a) that Task x' and "Task y' each allocate an ICN tile 45, 46, with a lot of unused
reconfigurable hardware area 47 as a consequence. In Fig. 14 b it is shown that by using an additional abstraction
layer 48, it is possible to reduce the amount of unused reconfigurable area 47 while using only a single ICN tile 49.
[0111] Since a reconfigurable hardware device such as an FPGA does not exhibit the same run-time flexibility as
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the Instruction Set Processor (ISP), e.g. when it comes to ease and speed of setting up a task, and in addition, FPGA's
tend to be less suited than traditional ISP's to accommodate control-flow dominated tasks, the present invention pro-
vides a method and apparatus to alleviate some of these issues by using a reconfiguration hierarchy (e.g. placing and
configuring an ASIP or coarse grain reconfigurable block into the FPGA).

[0112] In this embodiment, the invention provides an operating system that transparently manages the complexity
of hierarchical reconfiguration. In addition, the present invention has the benefits of employing multiple hierarchical
levels of configuration. In one aspect the present invention provides a filtering application on top of a microcontroller
and a parameterizable filter block, both instantiated inside a reconfigurable hardware device such as an FPGA. The
micorcontroller can be a 16 bit micocontroller. At least one additional abstraction level ontop of the computing resources
(ISP or FPGA) is provided. Alone or combined, these abstraction levels form a reconfiguration hierarchy, transparently
managed by an Operating System for Reconfigurable Systems.

[0113] This means, for example, that the OS4RS 1 is able to instantiate a virtual machine on top of an ISP or a
softcore/coarse-grain block on top of an FPGA. The OS4RS's main duty is to divide the available computing resources
among all executing tasks in an efficient and fair way. Therefore, the operating system will have to keep track of the
available computing resources as well as the executing OS4RS tasks. The operating system manages its computing
resources by linking a processor information structure to every (programmable) computing unit in the system (e.g. ISP).
[0114] Itshould be noted that it is also possible to register, for example, a softcore or a virtual machine as an OS4RS
computing resource. This type of computing resource, further denoted as soft computing unit 10, provides the system
with a new level of computing abstraction. A soft computing unit 10 requires a host computing unit in order to be able
to execute an OS4RS task, e.g. softcore ASIP on top of an FPGA host or virtual machine on top of an ISP host. Every
processor information structure contains a set of interface functions that completely describes the functionality of the
computing resource. This means that for every registered resource, the OS4RS is able to instantiate/delete a task,
suspend/resume a task, control inter-task communication and handle computing resource exceptions. The operating
system is also able to monitor the state of the computing resource through a number of variables contained in its
information structure. This mainly includes the load of the computing unit, the number of running tasks, the task setup
time and a link to the host processor information structure in case of a soft computing unit. The operating system keeps
track of the tasks by means of a task information structure list. Every OS4RS task instantiation is linked to such a task
information structure.

[0115] As shown in Fig. 12, setting up and starting a task on any computing unit is done by means of the interface
functions present in its processor information structure. Notice that it is the responsibility of the soft computing unit to
setup an instance of itself on the host computing unit prior to execution of the assigned task. This is possible due to
the fact that the processor information structures form a hierarchically linked list (Fig. 13). Naturally, if the required soft
computing instance is already present, the task setup phase only requires to reconfigure the instance (e.g. applying
new filter coefficients in case of a run-time configurable filter block). The reason for this hierarchical way of setting up
and starting a task is that configuration is strongly dependent on the implementation of the soft computing unit (e.g.
an ASIP will have to configure some program memeory, while a coarse grain filter block only needs to configure the
filter components).

[0116] Notice that two hierarchical levels of reconfiguration have been described, the operating system is not bound
to that limitation. Indeed employing an operating system that is able to handle hierarchical (re)configuration opens up
a wide range of possibilities, by allowing to place any kind of abstraction layer on top of another registered computing
resource. This provides the benefits of hierarchical reconfiguration for the application designer, but also for the man-
agement of the run-time reconfigurable resources. By using an operating system for reconfigurable systems capable
of handling hierarchical reconfiguration, one could use the following approaches.

[0117] In case the hardware tasks are significantly smaller than the reconfigurable tiles the designer can consider
using or creating a second hierarchical network level by registering a special type of soft computing unit: a multiplexer
block. This type of soft computing unit is in fact an extra abstraction layer that allows placing multiple small dedicated
hardware tasks into one reconfigurable ICN tile. The main job of this multiplexer block, would be to perform, in asso-
ciation with the OS4RS, some kind of port masquerading: depending on the port number of an incoming data message,
the message is dispatched to 'Task x' or 'Task y' (see Fig. 15).

[0118] In case a dedicated hardware task is too large, the designer can consider using a specialized soft computing
unit (DSP or ASIP) to perform the task. This implies that a soft computing unit may prove to be useful for tasks that
are quite complex and would require a very large state machine. In addition, the use of a microprocessor tends to be
more efficient in case of control-intensive tasks. The only possible down-side, is that the soft computing unit might not
live up to the performance or power requirements. Obviously, it is up to the designer to decide if these properties are
considered important for the task or application under development.

[0119] Note that there are, essentially, two different techniques to deal with dynamic task relocation: the translation-
based technique and the interpretation-based technique. The translation based technique is used when a task needs
to be relocated between heterogeneous computing units (e.g. from an ICN tile to an ISP or vice versa). In this case,
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relocating a task first of all requires that the task binary is present for both computing unit types or that the operating
systemis able to perform a run-time translation. Secondly, in order to seamlessly continue task execution, the operating
system needs to transfer the task state from one computing unit to another. If the task state is not kept in an application-
dependent processor-independent form, then this technique also implies a translation of the task state by the OS4RS.
The interpretation based technique can be used in case the task is executing on a soft computing unit available for
both types of host computing units involved in the dynamic task relocation. This, in fact, is the same as having the
same virtual processor emulated on both the origin and target processor in the relocation process. Obviously, in this
case there is no need to have multiple binary representations per task, which is quite important when dealing with
limited storage devices (embedded architectures). Furthermore, transferring task state is quite straightforward, in con-
trast to the translation technique. The interpretation based technique would, for example, allows a task to be started
on a Java Virtual Machine running on top of an ISP and then relocate it to a Java Processor Core, fitted into an ICN tile.
[0120] The benefits acquired by executing a task on a soft computing unit, like an ASIP or a coarse grain reconfig-
urable block, instead of using dedicated hardware configuration can be splitinto two categories: the design-time benefits
and the run-time benefits. At run-time, the use of such a soft computing unit results in less inter-task interference, since
the time needed to perform a run-time reconfiguration is considerably reduced. This reduced task setup time, in turn,
makes multitasking on an ICN tile by means of temporal scheduling feasible. Finally, the amount of storage space
(memory and disk space) needed to store a task binary can be reduced by at least an order of magnitude. The design
time benefits of using this kind of soft computing unit can be summarized as follows: Faster development due to the
widespread availability of software development tools and simulators. This makes it possible, for example, to use a
software task while prototyping. Meanwhile a dedicated high performance hardware configuration can be developed
with possible reuse of legacy code, which avoids going through a lengthy design and debug phase.

Claims

1. A method of dynamically reconfiguring a computing platform in a process for executing at least one application on
said platform,
said platform comprising at least one programmable processor and a reconfigurable processing device,
said application comprising a plurality of tasks,
a number of said tasks being selectably executable as a software task on a programmable processor
or as a hardware task on a hardware device,
said method comprising:

configuring said reconfigurable device so as to be capable of executing a first plurality of hardware tasks ;
after said configuring, executing a first set of tasks of an application substantially simultaneously on said plat-
form, at least two of said tasks of said first set being substantially simultaneously executed as hardware tasks
of said first plurality on said reconfigurable device;

interrupting said execution of said first set;

configuring said reconfigurable device such that at least one new hardware task other than one of the first
plurality of hardware tasks can be executed;

executing a second set of said tasks to further execute the application, the second set including said new
hardware task, the execution being substantially simultaneously on said platform, at least two of said tasks of
said second set, including said new hardware task, being substantially simultaneously executed as hardware
tasks on said reconfigurable device.

2. The method accordingto claim 1, wherein said reconfigurable device, comprises a plurality of tiles, each tile being
configurable in a variety of configurations, each of said tile configurations being capable of running a hardware
task and wherein the configuring of said reconfigurable device such that said at least one new hardware task other
than the first plurality of hardware tasks can be executed, changes at least one of said tiles from one configuration
to another configuration.

3. The method as recited in claim 2, wherein said reconfigurable device comprises a plurality of tiles and a commu-
nication network for providing communication between said tiles, wherein during said configuring of said reconfig-
urable device such that at least one new hardware component other than the hardware components of said first
list can be executed, said communication network remains fixed.

4. The method as recited in claim 1, wherein said new task is first executed on said programmable processor and
thereafter, when the configuring is ready,
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executing the second set of said tasks, including said new task, substantially simultaneously on said platform,
while at least two of said tasks of said second set, including said new task, are substantially simultaneously exe-
cuted as hardware tasks on said reconfigurable device.

The method according to claim 1, wherein a task is described in a description using a description language and
being represented as a first set of objects with a first set of relationships therebetween,.

The method of claim 5, further comprising: transforming the description into synthesizable code.

The method of claim 1, wherein said application is represented by codes, of which at least a first part is convertible
in a first code, obtainable by mapping at least part of said application onto a virtual device which is hardware
reconfigurable, further at least a second part of said code is convertible in a second code obtainable by mapping
at least part of said application onto a virtual programmable processor, said first code comprising configuration
information for hardware reconfiguring said virtual device, said hardware reconfiguring being required for enabling
execution of said application on said virtual device, said second code comprising instructions compilable on a
virtual programmable processor, said method comprising:

transforming said first code into a third code, said third code comprising configuration information for hardware
configuring said hardware reconfigurable device, said hardware reconfiguring being required for enabling ex-
ecution of said application on said hardware reconfigurable device;

transforming said second code into a fourth code, said fourth code comprising instructions compilable on said
programmable processor;

executing on said device said application with said third and fourth code.

The method of claim 1, wherein said application is defined as a set of process threads in a description language,
the set defining a representation of the application, at least part of said process thread representing a process
which can be carried out on either said reconfigurable hardware device or said programmable processor, said
description language including a function that suspends a thread; the method comprising:

suspending at least one thread and storing the state information of said thread by invoking said function.
An operating system of a computing platform, capable of managing the execution of at least one application,
comprising a plurality of tasks,

a number of said tasks being selectably executable

as a software task on a programmable processor or
as a hardware task on a hardware device,

on the computing platform comprising at least one programmable processor and a reconfigurable device,
said operating system comprising:

means for scheduling said tasks;
said operation system further comprising:
means to reconfigure at run-time resources for a hardware task executed on the reconfigurable device.

The operating system according to claim 9, further comprising means to allocate resources between the program-
mable processor and the reconfigurable device.

The operating system according to claim 9, further comprising means to pre-empt and relocate tasks between the
programmable processor and the reconfigurable device and vice versa.

The operating system according to claim 9, further comprising means for storing state information for a task, ex-
ecuted as a hardware component, when preempted on said reconfigurable device.

The operating system according to claim 9, wherein said tasks are capable of moving to a preemption state when
receiving a pre-emption request, further comprising means, when said preemption state is reached for a task, to
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send a message containing the current state of that task.

The operating system according to claim 9, further comprising: means for restoration of state information on said
reconfigurable device, when the corresponding task's execution is re-started.

The operating system according to claim 9, further comprising:
means for invoking hard real time constraints on a task executed as a software task.
The operating system as according to claim 9, further comprising:

means for supporting uniform communication, allowing tasks to send/receive messages regardless of whether
they are executed as hardware or as software tasks.

The operating system according to claim 16 being adapted for handling logical addresses as representations of
said tasks, and
said means for supporting uniform communication comprises

means for updating address translation tables, enabling translation of said logical addresses into physical
addresses, representing the location of a task within the reconfigurable device.

The operating system according to claim 9, being adapted for operating with a platform with a reconfigurable
device, comprising a plurality of tiles, each tile being configurable in a variety of configurations, each of said tile
configurations being capable of running a hardware component, further comprising:

means for storing the usage of tiles by said hardware components at any moment.
The operating system according to claim 9, wherein the reconfigurable device comprises a plurality of tiles, each
tile being configurable in a variety of configurations, each of said tile configurations being capable of running a
hardware component, further comprising:

means for deciding on which tile a hardware task is executed.

The operating system according to claim 19, further comprising:

means for adapting the configurations of said tiles by performing a partial reconfiguration of said reconfigurable
device without rerouting.

The operating system according to claim 9, wherein said reconfigurable device comprises a plurality of tiles and
a communication network for providing communication between said tiles, further comprising:

means for message routing over said communication network by providing routing tables.

The operating system according to claim 9, being adapted for execution on said programmable processor in real-
time mode.

The operating system of claim 9, further comprising a piece of middleware software, the middle software compris-
ing:

means of communicating with the operating system, and
means for performing the selection of whether a task will be selected as software or as hardware component.

The operating system of claim 23, wherein the middleware software further comprises:
means for handling a representation of said application as a set of communicating threads.

The operating system of claim 24, wherein the middleware software further comprises:
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means for automatic code generation for a task either as hardware component or as software component.
26. The operating system according to claim 9, further comprising a device driver, dedicated for the reconfigurable
device, configured to have a plurality of tiles, comprising means for communicating with the operating system, said

means forcommunicating providing said operating system with information about the number of tiles and the speed
of reconfigurability of said reconfigurable device.
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Description

[0001] This invention relates to a method and apparatus for scheduling threads in a multicore architecture.

[0002] In recent years, there has been a trend towards producing processors containing multiple cores, in order to
maximise silicon efficiency (i.e. "application-available" MIPs/mmZ2 or MIPs/mW). Such multicore architectures are ideally
suited to running applications based on threads, because a thread defines an autonomous package of work contain ing
an execution state, instruction stream and dataset, which, by definition, may execute concurrently with other threads.
[0003] Scheduling isthe generalterm for the discovery and allocation of the most suitable thread (i.e. setof instructions)
for execution, to particular processing resources, and is required by both the application program and the underlying
hardware platform upon which it is being executed.

[0004] The concurrency of execution within a multicore architecture, combined with the possible availability of multiple
cores suitable for executing a particular thread, introduces additional problems into the scheduling used to allocate
threads within these multicore architectures.

[0005] The prior art document entitled "Configuration-sensitive process scheduling for FPGA-based computing plat-
forms" by CHEN G. ET AL discloses a scheduling algorithm for reconfigurable FPGA systems.

Summary of the Invention

[0006] Accoding to a first aspect of the present invention, there is provided a method of scheduling executable trans-
actions, more often referred to as threads, within a multicore processor as set out in claim 1.

[0007] By providing a multilevel, and more preferably hierarchical, scheduling system, the present invention enables
the construction of complex scheduling algorithms out of one or more simpler scheduling algorithms. The ability to use
such complex scheduling algorithms improves the performance of an application, comprising multiple threads, during
its execution. The present invention improves the runtime performance of an application by more efficiently allocating
the executable transactions, or threads, to processing resources. This can increase the speed of execution and reduce
bottlenecks on certain resources. It can also increase the usage of otherwise less active parts of the multicore processing
resources.

[0008] In the case where one or more of the processor elements has a reconfigurable logic part, for example in the
case of the reconfigurable execution part of a Field Programmable Gate Array (FPGA), the present invention can improve
the performance by aggregating threads together that utilise the same configuration of the logic. This serves to reduce
the need, or lessen the impact of, context switches, i.e. when the reconfigurable logic part is being reconfigured.
[0009] This invention may also improve performance in the case of reconfigurable logic, in the form of a local cache
memory storing the instructions ready for execution next on the processor element in question.

[0010] This is because the effect of local cache misses, or local cache flushes can be minimised by aggregating
threads for execution that use the same area of cached memory.

[0011] Inthe preferred embodiment, the method is carried out by a dedicated hard-coded, therefore efficient, embod-
iment. The preferred hard-coded embodiment is in a server-client topology, comprising the system server (referred to
hereafter as SystemWeaver), and a client per processing resource, or core, within the multicore processor. In other
embodiments where the abilities of the processing resources in question allow, a single client may aggregate access to
multiple processing resources.

[0012] To further improve performance of the overall system incorporating the present invention, the preferred em-
bodiment uses pointers within a dedicated memory for scheduling allocations, storing values for decision purposes, and
the like, these pointers preferably contain fields for storing parameters upon which the scheduling decisions are made,
and preferably contain further fields for storing values for use in subsequent decisions, or simply to store other values
of interest. Said fields are collectively referred to hereinafter as metrics or operators.

[0013] Ancillary to the invention, there is provided a method of scheduling executable transactions within a multicore
processor, said executable transactions defining an application, and said multicore processor having a plurality of proc-
essor elements, the method comprising maintaining a hierarchy of executable transaction schedulers, wherein the
hierarchy is adapted to schedule executable transactions in accordance with the requirements of the application when
in use, wherein each level of said scheduler hierarchy comprises at least one scheduler, and wherein the at least one
scheduler comprises at least one rule to sort said executable transactions into an order of the most eligible transactions
for execution on one or more of the processor elements.

[0014] In the case where a multicore processor has multiple processing resources, each capable of executing a
particular thread, the present invention allows these multiple processing resources to be placed into a pool together. It
is then this pool of processing resources that is allocated threads. In such a situations, however, when the number of
threads needing execution does not surpass the executing capability of the pool, i.e. some of the processing resources
within that pool are either being under utilised, otherwise not being utilised at all, the present invention allows each of
the processing resources to be placed into a power saving mode. The processing resources may even have multiple,
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different, levels of power saving.

[0015] Preferable, processing resources are taken out of a power saving mode, or at least moved to a lesser power
saving mode with its associated lower cost of return to full power mode, when the thread execution load requires it.
[0016] According to another aspect of the present invention, there is provided a computer program, which, when
executed by digital logic, carries out this method. There is also provided a computer readable medium containing said
computer program.

[0017] Processor elements, processing resources, cores, and processor are to be construed as equivalent when
utilising the teachings of the description herein.

[0018] The busy status of a processor element may equate to its current workload.

[0019] Further advantageous features are defined in the dependent claims appended hereto.

[0020] According to afurther aspectof the presentinvention a multicore processor is provided, said multicore processor
comprising: a plurality of processor elements; at least one distribution queue, said distribution queue listing executable
transactions in order of eligibility for execution; and a multilevel scheduler comprising: a plurality of individual executable
transaction schedulers, wherein each individual executable transaction scheduler includes a scheduling algorithm for
determining the most eligible executable transaction for execution; wherein the schedulers are linked together and the
multilevel scheduler is arranged to output the most eligible executable transaction from therein to the at least one
distribution queue.

[0021] An executable transaction may comprise a thread descriptor, which may be selected from a plurality of states.
The thread descriptor may be changed between states from the plurality of states, according to a state transition con-
figuration, thereby identifying the executable transaction, such that it may be managed, amongst a plurality of executable
transactions, to provide low scheduling latency and integrity of the scheduling hierarchy. A scheduler may identify the
thread descriptor. The scheduler may comprise a scheduler state, selected from a plurality of scheduling states. The
scheduler state is controlled to support a dynamic scheduling hierarchy, wherein the scheduling hierarchy may be
adjusted during the normal operation of the system, whilst maintaining the ordering and integrity of items scheduled
within that hierarchy.

[0022] The multicore processor may further comprise a hardware timing resource, which may be arranged to provide
a watchdog timeout, and wherein the watchdog timeout indicates that a processing resource instance has entered an
inoperable state. The hardware timing resource may alternatively provide a timeslice timeout, wherein the timeslice
timeout indicates that a processing resource instance, or group of processing resource instances, is shared fairly between
multiple equally eligible executable transactions. Fair sharing may comprise providing an equal share of the time, or a
share of the time proportion to the requirements of the executable transaction. The hardware timing resource may be
arranged to switch between a first mode in which it is configured to provide the watchdog timeout and a second mode
in which itis configured to provide the timeslice timeout. The hardware timing resource is preferably configured to switch
to the first mode, once a timeslice timeout is provided.

[0023] The pending manager of the multicore processor may further comprise a timer queue, each timer queue being
arranged to receive timer queue elements. Timer queue elements may comprise executable transactions. A first exe-
cutable transaction in the timer queue may be associated with a first time parameter. The first time parameter indicates
the timeout time, the timeout time being the time when the associated executable transaction should become eligible
for execution. Preferably, the timeout time of the first executable transaction is closest to the current time. A second
executable transaction may be associated with a second time parameter. The second time parameter indicates the
difference between the timeout time of the second executable transaction and the timeout of the first executable trans-
action. A third executable transaction may be associated with a third time parameter. The third time parameter indicates
the difference between the timeout time of the third executable transaction and the timeout time of the second executable
transaction.

[0024] Afirst executable transactionin a queue may be associated with atime parameter. Thistime parameterindicates
the time difference between the timeout of the associated executable transaction and the timeout of a second executable
transaction, also in the queue. Preferably the second executable transaction is the executable transaction in the queue
having a timeout occurring before and closest to the timeout of the first executable transaction.

[0025] The multicore processor may further comprise a plurality of dispatch queues. Preferably, a dispatch queue is
arranged to identify a further dispatch queue. Each dispatch queue may comprise a dispatch queue descriptor. This
enables a flexible number of served processing resource instances, and also enables the dispatch queue descriptors
to be serially interrogated. A dispatch queue may be further arranged to identify an executable transaction, from a group
of pre-emption executable transactions, currently using a processor element. The dispatch queue may be further arranged
to identify a further executable transaction, from the group of pre-emption executable transactions, which willsubsequently
use the processor element. The dispatch queue thereby holds the index of the latest scheduling decision as made by
the schedule manager.

[0026] The linkage of individual executable transaction schedulers to provide the multilevel scheduler defines a sched-
uling hierarchy, wherein each executable transaction scheduler has an associated scheduling tier. An executable trans-
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action scheduler may be configured to identify an executable transaction scheduler which previously scheduled an
executable transaction. Optionally, the executable transaction scheduler may identify if the executable transaction orig-
inates from a distribution queue associated with a processor element. The executable transaction scheduler may identify
if the executable transaction comes from a group of pre-emption executable transactions. Processing may be optimised
for cases where the scheduling event is a "push” event. When an executable transaction is scheduled by an executable
transaction scheduler, the executable transaction scheduler may be further configured to communicate a correction
parameter to each executable transaction scheduler which previously scheduled the executable transaction. The cor-
rection parameter allows the propagation of the scheduling decision and the maintenance of the integrity of counters
within the multilevel scheduler.

[0027] A method of operating a multicore processor system may also be provided comprising: providing a client; and
selecting an interaction state for the client. The interaction state may comprise: an idle state, during which the client may
be configured to operate in a power management mode; and a user state, during which the client is configured to execute
an executable transaction in a user or normal mode. Preferably the interaction state may further comprise an API
interaction state, during which the client is configured to execute an executable transaction in a privileged state. Optionally,
the interaction state may comprise a client shim state, during which the client may be configured to prepare a context
for an executable transaction. Preferably, the method also comprises providing a server, wherein the interaction state
is shared between the client and server. Preferably, an out of band signal may be provided to cause the interaction state
to change. The server may provide the out of band signal. Optionally, an executable transaction may cause the interaction
state to change.

Introduction

[0028] Figure 1 shows a task state diagram similar to the one implemented in SystemWeaver for the management of
tasks or threads in a multicore system.

[0029] In multicore systems, the scheduler provides packets of work at the optimum time to the optimum resources
according to a set of predefined rules (the "schedule"). Scheduling is required by both the application and the underlying
hardware platform:

- Application scheduling comprises synchronisation and eligibility. Synchronisation ensures that resources within the
system can be shared without compromising the integrity of the data and possibly the system as a whole. Eligibility
ensures that ready tasks are issued to the processing resources in a manner consistent with the needs of the
application, expressed in the scheduling policy.

- Platform based/distribution scheduling defines a policy in which application tasks are distributed amongst the ap-
propriate processing resource instances. This may imply sharing a processing resource amongst multiple users
and/or multiple different algorithms.

[0030] Figure 2 shows arepresentation of the scheduling points with respecttothe queuing points which they engender.
[0031] From lefttorightthe first queue pointencountered is the pending queue. Blocked tasks are stored in the pending
queue according to their priority and liberated by synchronisation events, further discussion of the pending queue structure
and behaviour is beyond the scope of this document. The second queuing point is the ready queue, which comprises
both the application and distribution scheduling. In Figure 2 this is split into three logical sections; the application and
distribution scheduling. Conceptually, between these two scheduling stages is a point where all the currently ready
application tasks have sorted according to their eligibility (expressed in user defined metrics and scheduling policies).
This is point referred to as the distribution node.

[0032] Before the distribution node a set of application specific scheduling policies are configured which determine
how tasks of differing classes and task instances of common classes compete for access to the processing resource
instances. This hierarchy of scheduling policies is referred to as the scheduling cone and is application specific.
[0033] After the scheduling cone a set of platform specific scheduling policies are configured which determine how
the most eligible application tasks are distributed to the processing resource instances presentin the underlying hardware
platform. This hierarchy of scheduling policies is referred to as the distribution cone and is platform specific.

[0034] The effectivenessofascheduling policy andimplementation may be judged on acombination of many properties:

- Throughput - the number of scheduling decisions which may be made per second.

- Latency - the time which elapses between an event within the system and the completion of the scheduling operation
associated with the event.

- Predictability/determinism - the ability to determine how the system will behave under all circumstances.

- Efficiency - the efficiency within which any given scheduling algorithm may be implemented. This may be measured
in instructions per decision (a measurement of instruction set efficiency) and/or silicon footprint (memory and other
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die area)
- Policies - the diversity of supported policies and the ability to combine them to form complex hierarchies.

Components

[0035] There are two primary components of SystemWeaver: the server core and the client shims. These may be
connected in a variety of ways. A SystemWeaver enabled system would comprise a server core and at least one client
shim.

SystemWeaver Core

[0036] The SystemWeaver core comprises a hardware engine and a tightly coupled memory. The memory contains
scheduling configuration and dynamic descriptors used to represent units of work within the system. Each SystemWeaver
core is aggregated across multiple clients, which may be either instructions set based architectures or hardware accel-
erators. SystemWeaver communicates with each client individually through two logically separate datapaths:

- Anout-of-band signal to alert the client to a change in system state requiring attention. The SystemWeaver core is
the master of this interface, which is typically embodied as an interrupt (assumed here and after).

- Adatapath through which the client may interrogate SystemWeaver. The client is the master of this interface, which
may be embodied as a bus, duplex serial interface or any other bidirectional implementation.

During the boot process the SystemWeaver core must be initialised. Typically one client will be nhominated the boot
master and will initialise SystemWeaver, and its associated memory, on behalf of the rest of the system.

SystemWeaver Client Shim

[0037] Inaclassical configurationeach client has anindividual client shim, however more conservative implementations
may aggregate client shims over multiple clients. Client shims may be embodied in hardware or software. Figure 3 shows
the principle elements of a software client shim:

- The SystemWeaverHAL implements the command formatting required for the register interface ofthe SystemWeaver
core.

- The SystemWeaver APl enables the application to make calls to the SystemWeaver core at a task based abstraction.

- The user thread(s) are application threads which use the SystemWeaver task management capabilities. At any
instance in time, only one user thread is directly under the management of each individual client.

- The client shim handles the out of band signal servicing (typically interrupt servicing). Primarily the client shim
managed contexts within the processingresource instance, ensuring that integrity is preserved through task switching
and pre-emption. Typically the client shim contains an architecturally agnostic part and an instruction set architecture
specific part.

- Theidle agentimplements a management task which handles power-down modes of individual processing resource
instances or macro-architectures.

[0038] Figure 4 shows a state diagram of the SystemWeaver client in action. The client shim performs two primary
functions:

- Management (allocation, storage and restoration at appropriate times) of the "context" (for a classical processor
context can contain processor stack space and content, register values, program counter etc.) within which the
processing resource instance is executing. There are two types of context - user or task context, which is the context
within which a user task executes, and processing instance specific context, which is a context dedicated to client
shim administrative operations.

- Management of operating mode (in a classical processor user (normal) and supervisor (privileged) modes are
available which define the right to access certain key system resources - for example, unlike a supervisor mode
task, a user mode task will not be permitted to access resources which may adversely affect other user mode tasks
sharing the processing resource).

[0039] The following description is for a general purpose processor, although similarities exist for all client types.

"Idle" state - During the idle state, user defined algorithms may utilise the power-down modes made available by
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the end processing resource instance (for example, clock gating or other low power states) or the system architecture
as a whole (for example, clock gating or reducing or eliminating the power supply to a particular processing resource
instance). Whilst in this state the processing resource instance may operate in a privileged mode and will be using
the processing resource specific context.

Note that the SystemWeaver server does not instruct the client to enter the idle state - the client does so as a result
of an absence of scheduled tasks.

Each clientremains in the "idle" state until instructed to respond through an out of band signal (typically an interrupt)
from the SystemWeaver server.

- "Client shim" state - The client shim state manages the executing context of the user and idle tasks. When in the
"client shim" state, the client shim saves the context of any task which has finished execution, been pre-empted or
has blocked and recovers or creates a context for the next executing task (in the case of the idle task this is the
processing resource instance specific context). Whilst in this state the processing resource instance may operate
in a privileged mode. At times the client shim may be operating in either the processing resource specific context
or the user or task context.

The "client shim" state is entered as a result of out of band signalling from the SystemWeaver server (transitions
from the "user" or "idle" states to the "client shim" state) or as a result of a SystemWeaver API call which has caused
the executing task to become blocked ("SyWAPI!" state to "client shim" state, for example as a result of a failed
attempt to lock a semaphore).

Upon completion of processing, the client shim may transition the "client shim” state to the "idle" state (if there are
no outstanding tasks for the processing resource instance) or into the "user” state (if eligible tasks exist for the
processing resource instance) without any further external signalling.

- "User" state - When in the "user" state the client shim executes user application code. Whilst in this state the
processing resource instance would normally operate in a "user” or "normal” mode. The "User" state would operate
entirely within the user or task context.

The "User" state may be entered from the "client shim” state as a result of commencing or resuming a user task or
from the SYWAPI state, as a result of a return from a SystemWeaver server API call.

The client shim may transition from the "User" state to the "client shim" state as a result of task completion or pre-
emption (the receipt of out of band signalling from the SystemWeaver server). The client shim may transition from
the "user” state to the SyWAPI state as a result of a call to the SystemWeaver server API.

- "SyWAPI" state - Where a user task requires interaction with the SystemWeaver core it does so through the Sys-

temWeaver AP| which causes a client shim state change to "SyWARPI". Whilst in this state the processing resource
instance may operate in a privileged mode. The "SyWAPI" state would operate entirely within the user or task context.
The "SyWAPI" state is entered following a call to the SystemWeaver API.
For non-blocking calls the client shim will return from the "SyWAPI" state to the "user" state, however, some accesses
- for example those associated with semaphores - can cause the user task to become blocked (blocked tasks must
wait until some shared system resource becomes available). In this case the client shim transitions into the "client
shim" state.

Concepts

[0040] The following section discusses the concepts required to understand the operation of the SystemWeaver
scheduler.

SystemWeaver Memory Elements

[0041] SystemWeaver requires an attached tightly coupled memory, the use of this memory for storage of scheduling
policies enables full scheduling maodification and tuning flexibility throughout the system development process. The
SystemWeaver memory is divided into SystemWeaver memory elements (WMEs). WMEs are used to represent task
and scheduling descriptors discussed below.

Task Descriptors

[0042] Task descriptors are the key "unit of currency" of the SystemWeaver architecture. They are representative of
units of work which compete for access to processing resource instances according to the rules configured within the

scheduling hierarchy. Task descriptors contain:

- Areference to a task control block, which in turn contains a reference to the task to be executed and the dataset
upon which it must be executed.
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- Scheduling metrics, defining the eligibility of the task.

- Synchronisation references and timeouts may also be included for tasks which will be blocked initially. A more
detailed description of blocked task behaviour is outside the scope of this document.

- Areference to an "Entry Node", which defines the part of the scheduling hierarchy to which the task descriptor must
be added (possibly after synchronisation).

Scheduling and distribution cones

[0043] Two types of cones are used to describe SystemWeaver scheduling behaviour; scheduling and distribution
cones. Scheduling cones are used to describe a hierarchy of schedulers which converge from many "entry" points to a
single aggregated point - a many to one mapping. Distribution cones are used to describe a hierarchy of schedulers
which diverge from a single aggregated point to multiple "dispatch™ points - one-to-many mapping.

Scheduling Cones

[0044] Scheduling cones (showninredin Figure 5) define the "application decision node" hierarchies, which are driven
by the needs of the application (also shown as "Application Scheduling” within the ready state of Figure 2). Scheduling
cones are many-to-one mappings, defining the rules by which multiple classes of task and multiple instances of task
classes compete for system resources.

Distribution Cones

[0045] Distribution cones (shown in purple in Figure 5) define the "distribution decision node" hierarchies, which are
driven primarily by the properties of the underlying hardware platform (also shown as "Distribution scheduling” within
ready state of Figure 2). Distribution cones define the rules by which the most eligible candidates of the scheduling
cones are distributed amongst the available and appropriate processing resources.

Primary Scheduling Nodes

[0046] There are three primary nodes used to describe scheduling configuration; entry nodes, distribution nodes and
dispatch nodes. The primary nodes are an overlay on the underlying secondary node structure, which more closely
reflects the detailed implementation of the scheduler.

Entry Nodes

[0047] Entry nodes define the point at which new tasks are queued. Entry nodes typically map many-to-one onto
distribution nodes as the two extremes of a scheduling cone. Entry nodes may be associated with specific classes of
task or according to other application derived policies. A given entry node may only map onto a single distribution node.

Distribution Nodes

[0048] Distribution nodes define the delineation between scheduling and distribution cones. They are typically repre-
sentative of a class of processing resource. Scheduling cones typically map one or more entry nodes onto a single
distribution node, distribution cones typically map a single distribution node onto multiple dispatch nodes and therefore
ultimately processing resource instances.

Dispatch Nodes

[0049] Dispatch nodes define an exit point associated with an individual processing resource instance. They will
typically map one to one with the IP cores which exist within the hardware platform (although hardware multi-threaded
processor cores may be allocated multiple dispatch queues). Multiple distribution cones may map onto individual dispatch
nodes.

Secondary scheduling nodes

[0050] Two types of decision nodes are defined; application decision nodes and distribution decision nodes. Although

application and distribution decision nodes mapdirectly onto schedulingtiers, they do not exhaustively define the numbers
or types of underlying tiers within the scheduler implementation.
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Application decision nodes

[0051] Application decision nodes define interim scheduling or aggregation points within the scheduling cone. Each
application decision node defines a rule by which the most eligible candidate of a set may be selected.

Distribution decision nodes

[0052] Where multiple distribution nodes map onto a single dispatch node, a distribution decision node is required to
set the policy which determines the distribution cone which gains access to the processing resource instance.

Schedule Configuration

[0053] The ready state structure (Figure 2) contains threads that are ready for execution. The entire ready state
structure may comprise numerous scheduling and distribution cones. These threads were created with independent
thread primitives (i.e. they were created in the ready state), or they have received the synchronisation primitive or timeout
upon which they were dependant. Synchronised threads have previously transitioned from the blocked state.

[0054] The ready state structure may contain scheduler node descriptors and independent thread descriptors. The
structure is largely defined during system initialisation although thread descriptors and their associated dynamic scheduler
tier descriptors are allowed to come and go during runtime.

[0055] The ready state structure allow threads to be scheduled to a pool of processing nodes, or a specific processing
node. This enables load balancing or other distribution behaviour across multiple compatible processing resources whilst
maintaining the ability to target specific tasks at specifically capable processing resources (for example hardware ac-
celerators or 10 devices).

[0056] Scheduling tiers are the primitive resource used to implement the primary and secondary scheduling nodes
which make up the ready state structure. Scheduling tiers may have parent, child or peer relationships with other
scheduling tiers and task descriptors.

[0057] Figure 6 shows a scheduler hierarchy diagram which demonstrates the parent and child relationship. In this
example, y is the parent of a, b and c. y is the peer of x and z. Parents may only be scheduling tiers, whereas children
may be scheduling tiers or task descriptors. A given peer group (a, b and ¢ for example) may consist of a mix of task
descriptors and scheduling tiers. In turn, all scheduling tiers have parents (the dispatch node is the only descriptor which
does not define a parent).

[0058] During runtime, parent tiers may inherit "metrics” (priority etc) from the most eligible child according to user
defined policies. This feature may be used where deeply embedded scheduling policies require some knowledge of
eligible candidates from the scheduling branches which are being compared (this topic is covered in detail in the Metric
Propagation section below).

[0059] The following sections describe the building blocks of any SystemWeaver scheduling hierarchy.

Basic Scheduler Tiers

[0060] Scheduler tiers define the hierarchy used to schedule thread descriptors. Each scheduler tier typically defines
a scheduling algorithm, some metrics used to determine scheduling decisions, an inheritance policy used to define how
the metrics are propagated from the child to the parent and a list of child elements that may be further scheduler tiers
or thread descriptors. There are three types of scheduler tier descriptor; root, static and dynamic (where dynamic tiers
are a special type of static scheduling tier). Figure 7 shows an example scheduling cone implementation. Figure 36
shows the diagram reference key for all scheduling figures from figure 7 onwards.

Scheduler Root Descriptor

[0061] Schedulerroot descriptors have a one-to-one mapping with dispatch queues. They represent the ultimate node
in the ready state structure. Root descriptor metrics always contain a copy of metrics derived from the ready state
structure according to the defined inheritance policy.

[0062] Scheduler root descriptors are configured during system initialisation and exist in perpetuity.

Static Scheduler Descriptor

[0063] Scheduler staticdescriptors existbeneath rootnodes inthe scheduling hierarchy. The parents of static scheduler

descriptors may be other static scheduler descriptors or root descriptors. They compete with sibling nodes according to
their parents defined scheduler algorithm and their own scheduler metrics.

78



10

15

20

25

30

35

40

45

50

55

EP 2 328 077 B1

[0064] Scheduler static descriptors are configured during system initialisation and exist in perpetuity. During operation,
SystemWeaver maintains the scheduler metrics according to the selected scheduling and metric propagation algorithms.

Dynamic Scheduler Descriptor

[0065] Scheduler dynamic descriptors exist beneath root and optionally static nodes in the scheduling hierarchy. The
parents of dynamic scheduler descriptors may be either static scheduler descriptors or root descriptors. They compete
with sibling nodes according to their parents defined scheduler algorithm and their own scheduler metrics.

[0066] Dynamic Scheduler descriptors may be configured at any time. This enables the system to support a far higher
number of scheduling tiers than would be possible with a purely static provision. SystemWeaver achieves this by capi-
talising on the likelihood that, although over all time a large number and diversity of threads and dynamic scheduler tiers
are used, during a finite period the transient demand is smaller. For example, in a networking system with attached
memory supporting a maximum of 4k dynamic elements (threads and dynamic scheduler descriptors) it may be possible
to support 16k connections as at any instant in time, dataunits from only a fraction of the overall connection space will
be active in the processor. This flexibility is achieved with a small penalty in performance, since, if a dynamic scheduler
descriptor is not present, it must be created prior to the addition of child thread descriptors.

[0067] During operation, SystemWeaver maintains the scheduler metrics according to the selected scheduling algo-
rithm. Under certain circumstances SystemWeaver will release the dynamic scheduler descriptors back to the WME
free list.

Processor Resource Pools

[0068] Processor resource pools enable the aggregation of instances of a specific processing resource into a single
distribution node. The distribution nodes may then provide load balancing, intelligent pre-emption and power management
across the individual members of the processing resource pool.

[0069] Figure 8 shows a typical processing resource pool configuration. Three new definitions of Weaver Memory
Element support the processor pool configuration structure:

Pool Attachment Nodes

[0070] Pool attachment nodes (PAN) are used to attach the scheduler root tier to the processing resource pool root
tier. PANs must exist within the scheduler root tier (i.e. their parent must be a scheduler root node). During operation
PAN metrics are automatically updated with a copy of the metrics of the pool root node (PRN), which have, in turn, been
inherited from the scheduling cone.

[0071] The schedule operators defined within the PANs are not used.

Pool Static Nodes

[0072] Pool static nodes (PSN) are used to attach the scheduler root tier to the processing resource pool root tier.
They exist within the pool root tier (i.e. their parent must be a PAN) and automatically hold a copy of the metrics of the
dispatch node (i.e. the currently executing thread).

[0073] The scheduler operators within the PSN of a given pool must all be set to the same algorithm, defining the
policy used to select the appropriate processing resource instance to be pre-empted.

Pool Root Nodes

[0074] There is a single pool root node (PRN) for each processing resource pool. The pool root node defines the
distribution node for the processing resource pool. The metrics within the PRNs reflect the most eligible thread held
within the scheduling cone associated with the distribution node. The PRN parent pointer must be set to point to one of
the pool static nodes.

[0075] The scheduler algorithms should be set according to the needs of the adjacent tier of the scheduling cone, as
normal.

Dynamic Scheduler Configuration
[0076] SystemWeaver supports creation and deletion of scheduling nodes at runtime as well as providing capabilities

to migrate a task class from one entry node to another without loss or mis-ordering. Two additional concepts must be
introduced when discussing dynamic scheduler configuration; dormant scheduling tiers and marker threads.
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- Dormant scheduling tiers exist within the hierarchy and may accept push operations (i.e. may accumulate child
entries) but are ineligible for scheduling and therefore never popped.

- Marker Threads are only scheduled when they are the last thread dependant on a particular part of the scheduling
hierarchy. The number of threads dependant on a part of the scheduling hierarchy includes the number of ready
threads and the number of blocked threads which will use this part of the scheduling hierarchy when they become
ready. The marker thread can carry task references like any other thread and will typically be used to complete the
management of a transition operation between one part of the scheduling hierarchy and another.

[0077] The following section details an example sequence of a transition of a task stream from one part of the hierarchy.
Note that this is a superset of the deletion of a part of scheduling hierarchy.

Sequence of operation

[0078] Itis the responsibility of higher level software to ensure that the appropriate sequence of operation is observed.
Failure to observe this sequence may result in unexpected behaviour, in particular, new threads must not be introduced
to a part of scheduling hierarchy into which a marker thread has been inserted.

[0079] Inthis example sequence it is assumed that a stream of tasks, tg;e,m, @re transitioning from scheduler hierarchy
h; to new scheduling hierarchy h,,.

- Create dormant scheduler hierarchy h,.

- Assign all new task descriptors on tg.qam to ha.
- Insert a marker thread into hy.

- Await emergence of marker thread.

- Awaken the dormant hierarchy h,.

Scheduler analysis, algorithms, operators and operands

[0080] Scheduling analysis takes many forms (EDF, RMA etc) and is typically application, or at least sector, specific.
The result of scheduling analysis is a set of policies which control the runtime deployment of the application, either
statically or dynamically. Through its unique micro-architecture, SystemWeaver executes these predefined policies/al-
gorithms efficiently at runtime.

Scheduling Algorithms

[0081] SystemWeaver is designed to enable specialised algorithms to be defined at silicon design time without dis-
ruption to the architecture or implementation. However, a number of algorithms are offered by default:

- FIFO scheduling: simple first-in, first-out queueing.

- Priority scheduling: the most eligible candidate has either the highest (ascending priority) or the lowest (descending
priority) priority metric.

- Roundrobin: Updates the scheduling decision to the next peer when a task is popped from the scheduling hierarchy.
Note that round-robin is not a relevant scheduling policy at the "leftmost" extreme of a scheduling hierarchy.

- Weighted fair queuing: A complex scheduler in which eligible candidates are selected according to an assigned
weight and some measure of load (i.e. length of packet).

[0082] With some attention to the overall scheduler hierarchy, complex combinations of scheduler algorithms may be
created to provide sophisticated traffic and task management capabilities in application systems.

Operators

[0083] Scheduling algorithms are further decomposed into individual scheduling and metric operators, both defined
within the parent node:

- Scheduling operators: define the manner in which the operands, stored within the child nodes, are used to determine
the most eligible candidate. Scheduling operators do not modify the operands within the child nodes.

- Metric operators: define the manner in which the most eligible child’s operands are propagated into the parent’s
operands. The propagation operator may be null (no update to the parent), a copy (overwriting the parent’s operands),
or involve a mathematical function over some or all of the child and parent operands. In all cases, the child operands
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are not changed.

[0084] The scheduling and metric operators are implemented natively in the SystemWeaver scheduler hardware. A
combination of scheduling and metric operator will typically be used to define a given scheduler algorithm. Scheduling
algorithms commonly imply different behaviour under a push event (where a new task has been pushed into the scheduler
hierarchy) than under a pop event (where a task is popped from the scheduling hierarchy). For example, consider a
FIFO scheduler, when a new task is pushed into a non-empty FIFO scheduling stage, no scheduling update is performed,
whereas when an item is popped from a FIFO scheduling stage, the scheduler must be updated.

Scheduling operators

[0085] Scheduling operators are designed to be extensible, but a selection of default operators are defined. The
scheduling operators are typically comparative and the result is therefore always a Boolean. In the table below M
represents one of the two metrics in either the members of a scheduling tier or the scheduling tier descriptor itself
according to the following scheme:

= Meurrentn refers to those metrics which belong to the current most eligible candidate

= Mcandigate refers to those metrics which belong to a candidate to which the current descriptor is being compared
in the course of a scheduling update

- My, refers to those metrics which belong to the scheduler tier descriptor to which the current and candidate are
attached

Table 1: Scheduling operators

Instruction Scheduler Update Decision
GTR MaurrentO > Mcandidate0
GTR_EQ Meurrent® >= Mcandidate®

LESS Meurrent® < Mcandidate®
LESS_EQ MourrentO <= MeandidateQ

EQ MaurrentO == Mcandidate©
UPDATE_EXIT TRUE

UPDATE_NO_EXIT TRUE

NO_UPDATE_EXIT FALSE

HYSTERESIS Myrrent! * Mier1 ) < Mcandidate !

Compound scheduling operators

[0086] Compound scheduling operators are also available, which are combinations of the scheduling operators in
Table 1. For example:

Update ReqUil’ed = (Mcurrento > Mcandidateo) && (Mcurrent1 < Mcandidate1)

[0087] Where the parameters in question may draw upon the metrics in both parent and child descriptors. These
compound operators may be used in both traditional scheduling tiers and pool distribution tiers.

[0088] For further information and examples, consult the Scheduling sequence diagrams section below.

Metric Operators

[0089] Metric operators are arithmetic in nature. As with scheduling operators, they are designed to be extensible but

have a set of default operators, see Table 2. Metric operators range in complexity from null or simple copy operations
to complex multiply accumulate operations.
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Table 2: Metric operators

Instruction Scheduled Element Old Metric Contents | New Metric Contents
Metrics
0 1 0 1 0 1
ALL A B X Y A B
NONE A B X Y X Y
PROP_0 A B X Y A Y
PROP_1 A B X Y X B
PROP_WFQ | A B X Y X+Y*B Y
ADD A B X Y X+A Y
SUB A B X Y X-A Y

Operands
[0090] Scheduling operands, or metrics are divided into two groups:

- Local metrics are associated with processing resource instances, scheduler tiers and thread descriptors. The ma-
nipulation of a local metric automatically causes a reschedule event.

- Global metrics are optional and typically associated with system resource state (some heuristics such as bus busy-
ness or free memory)

[0091] A given scheduling algorithm can only use two metrics of which one must be local. The type of the second
metric is determined by the Metricl IsGlobal flag:

- when Metricl IsGlobal is reset, metric 1 is a local and will be used as a literal in scheduling operations
- when Metricl IsGlobal is set, metric 1 is an index into the array of global metric ports.

Local metrics

[0092] Both task descriptors and scheduling tier descriptors contain two 32 bit operands, or scheduling metrics. These
operands are used by their respective parents during scheduling operations and may be transformed and/or propagated
during the scheduling operations into the parent’s operands, for subsequent scheduling higher in the hierarchy.
[0093] Figure 9 shows the scheduling metrics present within a task descriptor. Within a task descriptor, metric O will
typically be used to represent the priority of the task. The least significant byte of this metric is reserved for internal use
within the SystemWeaver hardware and client software. There is no such limitation on scheduler tier metrics.

Global metrics

[0094] Global metrics are passive in nature, a change in the global metric value does not cause a reschedule event
on all potentially affected scheduling resources. Global metrics are interrogated at the instant in which a dependant
scheduling resource is scheduled, as a result of some other system event. Although the SystemWeaver architecture
imposes no limitation on the use of global metrics, they may be used for system heuristics (bus utilization, memory fill
overatime window etc), hence the rate of change will be comparatively low. Filters may also be applied to average the data.

Scheduling hierarchy configuration detail

[0095] All configuration diagrams referenced in the following sections use a common format as illustrated in figure 36.
[0096] The most basic configuration for a single processor is shown in Figure 10, this shows the configuration a single
processing resource instance (single dispatch node), with its mandatory scheduling root node. In this simplest case the

scheduler cone consists of a single FIFO stage and the distribution stage is null, since there is only a single processor.
Hence, the scheduler root node is both the entry node and the distribution node.
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[0097] Note that the arrows on the scheduler node implementations are shown from right to left (parent to child), this
is contrary to the "flow" of tasks, which flow from the children through to the processing resource instances.

[0098] Schedulers are implemented in a modular fashion and configured in volatile memory, this enables very sophis-
ticated scheduler hierarchies to be constructed from a succession of scheduler tiers of differing policies and tuned and
tailored throughout the development process. However, invalid configurations are possible, and particular care must be
taken to ensure that appropriate metrics are available to deeply nested scheduler tiers.

Intra tier structure

[0099] The scheduling tiers store entries in order of arrival, or, according to a default FIFO queuing policy. The manner
in which the defined scheduling policy is overlaid onto this structure is described later. New nodes (or descriptors) are
added to the intra-tier structure by means of a push operation, and are removed as a result of a pop operation. Scheduling
operations do not manipulate the intra-tier links.

[0100] Figure 11 shows a more representative scheduling structure for a single processing resource instance. From
the left, in this example two FIFO stages feed a priority stage. There are three scheduling tiers at two stages of hierarchy.
Note that scheduling tiers only have one "exit" node (shown on the right side of the diagram) but potentially many entry
nodes (shown on the left of the diagram).

[0101] Figure 12 shows the detail view of one of the FIFO scheduling tiers. This diagram shows a set of pointers
maintaining a dually linked list between all peers on the tier. A dually linked list is used to maximise the performance of
the removal (pop) of an arbitrary member of the tier.

[0102] Although this detailed view shows task descriptors only, the structure is equally applicable to tiers containing
any mix of threads and scheduling nodes.

[0103] The intra-tier links between peer elements are only manipulated during push and pop operations.

Inter tier structure

[0104] With the exception of pool root tiers, the structure of inter-tier links is shown in Figure 12. Each tier has a parent
node, which must be either a scheduler root node or a scheduling node. These nodes store a pointer to the most eligible
member of this tier. These child pointers are updated upon receipt of a scheduling event in accordance with the scheduling
policy and metrics defined within the parent node and the child nodes respectively.

[0105] Each child nhode must also refer to its parent.

Pool root tier structure

[0106] The pool root tier structure is a special case where a tier has a single entry node and many exit nodes. The
entry node is the point upon which a scheduling cone converges (as shown by the "application scheduling” part of the
ready queue structure in Figure 2), also known as the "distribution node". The "exit nodes" link the pool root tier to the
"distribution scheduling" structure for the processing resource instances over which tasks may be distributed. Figure 13
shows a representation of this type of structure for a pool containing two processing resource instances.

[0107] Each pool distribution tier must contain a pool root node (PRN) and one or more pool static nodes (PSN), no
other node types are permitted. The PRN contains a reference to the first tier of the scheduling cone (stored within the
HeadlIndex field) and reference to the first PSN entry to be considered for distribution. A common distribution and metric
update policy must be stored within the scheduler and metric push and pop operators respectively of every PSN.
[0108] Every PSN must reference the PRN as its child (using the HeadIndex field).

[0109] The parent of a pool static node must be a pool attachment node (PAN). PANs and PSNs must have a one to
one mapping. However, each processing resource instance may have multiple PANs associated with each distribution
pool in which it participates. Figure 14 shows an example structure where a processing resource participates in two
pools. No limitation is placed on the number of pool in which a given processing resource may be a member. Furthermore,
any pool may share an arbitrary number of its constituent processing resources with an arbitrary number of other pools.
[0110] Within the scheduling root node there are two PANs associated with each of the distribution cones in which
the processing resource instance participates. In addition, there is a scheduling node which provides specific access to
the processing resource instance where required.

[0111] The scheduling policy defined within each PSN of a pool distribution tier identifies the manner in which the most
eligible processing resource instance for execution of a given task is selected. For example, the policy may be one of
priority, where the processing resource instance currently executing the lowest priority task is selected for pre-emption
upon the arrival of a high priority task from the associated scheduling cone.

[0112] Figure 15 shows a configuration comprising five processing resource instances and two distribution pools. Note
that PRI#3 participates in both pools.
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Behaviour
[0113] The following section describes the behaviour of SystemWeaver scheduling.
General principles

[0114] The following sections provide some basic background information explaining some of the key underlying
principles of the SystemWeaver scheduling architecture.

Pointer based queuing

[0115] Although there are multiple potential queuing points within SystemWeaver, elaborated in Figure 2, these are
realised using painters only. The queued entity, a SystemWeaver memory element (WME), is never copied.

Event based scheduling

[0116] SystemWeaver only updates scheduling decisions when required to do so by some change in system state.
The changes in state may be separated into three event classes:

- A"push event", where the change in system state has caused the introduction of a new thread descriptor to the
ready queue structure (note that this may be a new thread descriptor, or an existing thread descriptor for which the
change in system state has caused the thread to become ready)

- A'pop event”, where the change in system state has resulted in the removal of a thread descriptor from the ready
gueue structure.

- An"update event", where scheduling parameters have been modified, requiring the re-evaluation of the scheduling
decision.

[0117] These changes may be:

- Aninterrupt (a "push event”, since the blocked thread associated with the interrupt is moved to the ready state).

- The arrival of a new task created by an executing task (this may be a push event, if the new task is not dependant
on other factors or events)

- A synchronisation event - for example, a semaphore signal (assuming that there is a thread blocked waiting for the
signal, this is a "push event", as the blocked thread descriptor transitions into the ready state.

- Achange in the executing "priority" of a task, an "update event".

- The consumption of a task (transition from ready to executing) within a processing resource instance (a "pop event")

- The modification of a task’s scheduling metrics (an "update event")

- The modification of a scheduler tier’'s scheduling algorithm or metrics (an "update event™)

- The modification of the scheduler hierarchy itself (an "update event™)

[0118] Where the system is in steady state SystemWeaver remains idle. In principle, in the most power-efficient
solutions, this could enable SystemWeaver to be powered-down pending the arrival of an event requiring additional
scheduling. Note that changes to global metrics do not cause reschedule events.

"Just in time" scheduling

[0119] New entries, which are queued to a given scheduling tier, are compared with the current most eligible entry
(as identified by the parent Headlndex) only. If, according to the tier scheduling policy, they are more eligible than the
current head, the HeadIndex field is updated to reference the new entry. New entries are always placed at the back of
the current linked list structure.

[0120] If the scheduling policy is a FIFO, the HeadIndex pointer is never updated when a new entry arrives unless the
queue is empty. Hence the default behaviour, where the new entry is placed at the back of the queue, is equivalent to
a FIFO algorithm.

[0121] This scheme ensures that minimal time is spent processing push operations, which are generally observed as
latency in scheduling performance. Consequently, pop scheduling is more onerous as, in the worst case, the entire
contents of a scheduling tier must be evaluated to update the scheduling decision on each pop operation. However,
always using a native FIFO algorithm in the physical queue structure is desirable because modification of the scheduling
algorithm does not require the scheduler tier to be re-linked. Furthermore, pop scheduling may, in general, be executed
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in parallel with application execution and therefore has a lesser impact on overall system performance.
Scheduling analysis, policies and operators

[0122] There are numerous methods of analysing systems to ensure that real-time deadlines are met, examples of
which are EDF (earliest deadline first), RMS (Rate monotonic scheduling) and various other stochastic methodologies.
These approaches tend to be application specific and possibly proprietary in nature. However, in all cases the result of
such scheduling analysis is a set of scheduling policies (i.e. priority, FIFO, round-robin, weighted fair queuing), which
must be deployed efficiently at runtime. SystemWeaver technology is targeted at the efficient runtime execution of the
policies identified by scheduling analysis. For deployment within SystemWeaver, each scheduling policy is further de-
coded into a set of scheduling operators.

[0123] Each scheduler tier has two operators that are used to determine how the scheduling decision is updated as
aresult of a push to the scheduling tier (or subordinate scheduling tiers), or a pop from the scheduling tier (or subordinate
scheduling tiers). In some cases the scheduling operators will require operands, which are stored within the metric fields
of both schedulers and task descriptors alike.

Scheduling metrics and metric propagation operators

[0124] Scheduling metrics store information that may be required by the selected scheduling algorithms, the most
basic example of which is priority. In some cases, it is necessary to forward metrics from the most eligible candidate to
parent nodes in order that the information may be used either directly in subsequent scheduling decisions, or as an
operand in a metric update operation. The metric propagation operators define how this is achieved, for both push and
pop scenarios.

[0125] According to the position of the scheduling node within the hierarchy, the metric fields may also reflect the
priority of the currently executing thread on a given processing resource. In this case, they are used to determine whether
a pre-emption is required (see the Scheduling Behaviour section below).

Scheduling resources

[0126] The following section describes the various resources used to implement the scheduling algorithms at runtime.
Tiers

Scheduler tiers

[0127] A schedulertier consists of a parent, which may be a scheduler root node, a pool root node or a basic scheduling
node and a number of children, Figure 6. The children may be basic scheduling nodes, thread or task descriptors or
pool attachment nodes. By enabling child nodes to be scheduling nodes (i.e. the parent node of further scheduler tiers)
in their own right, complex scheduler hierarchies may be built up.

Pool distribution tiers

[0128] Pool distribution tiers may contain only pool root nodes (1 only) and pool static nodes. There is only one pool
root node per processing class.

Dispatch queue descriptor

[0129]

- Scheduler operators: used to define the scheduling policy that determines whether the currently executing task
should be pre-empted.

- Metric propagation operators: there are no metric propagation operators in a dispatch queue descriptor

- Metrics: the metric elements normally store the metrics of the currently executing thread.

Scheduler and pool root nodes

[0130]
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- Scheduler operators: used to determine the most eligible candidate of the scheduling cone.

- Metric propagation operators: these are always set to inherit the metrics of the most eligible candidate of the sched-
uling cone.

- Metrics: Hold the metrics of the currently most eligible candidate of the scheduling cone.

Scheduler tier element

[0131]

- Scheduler operators: used to determine the most eligible child candidate from the attached tier.

- Metric propagation operators: user defined. Set according to the needs of subsequent scheduling stages.

- Metrics: user defined. Set according to the needs of subsequent scheduling stages. Note that some metric propa-
gation operators will update these fields automatically.

Pool static nodes

[0132]

- Scheduler operators: used to determine the most eligible candidate for pre-emption in a pool distribution tier.

- Metric propagation operators: used to determine the propagation of the executing task metrics.

- Metrics: Set according to the needs of the pool distribution algorithm. By default these will reflect the metrics of the
currently executing thread, however, for certain distribution strategies a static allocation may be required.

Pool attachment nodes

[0133]

- Scheduler operators: not used.

- Metric propagation operators: used to control the propagation of the most eligible task metrics.

- Metrics: used to store the metrics of the most eligible task of the scheduling cone attached to the associated pool
root node.

Thread element

[0134]

- Metrics: used to convey information directly about the eligibility of the task for scheduling or from which a scheduler
may calculate the eligibility.

Scheduling behaviour

[0135] The scheduling operation is split into two sub-categories:

- Standard tier scheduling, where one or more entries within a scheduler tier compete to be the most eligible entry
within a tier.

- pooldistribution scheduling - identifying which of a selection of processing resource instances should be interrupted.

[0136] No scheduling activity takes place unless a scheduling event is received.

Scheduling Push and Pop events

[0137] As stated previously, changes in system state may cause a "push event" or a "pop event" - these events cause

a reschedule to takes place. All scheduling operations are work conserving. Only parts of the scheduling hierarchy that

could conceivably be affected by a given event are re-evaluated, these are said to exist within the rescheduling scope.

Figure 17 shows the rescheduling scope for a event on a basic scheduling hierarchy, Figure 18 shows the rescheduling
scope for a simple two instance processing resource pool.
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Tier Scheduling

[0138] Tier scheduling is the most basic building block of the SystemWeaver scheduling algorithm. A scheduling event
may cause a succession of tier scheduling operations as defined by the user configurable scheduling hierarchy. The
result of each tier scheduling operation is the update of the parent scheduler (either a scheduling node or a scheduler
root node) HeadIndex pointer. The metrics of the parent scheduler may also be updated according to the defined metric
propagation algorithm.

[0139] In principle, tier scheduling starts at the current HeadIndex and iterates around the members of the scheduler
tier (Although in practice, to minimise latency, push operations only update the scheduling decision against the current
head pointer) establishing whether an update to the Headlndex is required according to:

- The event, which may be either a push or a pop operation
- The scheduling algorithm associated with the event type (push or pop)
- The metrics of the tier members

[0140] If a more eligible entry is found, the Headlndex is updated accordingly. Several special cases are observed
which refine the behaviour of the scheduling operation. In all cases dormant scheduler tiers are ignored in the scheduling
operation.

[0141] At all times each scheduling node must be aware of the number of thread or task descriptors that exist in its
child hierarchy to ensure that key fill parameters are maintained. However, it is not always necessary to fully schedule
each tier - a flag is maintained which identifies where the immediate downstream reschedule operation has caused a
scheduling decision update - if it has, the parent tier must also be fully evaluated, if it has not, there is no further need
to reschedule the remaining upstream scheduler hierarchy (although certain other state updates are required).

[0142] The last operation in any reschedule is to determine whether the most eligible ready task should be allowed to
pre-empt the currently executing task on a given PRI. The dispatch queue descriptor contains both a scheduling algorithm
and the currently running tasks’ metrics - these can be evaluated against the scheduler root node metrics, which contain
a copy of the most eligible thread metrics from the scheduling cone.

Pool distribution scheduling

[0143] Pool distribution scheduling only takes place within pool distribution tiers. Whereas basic tier scheduling seeks
to find the most eligible thread/task candidate for execution, pool distribution scheduling seeks to find the most eligible
processing resource instance candidate for pre-emption. Typically this means identifying the processing resource in-
stance running the task with the lowest eligibility of the pool of resources and comparing that with the metrics of the most
eligible 'ready’ task from the attached scheduling cone.

[0144] Where the most eligible ready task is of lower eligibility than all the running tasks, the remaining distribution
cone on every attached processing resource instance is updated to ensure that each all scheduling tiers remain aware
of the total number of accessible downstream tasks, however, no further scheduling is necessary.

[0145] Where a pre-emption candidate is identified, the scheduling update propagates towards that processing re-
source instance only.

[0146] Figure 20 shows a sequence diagram for the rescheduling which occurs as a result of the push event shown
in Figure 18. A basic tier scheduling operation takes place at the pool root tier (tier #6) followed by a pool distribution
scheduling operation. Inthis example node 5 was selected as eligible for pre-emption, hence the tier scheduling operation
in tier #1 is executed. The subsequent dispatch tier scheduling operation results in a pre-emption to the attached
processing resource instance. Thereafter tier #2 is also updated to ensure that its count of downstream task/threads is
maintained.

Co-operative and pre-emptive scheduling

[0147] Pre-emptive scheduling enables the currently executing task to be asynchronously interrupted by a more eligible
(higher priority) task. Pre-emption makes certain demands of the executing processingresource and context, forexample,
the ability to store state and resume once the pre-empter has left the resource. Typically pre-emptable tasks or threads
will retain the same scheduling eligibility through the ready and executing states.

[0148] In contrast, co-operative threads only yield upon completion, for which a higher priority task must wait. In the
SystemWeaver task management solution, co-operative threads maximise their eligibility when they enter into the ex-
ecuting state, thereby precluding the existence of a higher priority task and the potential consequent pre-emption.
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Metric propagation behaviour

[0149] Metric propagation can be caused by either scheduling events or modifications in the metrics of the executing
task or thread.

Scheduling event metric propagation

[0150] When the HeadIndex of the parent to a scheduling tier is updated as a result of a scheduling event, the metrics
are propagated, from the most eligible child metrics into the parent metrics, according to defined metric propagation
operators in the parent tier. These are dependant on the nature of the operation (push or pop event) and range in
complexity from a simple copy to a multiply-accumulate.

Executing thread metric propagation

[0151] The metrics of the currently executing thread may be modified dynamically - this may be used to obviate priority
inversion conditions on locked resources. Where the executing processing resource instance is not participating in a
distribution cone, only the dispatch queue descriptor metrics are updated. In the case of a distribution pool, the executing
metrics are propagated to the pool static nodes associated with the processing resource instance (Figure 21). The update
of the PSN metrics are controlled by the metric propagation operators held within the PSNs themselves. In certain
scheduling scenarios, static values must be persistent within pool static nodes.

[0152] Inboth cases arescheduling eventis instigated to ensure that the new executing metrics do not cause a change
in the comparative eligibility of the executing and ready tasks. In the non-pool case, this is simply a reschedule of the
scheduler root node metrics with respect to the new executing metrics. In the pooled case, the pool distribution tier, and
all subsequent tiers, must be re-evaluated.

Idle handling

[0153] When a processingresource instance enters the idle state, it uses the executing metrics to inform the scheduling
structure. In essence, an idle processing resource instance is one which is "executing" the lowest possible priority task,
and will therefore be pre-empted by the arrival of any task. The setting of the executing metrics to the idle value instigates
a re-scheduling event in the usual way, thereby causing a "pre-emption" of the idle task by tasks waiting in the ready
state structure for this processing resource instance.

[0154] For a more detailed description about the "idle task" and its impact on power management in processing
resource pools, see section power management in pool scenarios section below.

Advanced scheduling modes

[0155] Several advanced modes and behaviours are capable either inherently or by adopting certain SystemWeaver
configurations. The following modes are described in the following section.
[0156] Note that this is not an exhaustive list of available scheduling modes within SystemWeaver.

Timeslicing

[0157] Although SystemWeaver systems are principally event driven, traditional timer based systems, such as times-
licing, are available. Time-sliced tasks share a processing resource according to individual time slices periods, which
determine the interval during which a task may occupy a processing resource (assuming na pre-empting tasks become
ready during this interval).

[0158] Time-sliced tasks exhibit a slightly modified "running" behaviour to ordinary tasks (shown in Figure 1). Figure
22 shows the two parts of the running state; normal and deprecated.

[0159] This section describes the behaviour of Timeslice tasks, together with the rules which must be observed when
configuring them.

SystemWeaver core resources

[0160] Thefollowing sectiondiscusses theresources used toimplementthe Timeslice feature within the SystemWeaver
server core.
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Counters

[0161] A per-processing resource instance counter is used within the SystemWeaver core to facilitate Timeslice be-
haviour. A single pre-scaler is also provisioned, which is fed by the system clock. The bit resolution of the pre-scaler is
set at chip design time.

Timeslice Status Indicator

[0162] A status bit within the per-processing resource instance interrupt status register is set aside for Timeslice
behaviour. This status bit registers the expiry of the Timeslice counter and may be used by software to determine whether
a Timeslice event has taken place.

Configuration

[0163] Alltasks within a Timeslice group must share the same priority and the same parent-scheduling tier, furthermore,
Timeslice tasks should not share scheduling tiers with other non Timeslice tasks. The scheduling algorithm of the
Timeslice parent should be set to FIFO. Figure 23 shows a typical timeslice configuration, where a Timeslice group
operates inthe background with a group of foreground, event driven tasks, taking priority as and when they require service.

Behaviour

[0164] When a Timeslice task first commences execution, a system-wide Timeslice value is copied into the Timeslice
counter associated with the processing resource instance. The Timeslice task is said to enter its 'normal’ running state
(Figure 24). In the normal state, each cycle decrements this counter. Upon reaching 0, the executing priority of the task
(stored within the dispatch queue descriptor) is automatically decremented by the hardware and the task enters the
‘deprecated’ state. At this point the timeslice interval counter switches over to the traditional watchdog mode.

[0165] Inthe case of asingle processing resource instance servinga number of Timeslice tasks, the actof decrementing
the executing priority (with the associated reschedule operation) will cause a pre-emption by another member of the
Timeslice group within the ready state structure. By interrogating the timeslice status bit the software client can determine
that the timeslice duration has expired and push the, now pre-empted, task to the back of the FIFO queue. Hence the
group obeys the configured Timeslice rules whilst largely maintaining the normal operating mode of SystemWeaver core
scheduling and client behaviour.

[0166] When atimeslice taskis pre-empted by anon-timeslice task, whilstin the 'normal’ timeslice state, the cutstanding
timeslice duration is copied into the task control block. The task is then pushed back into the Timeslice group af the
head of the FIFO queue. When any pre-empting task processing is complete, the timeslice tasks are resumed with the
remaining Timeslice of the pre-empted task being re-instated to the Timeslice counter.

[0167] When atimeslice task is pre-empted in the 'deprecated’ state, it is pushed back to the tail of the timeslice group
FIFO queue. In both cases the priority metric of the timeslice tasks remain at their original configured value.

[0168] Where a Timeslice group is served by a pool of processing resource instances (assuming no pre-empting
tasks), entry into the 'deprecated’ state may not necessarily cause an immediate switch to another Timeslice group
member. Note the following observations:

Tp = (t"d)/p
where (1 <p<t)
Tready = Tp'd
T The period of a full rotation of a timeslice group (executing each member task once).

Tready The amount of time per cycle during which a given task is waiting in the ready state.
The number of Timeslice tasks

The number of processing resource instances in the pool

The duration of each Timeslice interval

Q T —

[0169] Note that, when p=t, in the absence of any other pre-empting tasks, the Timeslice tasks run continually.
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Execution profiles
[0170] The following execution profiles illustrate SystemWeaver timeslice behaviour:

Figure 25 shows the classical case with a single processor and three timeslice tasks. They each timeshare according
to the timeslice interval until a pre-empting task arrives at which point the timeslice task (number 2 in this case)
yields. Upon completion of the high priority pre-empting task, the original timeslice task resumes to complete the
interrupted interval.

Figure 26 shows the same scenario with two processors. Initially the three timeslice tasks are shared amongst the
two processors. When the pre-emption arrives, the timeslice tasks share the remaining processor and, upon com-
pletion of the pre-emption task, they resume execution on two.

Figure 27 demonstrates that, when the number of available processing resources equals the number of timeslice
tasks, each timeslice task runs continuously on one of the processors. When a high priority task takes control of
one of the processors the timeslice group automatically share the remaining processors according to the defined
timeslice interval.

Power management in pool scenarios

[0171] The default behaviour of a processing resource pool is to evaluate a scheduling decision from the first pool
static node within a distribution tier. The pool root node (PRN) has a parent pointer which ordinarily points to the first
pool static node (PSN) in a distribution tier (Figure 28). When evaluating a candidate for pre-emption, the comparisons
start from this entry and progress around the list using the peer pointers.

[0172] If all static nodes are of the same eligibility, and that eligibility is lower than the candidate from the scheduling
cone, the first node encountered will be chosen. Hence, in low load scenarios, where one or more of the processors is
idle (having set their metrics to the idle value), the processing resource instances nearest the parent pointer of the PRN
will be favoured for processing new tasks and processing resources furthest from the parent pointer will exhibit long idle
periods.

[0173] This behaviouris usefulwhen the processing resource instance or macro-architecture has the ability to modulate
power consumption (i.e. by clock-gating, voltage/frequency modulation, power isolation etc). These features may be
leveraged by adding appropriate driver code to the software client shim.

[0174] Different power saving measures tend to exhibit differing impacts when the processing resource mustre-awaken
- for example, clock gating may maintain all state within a micro-architecture whereas aggressive voltage/frequency
scaling may sactrifice all existing state and exhibit undesirable in-rush currents when reawakened. In cases where a
given PRI has many power-down options of differing costs, and with the scheduling behaviour described above, it makes
sense to manage their usage according to the time spent idle.

[0175] The ’idle’ state can be split into multiple sub-states according to the capabilities of the processing resource
instance and system macro-architecture. It is likely that it will be more costly to restart from some states than others (for
example contrast a state retaining clock-gating power-down with a power isolated state). To support these scenarios
SystemWeaver supports multiple idle priorities.

[0176] For those processing resources with multiple sub-states, interrupt response may be to transition steadily back
into the idle state before thread execution resumes. This permits gradual re-introduction of a processing resource into
the active set of a given distribution.

Example

[0177] Figure 29 shows the "executing priority" of a processing resource instance (PRI) as time passes in an idle state
using ascending priority. In the first instance, the idle task sets the priority to its lowest possible setting, giving the PRI
the highest possible chance, when compared to its distribution pool peers, of a task assignment from the scheduler.
[0178] After time the idle task invokes a power down mode, perhaps supported within the processing resource micro-
architecture. At this point the idle task increases the executing priority of the PRI to reduce the likelihood of a task
assignment (PRIs in the previous state will take precedence).

[0179] Similarly after another period, the idle task (or some other agent), increases the executing priority still further,
(perhaps isolating the power to the PRI - thereby eliminating static leakage). The modulation of the priority makes the
PRI’s eligibility for a task allocation still lower - consistent with the cost (in this case in-rush current, cold cache effects
etc) of re-awakening this processing resource.

[0180] Note: The favoured pre-emption of the first entry in a distribution tier is sometimes undesirable. Where this is
the case, a different behaviour may be selected where the previous scheduling decision becomes the new starting point
for subsequent scheduling operations. This selection exhibits a more fair distribution of high priority pre-emption tasks
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amongst processing resource instances within a distribution pool.
Hysteresis based scheduling

[0181] In some cases itis desirable to maintain a scheduling decision regardless of its ongoing absolute correctness.
Generally this is where the cost of establishing a context for a particular class of task or dataset is high and therefore
should be aggregated over multiple tasks where allowable. Examples where this is the case include:

- Processor caches - a cache memory which has been populated for a historical algorithm or dataset will show poor
affinity with a disparate algorithm and/or dataset. This is referred to as a cold cache effect and exhibits a high cache
miss ratio and consequently poor performance.

- Reconfigurable FPGA partitions - Partial runtime reconfigurability enables a portion of the FPGA to be dynamically
reconfigured whilst the chip is deployed and operational, enabling the execution of different algorithms over time.
However, the cost of switching from one algorithm to another is high and must be aggregated over larger datasets
to ensure system efficiency.

[0182] Both of these are examples of costly context switches.

[0183] Hysteresis based scheduling may be used to avoid some of the ill effects by aggregating the cost of context
switches across multiple user operations. By using one of the metrics to represent a ’system cost’ parameter, hysteresis
based scheduling can be enabled. The hysteresis metric may be based on numerous measures of cost within the system:

- Task memory occupancy; where memory is at a premium, the accumulated footprint of a given task queue may be
used to determine when to schedule the new configuration.

- Processing requirement; where it is desirable to aggregate the cost of a context switch over a substantial "active
processing" period.

- Timeslice; where jitter on latency is important.

[0184] For example, in the case of a dynamically reconfigured FPGA, a memory may be accumulating work for each
of the algorithm contexts multiplexed on a single portion of reconfigurable fabric - in this case the memory occupancy
may be a factor in deciding when to reprogram the array. In all cases it is possible that a scheduler hierarchy will be
designed to accommodate forced switches due to the arrival of high priority tasks.

[0185] The key system level challenges are summarised below:

- The impact of the cost of a context switch (time to switch, inrush current)

- The timing of the switch

- How to manage the accumulation of work for a given context whilst it is not active.

[0186] The following sections describe possible approaches to managing dynamic FPGA reconfiguration using Sys-
temWeaver. Management of cold caches can be achieved using similar scheduling techniques and simpler software
client shim behaviour.

FPGA runtime reconfiguration

[0187] Although there are very strong analogues with processor context switching, a couple of (re) definitions are
required:

Configuration - one of a suite of programming variants which may be targeted at a given portion of the FPGA fabric.

Context switch - the act of changing the configuration of a reconfigurable portion of the FPGA.

Task- a single unit of work carried out by a given FPGA configuration.
[0188] In this proposal configurations targeted at the reconfigurable portion of the FPGA are regarded as cooperative
(as opposed to pre-emptive), that is to say that individual tasks are indivisible and must complete before a context switch
can take place. This ensures that tasks need not be re-entrant and bounds the problem of state retention between
contexts to one where the number of tasks awaiting a particular configuration must be an integer value. A logical view

of the management of outstanding tasks is shown in Figure 30:
Tasks are organised into queues. These queues exist in perpetuity; in particular, they accumulate work for FPGA

22

91



10

15

20

25

30

35

40

45

50

55

EP 2 328 077 B1

configurations which are not currently active. The scheduler determines when to switch tasks and manages the order
of execution of tasks within a task group. The reconfiguration support logic manages the mechanics of reprogramming
the fabric and signalling when it is complete. According to the cooperative nature of this model, there is no data that
requires retention within the fabric when a context switch is scheduled.

The Scheduler
[0189] The scheduler performs two distinct functions:

- It continuously evaluates the current scheduling decision according to the changing state of the task queues.
- It manages the execution order of tasks within an individual task queue.

[0190] Each and every task arrival causes an update of the scheduling decision to ensure that the FPGA fabric is in
the correct state at all times (greedy scheduling). Within the task queues the scheduler mandates the order of execution
according to attributes defined by the system architect. As a minimum the scheduler should provide FIFO, round robin
and priority palicies.

Reconfiguration management using SystemWeaver

[0191] The SystemWeaver solution provides a rich set of scheduling and interprocessor communications capability
which can be deployed to manage runtime parallel execution and interprocess communication. The features of Sys-
temWeaver may efficiently manage tasks and context switches within traditional instruction set architectures, fixed
hardware elements and reconfigurable FPGA blocks alike. An example architecture is shown in Figure 31:
SystemWeaver handles the management of scheduling of FPGA fabric context switchs and the ordering of tasks within
the individual tasks queue. Naturally, this is in addition to scheduling more traditional tasks to the fixed configuration
elements within the platform.

[0192] The reconfiguration itself is handled with a particular SystemWeaver hardware client shim. Note that similar
scheduling techniques to manage cache "warmth" place no additional requirements on the standard client shim. Each
scheduled task control block received by the client shim is compared with the existing configuration of the fabric. If the
currently loaded configuration and the scheduled task’s configuration differ, the client shim reconfigures the fabric without
further interaction with the SystemWeaver core. The fabric update decision, then, is exclusively under the control of the
output ordering of tasks, as dictated by the scheduler. The client shim can be re-designed to accommodate disimilar
reconfiguration strategies.

The Scheduling Policy

[0193] The scheduling policy should be determined by the system designer. However, there are key capabilities which
must be available to support this feature. In particular, it should be possible for scheduling algorithms to exhibit hysteresis,
i.e. to stick on a scheduling decision until a sufficient cost has accumulated elsewhere to warrant a switch to an alternative
decision.

[0194] Inthe example shown, each "task™ has a randomly generated metric which is added to the accumulated metrics
representing the task group. When a given task group is served the "pop" operation, which removes a task from the
queue, decrements this accumulated count.

[0195] When a "push” (a new task arriving) or a "pop" operation occurs the fabric scheduler evaluates each candidate
against the metrics of the currently executing task group. According to the algorithm given in Figure 32:

Update Required = (Ccandidate > Courrent + Hysteresis)

Ceandidate The accumulated cost of the tasks within the candidate scheduling tier.
Ceurrent The accumulated costs of the outstanding tasks within the currently selected scheduling tier.
Hysteresis  The hysteresis added to avoid context thrashing.

[0196] Figure 33 shows a scheduling hierarchy which could be chosen to implement the algorithm described above.
In this case metric 1 of the "hysteresis scheduler" stores the hysteresis operand. Metric 0 may be used to store the static
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priority of the hysteresis group, this priority is used when scheduling between the hysteresis group and the pre-empter
group. The assumption is that there are some tasks which are of sufficient priority to force a context change.

Results

[0197] Figure 32 shows the conceptual effect of such a system. The task scheduling output is deliberately blocky in
nature, which gains maximum use of any given configuration whilst managing the impact on system traffic shaping.
[0198] Figure 34 shows the results of a simulation of the presented scheduling algorithm. The accumulated "cost" of
tasks awaiting each of four configurations are plotted along with the overall sum of all the costs ("cumulative"). The
selection trace indicates which of the available configurations will be selected by the algorithm.

Compound Scheduling algorithm example

[0199] Compound scheduling operators are useful, for example, when scheduling processing resource pools in pool
distribution tiers. For example, perhaps a subset of the members should only be eligible when the queue fill of tasks
awaiting processing exceeds a certain threshold.

[0200] Consider the case where three processing resources are available; 1 RISC processor and two DSPs (Figure
35). Each of these resources is theoretically capable of performing a speech encoding operation, but the DSP devices
are more efficient. In this case, the RISC processor would be present in the speech encoding pool, as shown, but its
eligibility to participate in the execution would depend upon the depth of the queue of tasks waiting for the function.
[0201] In such a configuration, the pool root node metric 0 might represent priority whilst metric 1 might represent
queue fill. In each of the candidiate PSNs, metric O will normally represent the executing priority of the tasks running on
their respective processing resource instances (PRIs). In this case metric 1 will represent the queue fill required to make
their associated PRI eligible for scheduling. In this case the compound scheduling algorithm is:

Update Required = (McurrentO > Mcandidate0) && (Mcurrent! > Meandidate 1)

[0202] Inthe PSNs associated with the DSP devices, M1 will be set to 0, therefore the algorithm is purely determined
on the basis of priority. In the case of the RISC processor, M1 will be non-zero, hence the queue fill, represented by
Mcurent! must have grown to exceed this value for the RISC processor to participate in the execution of the algorithm.
[0203] The following describes the SystemWeaver server at a macro-architectural, or transactional, level.

[0204] As mentioned previously, there are four elements to the SystemWeaver hardware solution:

- the SystemWeaver server core

- the SystemWeaver tightly coupled memory

- the SystemWeaver debug manager

- the SystemWeaver client shims

[0205] Global metric agents are optional and are used when the system design requires the inclusion of system global
state in the scheduling decision.

Primary connection groups

[0206] Figure 38 shows the interface groups found on the core periphery.

[0207] To ensure that the SystemWeaver core may be easily integrated all signals are unidirectional and synchronous
to a single clock. Details of the constituent members of these groups are given below. All signal directions are given
with respect to the SystemWeaver core.

System Control Group

[0208] The system control group contains the miscellaneous signals required to ensure the correct operation of the
SystemWeaver core. These include system clock, real time clock and reset signals.
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Global metric group

[0209] In some systems it is desirable that certain system metrics are used during the scheduling decisions. These
metrics may represent various factors, such as interconnect busyness, cache hit ratio, memory occupancy efc,

Peripheral Interrupt Group

[0210] The peripheral interrupt group consists of a group of interrupts sourced from outside the SystemWeaver con-
trolled system. Signals in the peripheral interrupt group may be driven from, for example, input interfaces with the outside
world or directly from outside the SoC device via pins. The number of peripheral interrupt inputs is defined at SoC design-
time.

Internal Interrupt Group

[0211] The internal group consists of two groups of synchronous interrupts sourced by the SystemWeaver system
and a single group of runtime system debug signals. The number of each signal within a signal group will typically
correspond with the number of processing resources within the system and will be defined at SoC design-time.
Tightly Coupled Memory Interface Group

[0212] This group interfaces SystemWeaver to its own private tightly coupled memory resource. The attached memory
is assumed to be a synchronous SRAM device.

[0213] The width of the address path, n, and the width of the datapath, m, are defined at SoC design-time.

Interconnect Group

[0214] The individual interconnect strategy, including protocol and number of layers, must be set at SoC design-time.
The details of any given bus interface signals may be found in the corresponding bus-specific implementation.

Debug Interface Group

[0215] For details of the interfaces to the debug manager please consult co-pending International PCT Application
No. PCT/GB2005/003525.

Tightly Coupled Memory (TCM)

[0216] SystemWeaver TCM is a standard compiler SSRAM technology supplied by numerous EDA vendors. The TCM
contains an integer number of SystemWeaver Memory Elements (WMEs) as defined at SoC design time according to
the needs of the application. Each WME consumes 256 bits of memory space. SystemWeaver supports a maximum of
65536 WMEs, or a 16Mb memory.

[0217] Although queue descriptors do consume WMEs, in a typical system the number of WMESs required would be
dominated by thread support requirements. For example, a system capable of supporting 400 threads simultaneously
within the SystemWeaver server would require approximately 128kb of attached memory.

[0218] At SoC design-time, the memory interfaces can be modified to simplify routing.

Server Core Sub-Block Description

[0219] The main logical components of the SystemWeaver server entity are shown in Figure 39. These functions are

mapped onto the architecture shown in Figure 40. The functionality is split amongst four primary internal parallel process-

ing elements, performing the following functions:

- Thread Scheduler Input Manager (TSIM): Free list maintenance, WME recovery.

- Thread Scheduler Pending Manager (TSPM): Pending list maintenance, synchronisation, promotion to Ready queue
structures. The Thread Synchronisation manager maintains the integrity of the pending queue structures (insertion

and extraction).

- Thread Scheduler Output Manager (TSOM): Ready queue maintenance, dispatch queue maintenance, processing
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resource power management, interrupt generation. Maintenance of integrity of the ready queue structures (insertion
and extraction)

- Thread Scheduler Schedule Manager (TSSM): Maintenance of scheduling decisions for each processing resource
within the ready queue structure.

[0220] Additionally a number of blocks provide support functions:

- Thread Scheduler Memory Manager (TSMM): Aggregate access to the attached SystemWeaver memory, including
mutual exclusivity and locking.

- Thread Scheduler Interrupt Manager (TSIC): Convert incoming system interrupts to internal synchronisation prim-
itives.

- Thread Scheduler Interface Manager (TSIF): Providing interconnect interfacing and configuration and run-time
access to SystemWeaver resources.

[0221] Figure 40 shows the principle sub-blocks of the SystemWeaver architecture. The following sections elaborate
the intra-subblock interaction between these components. Each sub-block presents a set of "public methods” to other
sub-blocks, enabling each to instruct its peers to execute manipulations on their respective maintained structures.
[0222] Where a command may complete with particular conditions, status flags are administered within the sub-block.
[0223] Arrow directions on sub-block interface diagrams indicate master-ship of the bus and are no reflection on the
direction of individual elements of the signal group.

Stateful descriptor behaviour

[0224] Numerous descriptor types are used during the operation of SystemWeaver (for further details see co-pending
International PCT Application No. PCT/GB2005/001154). The majority of these descriptors are stateless, however,
thread descriptors and scheduler descriptors may transition through numerous states under certain circumstances. This
document describes these state transitions and the events which cause them.

Thread Descriptions

[0225] There are two types of thread descriptor recognised internally by SystemWeaver; the standard thread descriptor
and the marker thread descriptor. The latter are used exclusively for synchronising the process of removing scheduling
hierarchy whilst guaranteeing the integrity and ordering of previously queued thread descriptors.

[0226] Figure 41 shows the internal thread state diagram through which both thread descriptors and marker thread
descriptors traverse. Note that states New and Fee are meta-states which have no direct correlation with a persistent
state within SystemWeaver. A literal state variable does not exist within the thread descriptor instead the state is repre-
sented by a number of flags. Table 3 gives the correlation between flag state and the state in which the thread exists in
Figure 41.

Standard thread descriptor state descriptions
[0227] The following sections give a brief description of the state and the events which cause entry and exit from it.
New

[0228] The new state is transient. New threads are introduced to the TSIF by a push independent or dependent thread
command. The two cases are processed as follows:

- Independent threads (threads with no time or synchronisation dependency) immediately transition into the pushed
state. In this instance the TSIF instructs the TSSM to introduce the thread into the ready queue structure.

- Dependant threads (threads with a time or a synchronisation dependency) transition into the blocked state. The
TSIF instructs the TSPM to introduce the thread into the pending and timing queue structures as appropriate.
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Blocked
[0229] Inthe blocked state thread descriptors are waiting for either an external synchraonisation and/or a timing based
synchronisation. Blocked threads originate at the TSIF. When the appropriate synchronisation is received the TSPM
transitions the thread into the Pushed state and instructs the TSSM to introduce the thread into the ready queue structure.
Pushed
[0230] Threads in the pushed state have either been synchronised or where originally independent, the TSPM (de-
pendant threads) and TSIF (independent threads) would have managed the transitions into the pushed state in these
respective cases. The TSSM pushes the thread into the ready queue structure and transitions the thread into the ready
state. A transition into the ready state causes a reschedule to take place.
Ready
[0231] Threads in the ready state have either transitioned from the pushed state or have been flushed back into the
ready queue structure (by the TSSM). The transition into the ready state always instigates a reschedule. Threads can
transition out of the ready state into either the popped state or the flushed state, the latter being as a result of a specific
condition which traverses the popped condition to flushed in a single operation. Threads transition into the popped state
when they have been nominated as the most eligible candidate for scheduling by the TSSM.
Popped
[0232] Threads in the popped state have been nominated by the scheduler (TSSM) as the most eligible threads for
processing by a particular processing resource instance or a group of instances, they are transitioned into this state by
the TSOM. Threads can transition into either the flushed state or the zombie state from the popped state:
- Threads are transitioned by the TSOM into the flushed state as a result of a more eligible thread being identified as

aresult of a reschedule.

- Threads are transitioned by the TSOM into the zombie state as a result of commencement of processing in one of
the system processing resource instances. The zombie state maintains the thread descriptor until it can be freed.

Zombie

[0233] Zombie threads are processed within the TSSM. The existence of the zombie state is to guarantee that all
dependencies on a given thread descriptor have been dispensed with prior to the freeing of the thread. This is guaranteed
once the thread has reached the front of the TSSM processing queue, therefore no further processing is required.
Flushed

[0234] Flushed threads are processed by the TSSM. Flushed threads must be reintroduced into the ready queue
structure, causing a reschedule operation. Once this is complete the thread is transitioned back into the ready state by
the TSSM.

Free

[0235] The free state is a transient state indicating that the WME consumed by the thread descriptor is placed back
on the free list.

Marker thread descriptor state descriptions

[0236] The following sections give a brief description of the state and the events which cause entry and exit from it.
New

[0237] The new state is transient. New marker threads are introduced to the TSIF by a push marker thread command.

Marker threads always traverse the blocked state, to ensure that any processing which exists in the input and output
work queues of the TSPM, which could affect the status of the scheduler tiers which marker threads are ultimately
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deleting, has been completed prior to the arrival of the marker thread itself.
Blocked

[0238] The TSPM immediately transitions marker threads into the Pushed state and instructs the TSSM to introduce
the thread into the ready queue structure.

Pushed

[0239] The TSSM pushes marker threads into the ready queue structure and transitions the thread into the ready
state. A transition into the ready state causes a reschedule to take place.

Ready

[0240] When marker threads are introduced to the ready queue structure, they unlock their immediate parent. The
liberation of that parent scheduling tier is then under the control of the count of the number of dependant threads. Marker
threads are only eligible to transition out of the ready state when their parent’s dependant thread count has reached
zero, i.e. there are no further thread descriptors within SystemWeaver which are dependant on the existence of the
parent scheduling tier.

[0241] Like standard threads, Marker threads can transition out of the ready state into either the popped state or the
flushed state, the latter being as a result of specific condition which traverses the popped condition to flushed in a single
operation. Marker threads transition into the popped state when they have been nominated as the most eligible candidate
for scheduling by the TSSM.

Popped

[0242] Marker threads in the popped state have been nominated by the scheduler (TSSM) as the most eligible threads

for processing by a particular processing resource instance or a group of instances, note that this scheduling decision

is a special case, indicating that the scheduling tier is empty and that no further dependant threads exist. Marker threads

can transition into either the flushed state or the zombie state from the popped state:

- Marker threads are transitioned into the flushed state as a result of a more eligible thread being identified as a result
of a reschedule.

- Marker threads are transitioned into the zombie state as a result of commencement of processing in one of the
system processing resource instances. The zombie state maintains the marker thread descriptor until it can be
freed. Additionally, the parent of the marker thread is also marked for deletion during within this state.

Zombie

[0243] The processing of zombie marker threads is similar to that of normal thread descriptors. The parent scheduling
tiers of marker threads will also be deleted within this state.

Free

[0244] The free state is a transient state indicating that the WME consumed by the thread descriptor is placed back
on the free list.

Scheduler tier state diagram

[0245] Scheduler tiers also have implicit state. For a static tier, i.e. one whose persists throughout the runtime of the
system, the only state is active. The remaining states are used by dynamic scheduling tiers, i.e. those that come and
go during runtime. Table 4 gives the correlation between flag state and the state in which the scheduler tier exists in
Figure 42.

Scheduler tier descriptor state descriptions

[0246] The following sections give a brief description of the state and the events which cause entry and exit from it.

28

97



10

15

20

25

30

35

40

45

50

55

EP 2 328 077 B1
New

[0247] The new state is transient. New scheduler tiers are introduced to the TSIF by a push independent element
during initialisation or at runtime.

Dormant

[0248] In the dormant state, the scheduler tier is permitted to accumulate threads and potentially additional child-
hierarchy but will never be scheduled by the TSSM. The dormant state may be entered in two ways:

- A new scheduling descriptor can be created in the dormant state

- Ascheduling tier may be modified at runtime and placed into the dormant state through an explicit system command
issued through the TSIF.

[0249] The dormant state can only be exited by an explicit system command.

Active

[0250] Scheduler tiers in the active state actively participate in scheduling and are locked, meaning they will not be

removed when they become empty. Static schedulers will typically be created in this state. Dynamic schedulers transition

into this state via an explicit system command received through the TSIF. The scheduler tier only exits the active state

when a marker thread is received, wherein it enters the "pending free" state.

Pending free

[0251] Scheduler tiers remain in the pending free state until the following two criterion are both satisfied:

- The number of dependant elements, which is a count which keeps a measure of the number of descriptors which
reference this one, becomes 0

- The number of child elements becomes zero

[0252] Note that this implies that the marker thread descriptor, which caused the transition into the Pending free state
has also been popped, an action which only takes place when the scheduler tier has no further dependencies.

Free

[0253] The free state is a transient state indicating that the WME consumed by the scheduling tier descriptor is placed
back on the free list.

Inter subblock behaviour

[0254] The following section covers aspects of SystemWeaver behaviour which involve multiple subblocks.

Dynamic scheduling hierarchy manipulation

[0255] It is possible to add and remove scheduling hierarchy during system runtime. If certain user level procedures

are respected, SystemWeaver guarantees the integrity of the system and the ordering of thread descriptors which

transition from one part of scheduling hierarchy to another. For further details, please see above.

Dynamic scheduling metric update

[0256] Itis possible to update the metrics within a standard or marker thread. Behaviour is dependant on thread state:

- If the thread is in the blocked state, an appropriate command is sent to the TSPM. Since the pending queue is
sorted, the thread is removed from and reinserted into the queue when the metrics are updated to ensure that it
reappears at the appropriate point.

- Ifthe thread is in any other persistent state a command is issued to the TSSM which performs the metric update
and reschedules the appropriate part of the scheduling hierarchy.
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TSOM/TSSM interaction for scheduling

[0257] Both the TSOM and the TSSM play a part in the scheduling of thread descriptors to processing resource
instances. Some example sequence diagrams of the interactions between the TSOM and the TSSM are given in figures
72 and 73.

Intra subblock architecture and behaviour

[0258] Each sub-block is discussed in terms of its primary 10, or physical interface to its peers and the outside world,
and also in terms of its command interface, or the methods which may be called using the command protocols over the
appropriate physical interface.

TSIF - Interface Manager

[0259] The interface manager is responsible for orchestrating the execution of commands received from the intercon-
nect group and distributing them to the other sub-blocks.

[0260] The following section describes the functional entities which exist within the TSIF and are above and beyond
simple translation of commands for internal consumption.

Architecture

[0261] The TSIF primarily interprets commands received over the interconnect interface into one or many internal
commands to the remainder of the sub-blocks. The following sections give details of the architectural resources which
exist within the TSIF.

Semaphore region locks

[0262] Semaphore region locks (SRL) provide a resource which may be tested and locked atomically by any system
resource to gain exclusive access to a system resource. They may be used for any number of reasons:

- To lock a region of system memory containing one or more shared resources (for example, semaphores objects,
task control objects etc), thereby guaranteeing integrity.

- To lock the SystemWeaver command interface for a multi-cycle command access

- Tolock the SystemWeaver debug event interface for multi-cycle events.

[0263] SRLs have two states; locked and unlocked. Reads from SRLs are defined as attempts to gain lock, writes to

SRLs are defined as attempts to unlock. There is no required correlation between the processing resource instance

which locks a particular SRL and that which releases it. The behaviour is described below:

- Unlocked. In the unlocked state a read from an SRL returns a control code which indicates to the reader whether
the lock attempt was successful. Writes have no effect in this state.

- Locked: In the locked state a read from the SRL indicates that the SRL is not available. A write frees the SRL.

Command handling

[0264] The TSIF breaks commands received from the system interconnect into possibly multiple internal commands.

Watchdog and time-slice support

[0265] A dual-mode timer counter is optionally provisioned for each processing resource instance. The two timer

modes are watchdog and timeslice, the default mode is watchdog.

[0266] Watchdog behaviour is defined by a watchdog cycle and the individual counts (Figure 44). Watchdog cycles

are a stepped down version of the system clock, with the step down being defined by a system constant at silicon design

time. Figure 46(a) shows the behaviour for each processing resource instance on each prescaled watchdog clock cycle:

- the individual watchdog counters are interrogated to determine whether a watchdog interrupt is appropriate.
- if necessary a watchdog interrupt is generated.
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[0267] The watchdog timer count is reset on each control access from the processing resource instance into which
the timer relates, hence, only processing resources which do not access SystemWeaver over the watchdog interval,
experience a watchdog interrupt.

[0268] The Time-slicing behaviour, described previously, is partitioned between the TSIF and the TSOM. In the TSIF,
timers allocated to each processing resource may be dedicated to timeslice support. When a timeslice interval occurs,
automated metric manipulation is provided in the TSOM (the running priority is decremented). The processing resource
itself is only pre-empted if, as a result of the automated metric update, a standard pre-emption becomes appropriate.
[0269] Figure 45 shows the per system clock cycle behaviour of the timeslice support logic within the TSIF. Figure
46(b) shows the behaviour for each processing resource on each cycle of the prescaled timeslice clock. Note that, after
a timeslice event has taken place, the timer mode is reverted to watchdog mode.

Interrupt handling

[0270] SystemWeaver accepts interrupts from the system, peripheral interrupts, and sources interrupts to the system,
processing resource instance interrupts.

Peripheral interrupts

[0271] Peripheral interrupts may be masked and conditioned within the TSIF (edge/level triggered, negative/positive
logic etc).

Processing resource instance interrupts
[0272] Interrupt handling resources are provisioned within the TSIF to provide the following facilities:

- Maintain interrupt status, including the source of an interrupt assertion (pre-emption, timeslice, watchdog)
- Mask ability.

[0273] A specialfeature isimplemented within the TSIF to automate interrupt masking on the SystemWeaver command
interface. Since the command interface is a common access point for all processing resources within the system, integrity
and efficiency must be maintained. For this purpose, SystemWeaver automatically handles interrupt masking when a
processing resource gains a lock on the SystemWeaver command interface to ensure that the processing resource is
not interrupted during this critical section of code.

[0274] A counter is maintained for each processing resource instance which tracks the number of successful Sys-
temWeaver command interface semaphore region lock requests which have beenreceived. Each lockrequestincrements
the count and each unlock requestdecrements it. When the counter is incremented from zero, interrupts are automatically
masked, when the count is decremented to zero, interrupts are automatically unmasked.

TSIM - Input Manager

[0275] The input manager administers to the WME free list, handling pop requests from the TSIF and push requests
from numerous sub-blocks (TSIF, TSPM, TSOM, TSSM).

Architecture

[0276] The TSIM contains only one architectural entity, the SystemWeaver memory element (WME) free list. Figure
48 shows the structure of this list.

[0277] The free list operates according to a last in first out (LIFO) policy. Every member of the list is of type
C_SCHED_ENTRY_FREE and is singly linked using the pointer referenced by C_FREE_QUEUE_POINTER_INDEX.
Method interface

[0278] Aswellas basic linked list housekeeping methods (get and set status), the input manager presents the following
commands on its interface:

Push Free Index (C_TSIM_CMD_PUSH_INDEX)
Caller:(TSIF, TSSM, TSOM, TSPM)
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[0279] The push free index command is used to push a liberated WME index back onto the free list. The arguments
are summarised below:

unsigned short Index Index of newly liberated SystemWeaver memory element.

Pop Free Index (C_TSIM_CMD_POP_INDEX)

Caller:TSIF

[0280] The pop free index command is used to pop a free WME index from the free list. The arguments are summarised
below:

unsigned short *pindex Reference to location in which to place newly allocated WME Node ID.

TSPM - Pending Manager

[0281] The pending manager administers to task or thread descriptors blocked pending some event; either synchro-
nisation or timer based. Individual pending list associations are under user control (or the control of higher layer software),
they may represent a semaphore, a contention domain, an interrupt or any combination of these.

Architecture

[0282] The pending manager comprises two principal elements; a variable number of pending queues and a timer
queue. The pending queues store lists of threads awaiting synchronisation by some external event whereas the timer
queues store a list of threads awaiting a timeout. It is possible, and indeed common, for a thread descriptor to be a
member of both lists, whereby a thread descriptor is permitted to wait for an external synchronisation event for a bounded
length of time.

Pending queue structure

[0283] The pending queue structure of Figure 50is primarily instanced within the tightly coupled memory, with resources
and capabilities within the TSPM for processing its contents. The TSPM itself contains a head pointer and a number of
elements which reference a list of pending queue descriptors, i.e. a list of lists. Each pending queue contains a list of
thread descriptors, the number of pending queues may grow and shrink dynamically at runtime. All thread descriptors
in the blocked state exist in a pending queue (in contrast to the timer queue, in which threads only appear if they have
a defined timeout). The use of multiple pending queues is dependant upon the needs and preferences of the application
and the application programmer. Pending queues may be associated with, amongst other things:

- Asemaphore. This is likely to result in a large number of pending queues containing few threads each. Hence the
worst case synchronisation response time will be low under these circumstances.

- A contention domain. A contention domain is a zone within multiple entities compete for the same resources. For
example, a process (as opposed to a thread) may be regarded as a contention domain.

- Interrupts. For the fastest response time interrupts will typically be grouped together into an exclusively dedicated
pending queue.

[0284] Unlike timer queues, the pending queues are purely event based. These events are:

- Apush event, where a new thread is introduced to a pending queue which either already exists or must be created.
- A synchronisation event, where one or more threads must transition into the ready queue structure.

[0285] The following sections describe the behaviour under these circumstances:
Push Event

[0286] ©On a push event the TSPM must determine where in the list to insert the thread descriptor (according to an
identified sort operator metric[0]). There are two circumstances which must be considered:
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- Push to an existing pending queue
- Push to a new pending queue

[0287] The former case is trivial, the list is interrogated in order until an insertion point is found. In the classical case
of ascending priority, the sort operator is set to greater than’ (C_PEND_MNGR_PUSH_GTR) and the existing list is
searched. The insertion point is defined by the pointwhen the new thread’s metric[0] is greater than the next list members
metric[0].

[0288] When a new pending queue is required, the pending queue insertion takes place immediately before the
insertion of the new thread entry.

Synchronisation Event

[0289] Synchronisation events may be received from the interrupt controller (TSIC) or through the command interface.
Synchronisation can take place in two modes:

- Aliteral mode, where the command arguments make a literal reference to a WME index
- Acorrelation mode, where a correlation is sought between a field within the thread descriptor and a field within the
synchronisation primitive.

[0290] In the literal mode, since the index of the thread descriptor is passed into the command, there is no search
required for the most eligible candidate. The correlation mode requires that the most eligible synchronisation candidate(s)
isfare at first found.

[0291] The correlation mode consists of three sub-types:

- Normal, where only the most eligible candidate within the specified pending queue is synchronised.
- Multicast, where all eligible candidates within the specified pending queue are synchronised.
- Broadcast, where all eligible candidates within all pending queues are synchronised.

[0292] The most eligible candidate is identified by an argument passed with the command and an element identifier
also within the command. The element identifier dictates which of the candidate thread descriptors’ fields is compared
to the passed argument in order to identify eligibility. In the normal mode, the algorithm iterates down the pending queue
until an eligible candidate is found, at which point it is removed from the pending list and, where applicable, the timer
queue and forwarded to the ready queue structure. For multicast and broadcast modes, this process continues until the
pending queue or each pending queue becomes exhausted respectively.

[0293] Special conditions are associated with the removal of members of the timer queue. See the next section for
more details.

Timing queue structure and operation

[0294] Each new thread introduced to the timeout queue initially contains an absolute timeout value. This value may
have been derived by the interface manager from a 32 bit relative or absolute timeout received as an argument.
[0295] The timer queue uses the C_THREAD_PENDING_QUEUE_TIMER_PTR_INDEX to store a list of thread de-
scriptors in order of their timeout, with the closest timeout being at the head of the list. Note that these thread descriptors
will also be members of the priority lists, by virtue of the second set of pointers indexed by
C_THREAD_PENDING_QUEUE_PRIORITY_PTR_INDEX. The basic structure of the timeout queue is shown in Figure
51. Rather than storing absolute timeout values within the individual thread descriptor members of the timer queue, the
timeout relative to the timeout of the immediate predecessor is stored. This value is stored within a 16 bit field using a
floating point representation - where the mantissa of the floating point timer format comprises the 11 significant bits of
the absolute number with a 5 bit exponent. The timeout field of the head element of the timer queue is always copied
into the TSPM TimerHeadTimeout register, and reset thereafter.

[0296] The operation of the timing synchronisation architecture uses several persistent internal resources:

- TimerHeadIndex; a head pointer to the timer list

- TimerNumElements; the number of elements in the timer queue

- TimerHeadTimeout; a snapshot of the head element’s timeout

- TimerDivider; a prescaler for the system clock

- TimerDividercounter; a count-down resource for the divider

- TimerCounter; a 32 bit counter resource monotonically increasing on each prescaled clock tick
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- TimerErrorAdjustCounter; a 32 bit counter used to accumulate and accommodate errors
[0297] If the TimerDivider register is set to 0, timer functions are disabled.
Timer Queue Cycle Behaviour

[0298] Figure 52 shows the operation which takes place upon each prescaled clock tick. The TimerHeadTimeout is
non zero when there is no pending timer based synchronisation (the timer queue is in a waiting state), hence no action
is taken. When TimerHeadTimeout becomes 0, and the timer queue is not empty, the system adopts one of two states
according to the value of TimerErrorAdjustCounter. If TimerErrorAdjustCounter is zero, then the expiry of TimerHead-
Timeout has occurred on this cycle and a timer synchronisation primitive is created which will ultimately cause a pop
from the timer queue (and priority queue for housekeeping purposes). Immediately thereafter the TimerErrorAdjust-
Counter is monotonically incremented until it is reset after the processing of a time event primitive has completed.

Timer Queue Events
[0299] There are three events which cause timer queue manipulations:

- Atime event primitive (C_TSPM_CMD_TIME_PRIMITIVE)

- Athread push event with a non zero timeout (threads with timeout set to zero are not placed in the timer queue)

- Anontimer based synchronisation event resulting in the removal of a thread from the timer queue as a housekeeping
exercise.

[0300] Figure 53 shows a very basic representation of the operating modes of the timeout logic. When in the wait state
the TimerHeadTimeout is non zero and monotonically decrementing according to the prescaled clock. TimerErrorAd-
justCounter is maintained at zero in this state. When the TimerHeadTimeout reaches 0, the head of the timer queue has
timed out and the FSM transitions into the active state, where pop operations are serviced. Within this state, TimerHead-
Timeout is zero and the TimerErrorAdjustCounter is monotonically incrementing on each cycle. This error count is used
to determine whether the time spent actioning a previous timeout event have made subsequent timeout events eligible.
Once there are no further eligible timeout events oustanding, the FSM transitions back into the wait state and the
TimerErrorAdjustCounter is reset.

[0301] The first of a potential sequence of timer derived pop operations is inferred from a reset timeout field within the
thread descriptor (see Figure 52). As the head of the timer queue, this thread is always popped. Thereafter, the TSPM
must assess whether subsequent pops are eligible, to facilitate this an additional resource TimerLastError is used to
maintain a sum of all the accumulated popped thread descriptor timeout deltas. On each further iteration of subsequent
members of the timer queue, the TimerLastError is subtracted from the TimerErrorAdjustCounter, creating a normalised
error count which is compared with the timeout of the new thread descriptor at the timer queue head. If the timeout delta
within this thread is smaller than the normalised error count, this thread descriptor should also be popped. Initially the
TimerLastError is zero, hence the thread timeout delta is compared directly against the TimerErrorAdjustCounter. Figure
54 shows the previous timer queue structure after the thread 1 timeout has elapsed and the associated pop operation
has taken place. Note that the TimerLastError has been updated by the thread 2 delta and that the duration of the thread
1 pop operation means that thread 2 is now also eligible.

[0302] Figure 55 shows the state of the queue after the pop of thread 2. Note that the thread 2 delta has been added
to TimerLastError, creating a running accumulation of the sum of the thread descriptor deltas. Note also that the pop
operation on thread 2 took a sufficient length of time that thread 3 is now eligible.

[0303] Figure 56 shows the state after the pop of thread 3. In this case the subsequent thread, thread 4 is not eligible
for a pop so the state of the timer queue may return to wait. The TimerHeadTimeout must be reset as shown.

[0304] Note that, when transitioning from an active state back into the waiting state, the TimerHeadTimeout must be
correctly reset. This is achieved by subtracting the difference between the TimerErrorAdjustCounter and the TimerLas-
tError from the delta of the new timing queue head.

[0305] When a new thread is introduced or pushed to the timing queue, two cases must be considered; a push to the
head and a push to the body of the the timing queue.

- For a push to the head, the TimerHeadTimeout is simply set to the thread delta. Where the queue is non-empty,
the old head descriptor delta is set to the TimerHeadTimeout minus the new thread delta.

- For a push to body the timer queue block must walk the timer list to identify where to insert the thread descriptor.
The delta of the next in list is then adjusted to accommodate the addition of the delta of the new thread (the new
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thread delta is subtracted from the next threads delta).
Pop Operations

[0306] Pop operations, whether as aresult of a timer or an external event synchronisation event, are handled similarly.
There are two cases to consider; where the thread popped is at the head of the timer queue and where it is not. In the
former case, there are three scenarios; where the timer queue is in the wait state and where the timer queue is in the
active state.

- For a pop operation from the head of a ‘waiting’ timer queue, the TimerHeadTimeout is added to the timer delta of
the next member of the timer queue to form the new TimerHeadTimeout (note that in timer based pops the value
of TimerHeadTimeout will always be zero).

- For a pop operation from the head of an ’active’ timer queue, and the TimerErrorAdjustCounter is greater than the
delta in the next thread descriptor, i.e. the next thread is eligible for a timer based synchronisation, the error counter,
TimerErrorAdjustCounter, is rebased to the delta of the popped thread.

- For a pop operation from the head of an ’active’ timer queue, and the TimerErrorAdjustCounter is not greater than
the delta in the next thread descriptor, i.e. the next thread is not eligible for a timer based synchronisation, the delta
is decremented by the error counter and the TimerHeadTimeout is updated with the result. The timer queue effectively
reverts to a waiting state.

[0307] Where the popped thread descriptor is not at the head of the timer list, the delta of the next thread in the timer
gueue must be incremented by the delta within the thread currently being removed.

Method interface

[0308] As well as basic linked list status operations (get and set status) for the pending and timer queues, the pending
manager presents the following commands on its interface:

Synchronisation primitive (C_TSPM_CMD_SYNC_PRIMITIVE)
Caller:TSIF, TSIC

[0309] The synchronisation primitive command issues a control packet which liberates a blocked thread descriptor
stored within a pending queue. The arguments are shown below:

unsigned short PendingQueuelD The identity of the pending queue to which the synchronisation primitive relates.

unsigned char Type The type of the synchronisation. Any of: .

- UNICAST - synchronise the first matching thread from the referenced pending
queue

- MULTICAST - synchronise all matching threads from the referenced pending
queue.

- BROADCAST - synchronise all matching threads from all pending queues.

unsigned long Reference. The dependency reference to which this synchronisation primitive
relates.

Add thread to pending queue

Caller:TSIF

[0310] This command adds a thread descriptor to a new or an existing work queue. The command is implied to the
pending manager by the presence of a thread descriptor in the work queue. The following table illustrates the fields of
the thread descriptor relevant to the command.

CREATE_NEW_PQ_FLAG Determines whether a new pending queue must be created for this thread.
unsigned short PendingQueuelD The pending queue to which to add the thread descriptor.
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(continued)

unsigned long metrics The eligibility of the thread, for use when ordering the insertion of the
thread descriptor.

TierlD The ready queue scheduling tier to which this thread descriptor will be
enqueued when it becomes unblocked. Used to setthe dependant thread
count within the scheduling tier.

DependancyTimeout The timeout used for ordering within the timer queue.

Process marker thread

Caller:TSIF

[0311] This command simply passes a marker thread through the to schedule manager work queue. It is used to
ensure that all dependant threads have been processed by the pending manager before any possibility of a marker
thread causing a scheduler tear-down.

Synchronisation primitive

Caller:TSIF

[0312] This command issues a synchronisation primitive to a specified pending queue. The following arguments are
present in the command structure:

WME Index This argument may be used to liberate a WME via a literal reference to its WME
address.

Pending queue index The pending queue to which to apply

Synchronisation reference The synchronisation reference to be compared to blocking references within threads

on the specified pending queue.

Synchronisation type The type of the synchronisation. Any of:

- UNICAST - synchronise the first matching thread from the referenced pending
queue.

-MULTICAST - synchronise all matching threads from the referenced pending queue.
- BROADCAST - synchranise all matching threads

Update metrics

Caller:TSIF

[0313] This command updates the metrics of a blocked thread and causes a resort of the appropriate pending queue.
The command may be passed to the TSSM if the identified thread is no longer blocked. The following arguments are
present in the command structure:

‘ Metrics ‘ The new metrics for the identified thread

Unlock pending queue

Caller:TSIF

[0314] This command unlocks a pending queue such that, when it becomes empty, it may be liberated back to the
free list. The following arguments are present in the command structure:

WMEIndex The WME index to be unlocked

TSOM - Output Manager

[0315] The output manager administers to the dispatch queue structures, which reference the next executing thread
descriptor, and the executing metrics of the current executing thread.
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1.1.1 Architecture

[0316] The architecture of the TSOM is centred on the dispatch queue structure, shown in Figure 58. The output
manager maintains a listof dispatch queue descriptors, where each DQD is associated with a system processingresource
instance via the ProcElementID field. There are two groups of elements to the DQD which refer closely to the functionality
of the TSOM as awhole. The first group, the execution-centric elements, comprising the ProcElementID, Metric 0, Metric
1 and Default Metric O refer to and are managed within the executing state of the task. The second group, the ready
queue centric elements, comprising the root scheduler index, the pre-empt index and the next pre-empt index refer to
the ready queue structure of threads awaiting execution. The TSOM also manages the out of band signalling (typically
an interrupt) to the processing resource instances in the system and the popping of thread descriptors from the ready
queue structure.

The execution centric elements

[0317] The following is a brief description of the usage of the execution-centric elements within the dispatch queue
descriptor:

- ProcElementID - this is a static field which stores an index referring to the processing resource instance to which
the dispatch queue descriptor is coupled.

- Metrics 0, 1 are dynamically updated fields used to store the executing metrics of the currently executing tasks
(including the ’idle task’ and potentially numerous power-down states).

- Default metric 0 is a static field used to support an optimisation whereby, when pushing the currently executing
thread back into the SystemWeaver server, and hence becoming idle by definition, the idle metrics can be restored
automatically.

The ready queue centric elements

[0318] The following is a brief description of the usage of the ready queue-centric elements within the dispatch queue
descriptor:

- Root scheduler index is a static reference to the scheduling root tier associated with the dispatch queue.

- The pre-empt index is a dynamic field which stores the currently most eligible candidate for the next execution of a
given processing resource. The pre-empt index is administered entirely within the TSOM and is set, where appro-
priate, as a result of a dispatch queue event.

- The next pre-empt index is a dynamic field which stores the either a parent of the next most eligible thread within
the scheduling hierarchy or the thread index itself. The next pre-empt index is only set by the TSSM and is used as
a vehicle for informing the TSOM of the position within the ready queue structure of the most eligible threads. The
TSOM typically resets the field after processing.

Dispatch Queue Events
[0319] Dispatch queue events occur for two reasons:

- Areschedule event: a dispatch queue event occurs whenever a re-schedule operation within the schedule manager
(TSSM) identifies a change in state required of the dispatch queue, i.e. a pre-emption, typically as a result of
processing a ready queue event (push, pop or metric manipulation).

- Adispatch queue pop event: the thread index referenced by the pre-empt index has been popped by the interface
manager (TSIF). This event is signalled to the TSOM by virtue of a "dispatch queue popped" flag (indexed by
C_DISPATCH_DESC_POPPED_FLAG) within the dispatch queue descriptor itself.

[0320] In the case of a dispatch queue pop event, the popped thread transitions into the zombie state (see Figure 41)
and, if it is not already present there, it is pushed back into the work queue for liberation by the TSSM. Thereafter the
TSOM unlinks the thread from the ready queue hierarchy.

[0321] For both reschedule and dispatch queue pop events, the processing of a dispatch queue event goes on to
initiate a repopulation of the pre-empt index within the dispatch queue descriptor. By default, if the next pre-empt index
is not a thread index in its own right, this is populated by walking down the scheduling hierarchy from the scheduling tier
identified by the next pre-empt index. Once this is complete, the identified thread index is placed within the pre-empt
index field and the thread is virtually popped from the ready queue, i.e. it transitions from the ready state into the popped
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state (see Figure 41). This virtual pop is made manifest by locking the most eligible thread, marking it as popped and
flagging an event back to the TSSM for rescheduling.

[0322] Under certain circumstances, a dispatch queue event results in an interrupt. If the repopulated pre-empt index
contains a valid thread descriptor index and the interrupt is enabled, the interrupt to the system processor associated
with this dispatch queue will be asserted under all circumstances except where the early interrupt assertion flag is
enabled and the next pre-empt index is a thread, wherein it will already have been asserted by the TSSM.

[0323] The dispatch queue metrics are also updated.

[0324] Although the dispatch queue metrics are representative of the eligibility of the currently running thread, the
dispatch queue is either being pre-empted, or a dispatch queue pop has taken place. Hence, the executing thread is
either about to be pre-empted (in which case the update of the metrics is, at worst, a little premature), or a new thread
is executing and the dispatch queue metrics will be overwritten anyway.

[0325] Where areschedule has taken place which has usurped an existing next pre-empt index, the existing pre-empt
index must be virtually flushed back into the ready queue structure (see Figure 41). Within the TSOM the thread is simply
marked as flushed and pushed back into the TSSM work queue for processing.

[0326] If an eligible thread cannot be found, the operation simply completes, the client (processing resource) will idle
under these circumstances.

Setting dispatch queue eligibility metrics

[0327] Thedispatch queue eligibility metrics reflect the executing priority of the task currently running on the processing
resource instance indexed by ProcElementID. However, under certain optimisations, the dispatch queue eligibility metrics
may also reflect the executing priority of the task about to commence execution.

[0328] Thedispatch queue priority metrics are used to control pre-emption, they are manipulated for a variety ofreasons:

- Commencing a new task

- Completion of the current task
- Priority inversion

- Power management

[0329] In all cases the intention is to tune the operation of the scheduling of ready queues. Where the update results
in the modification of a pool root node, that node is flagged to the TSSM for a reschedule operation. For more details of
metric propagation within pool participants and non-pool participants see above.

[0330] As an optimisation, when the processing resource instance pushes the currently executing thread back into
the ready or blocked state within SystemWeaver, the executing priority is automatically reset to the default metric.

Method interface

[0331] As well as basic status operations on the dispatch queue linked list (get and set status), the output manager
presents the following commands on its interface:

Automated executing metric update (C_TSOM_CMD_SERVICE_TIME_SLICE_EXPIRE)
Caller:TSIF

[0332] This command automatically modifies the least significant bit of metric O of the metric held within the dispatch
queue for the identified processor ID. Since the argument is the identity of the processor, not the dispatch queue descriptor
itself, the command initially walks the dispatch queue descriptor list to find the appropriate descriptor. The maodification
is a simply inversion of the least significant bit, assuming that the reserved portion of the metric field is set appropriately,
this has the effectof reducing the priority of the executing thread regardless of whether priority is ascending or descending.
[0333] The arguments are shown below:

unsigned char ProclD The processing resource ID of the processor whose executing priority must be updated.

Set dispatch queue metrics

Caller:TSIF (from an explicit system call)

[0334] This command sets the executing metrics for a particular dispatch queue. The following arguments are present
in the command structure:
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WMEIndex | The index of the dispatch queue descriptor

Metrics The new executing metrics for the identified dispatch queue.

Set default dispatch queue metrics

Caller:TSIF

[0335] This command resets the executing metric(0) for a particular dispatch queue to the default value, also held
within the dispatch queue. There are no arguments to this function.

Dispatch queue event (C_SCHED_ENTRY_DISPATCH_LIST)

Caller:TSSM

[0336] This command causes the dispatch queue descriptor to be updated when required by a change in state of the
ready queues.

TSSM - Schedule Manager

[0337] The schedule manager administers to scheduling decision inherent in the parent and child linkages of the ready
queue structures.

Architecture

[0338] The TSSM is fed commands exclusively from its work queue interface and is purely event driven. However,
certain behaviour is common to several commands, this behaviour is described below:

Reschedule

[0339] The reschedule function re-evaluates the scheduling decision from a defined point in the scheduling hierarchy.
The reschedule operation is work conserving, no additional work is done over and above that which is associated with
parts of the hierarchy whose state could conceivably be affected by an event.

[0340] There is one particularly interesting argument to the reschedule function; UpdateRequired. UpdateRequired is
used to propagate update status between scheduler tier operations. For example, although other state must still be
administered, a pop operation which did not update the decision in a child tier, need not cause an entire scheduling
iteration within the parent tier. In this case UpdateRequired would be false.

[0341] Figure 60 shows the basic flow of a reschedule operation. Intratierscheduler performs scheduling within a tier,
and results in the update of the tier parents head index pointer. Intertierscheduler scales successive tiers within the
scheduling hierarchy towards the dispatch node. Note that the intertierschedule function is called with the parent index,
thereby immediately scaling a level of hierarchy. Interpooltierschedule is a special case scheduling algorithm which is
the only algorithm to fanout from a single node, the pool root node, to multiple nodes, the pool static nodes.

[0342] The remainder of this section describes the operation of the scheduling algorithms.

Intra-tier scheduler

[0343] The most fundamental scheduling operation is traversing the link list of elements within a scheduling tier to
identify which is the most eligible and updating the head pointer of the parent accordingly.

[0344] In the trivial case, where an appropriate descriptor is pushed to an empty scheduling tier, the parent’s head
pointer and number of elements are unconditionally updated and the metrics are conditionally propagated (according
to metric propagation operators) from the new child to the parent.

[0345] Figure 61 shows the more general case for a push operation. The validity of the current selection and the
candidate selection is a combination of a number of factors:

- The selection must have content which can be scheduled. For a thread this is always true, but for a scheduler this
is dependant on the content of its subordinate hierarchy.

- If the descriptor is a scheduler, it must not be dormant, nor must its invalid selection flag be set.

- If the descriptor is a standard thread, it must not be locked, nor must it be in a work queue.

- If the descriptor is a marker thread, the parents total dependency count must be zero and the marker thread must
be the only entry left in the tier.
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[0346] Note thatthe candidate is only compared with the current selection, the most eligible descriptor from a previous
scheduling operation - if the candidate beats the winner, it must be the new winner. "Schedule Pair" relates to the
algorithm held within the parent scheduling tier, as discussed above. The "Update parent” variable carries an instruction
back to the caller that the parent of this tier should also be updated as a result of this operation.

[0347] In the general case of a reschedule, for example where metrics have been updated, or where a pop has
occurred, the full tier must be re-evaluated to find the new most eligible candidate. This process steps through the
operations of Figure 61 multiple times until the entire tier has been re-evaluated, as shown in Figure 62.

Inter-tier schedule

[0348] Inter-tier schedule is run a single time per scheduler tier, which may amount to several times per scheduling
event. Inter tier scheduling is highly dependant on the type of the parent. In summary, inter-tier scheduling continues to
call intra-tier scheduling until the parent becomes a dispatch queue. There is one exception to this, which is where a
pool distribution node is encountered.

[0349] Figure 63 shows the basic flow of inter-tier scheduling. There is unique behaviour associated with a dispatch
queue descriptor (DQD) parent and a pool root node (PRN) parent. However, in other cases, the inter-tier scheduler
simply replaces the current child index with the current parent (thereby iterating up the scheduling hierarchy) and recalls
itself.

[0350] Figure 64 shows the dispatch queue processing in the inter-tier scheduling routine. Firstly, the executing metrics,
contained within the dispatch queue descriptor (DQD), are scheduled against the metrics held within the scheduler root
node, according to the algorithm defined in the DQD. If this operation determines that a pre-emption is required an
update is made to the DQD next pre-emption index according to the type of event which started the reschedule operation.
If this event was a thread push, the scheduled thread index is placed directly in the next pre-empt index field, otherwise
the scheduler root node index is used. it then falls on the TSOM to iterate the scheduling hierarchy to find the thread
descriptor

Inter-pool tier scheduling

[0351] Inter pool tier scheduling is used to identify which, if any, of the associated processing resource instances,
should be selected for servicing a thread descriptor held within the current pool. In that sense it operates in a unique
manner, since, unlike all other scheduling algorithms described here, it is typically seeking the least eligible candidate.
[0352] Figure 66 shows the flow through an inter-pool tier scheduling operation, represented graphically in figure 65.
The initial intra-tier scheduling operation determines whether the candidate from the scheduling hierarchy is more eligible
than any of the executing tasks, as indicated by the metrics held within the pool static nodes within the pool distribution
tier. There are two results, an indication of whether an update is required and the identification of the node to which the
update must be applied.

[0353] The algorithm then proceeds to iterate around the entire pool distribution tier, starting at the pool static node
indicated by the appropriate "next pointer” of the pool root node.

[0354] On each iteration, as well as administering to housekeeping functions (such as maintenance of thread counters
and other state) inter-tier scheduling is called on the pool attachment tier. As is normally the case, inter-tier scheduling
continues to propagate up the entire hierarchy of scheduling until it reaches the dispatch node. Inter-tier scheduling
takes an argument which indicates whether further scheduling tiers should fully re-evaluate the scheduling decision,
"update required". This flag is set under two circumstances in the context of inter-pool scheduling:

- The pool static node currently being processed is the node that was identified by intra-pool scheduling as the most
eligible node for processing the most eligible thread beneath the pool root node.
- The hierarchy beneath the pool root node is empty of any eligible scheduling candidates.

Intra-pool tier scheduling

[0355] Figure 67 shows the flow of intra-pool tier scheduling. In the first instance there is an optimisation which
decreases the scheduling time for push only operations - this improves the responsivity of the system to new tasks
becoming available.

[0356] Assuming that this is not an exclusive push operation, the scheduling operation sets the current selection and
candidate selection to the first two PSN nodes in the pool. The algorithm then enters a loop around the entire pool
distribution tier. On eachiteration, the current selection is scheduled againstthe candidate. Note that the same scheduling
algorithms are used for pool distribution tiers as other scheduling tiers, however, the individual algorithms selected are
likely to differ since, in this scenario the correct selection is showing the least eligible metrics by normal standards.
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[0357] If the candidate presides over the current selection, the current selection is updated to the candidate, the
candidate is updated to the next entry in the tier and the process continues until the candidate becomes the PRN.
[0358] In an exclusive push operation this iteration is avoided. The current selection and update node is simply set to
the parent of the PRN (which defines the current scheduling selection), and the candidate is the PRN itself.

[0359] In all cases the pool root node is then checked for schedulable content, if there is none, then "no update” status
is set and the algorithm returns. However, if there is schedulable content the process continues to the second phase,
whereby the existing selection from the PRN (in exclusive push operations), or the result of the iteration (in other cases)
is scheduled against the PRN itself. If the PRN wins this contest then an update is required, otherwise it is not.

Examples

[0360] Figure 68 shows the TSSM scheduler processing associated with the push of a thread descriptor (node #5)
into a static scheduling element (node #3). The first intra-tier scheduling operation takes place within the context of the
reschedule function and is with respect to the parent node #3. Reschedule then moves up a layer of hierarchy and calls
inter-tier scheduling with the parent node #2. The iteration immediately after this finds the parent node #1, which is a
DQD. Hence there are no further calls to the intra-tier scheduler and a scheduling comparison is done between the
metrics of the most eligible candidate stored within the root node and the executing thread, stored within the dispatch
node. In this case, a pre-emption is appropriate and a dispatch queue event is communicated to the TSOM.

[0361] Figure 69 shows a more cascaded scheduling hierarchy. Here, an additional call is made to the intra-tier
scheduling function for the additional layer of hierarchy. Note though, that the scheduling tiers 5 and 3 remain unaffected
as the scheduling event which caused the reschedule operation is out of their scope.

[0362] Figure 70 gives a third example, in this case of a pool scheduling operation. As before the tier into which the
thread push event occurs is subject to an intra-tier scheduling operation, in this example, the new thread is the most
eligible in the pool root tier. The inter pool tier scheduler then makes a call to the intra pool tier scheduler to determine
whether any of the system processing resources should be pre-empted by the newly arrived thread. In this case, the
result of intra pool tier scheduling is that the processing resource instance associated with dispatch queue descriptor at
WME index 7 should be pre-empted.

[0363] Inter pool tier schedule then iterates around the pool distribution tier, first calling inter-tier schedule on node 4.
Inturn inter-tier schedule calls intra-tier schedule to update scheduler tier 1, although no exhaustive scheduling is required
since this is not the pre-empted tier - processing is limited to maintenance of state information, hence, there is no dispatch
gueue event to the TSOM, nor interrupt to the system processing resource.

[0364] The next call is inter-tier scheduling on tier 2. In this case the tier is properly scheduled to establish whether
the newly pushed thread descriptor is more eligible than any other candidates. The candidates metrics are finally com-
pared with those of the executing thread stored within the dispatch queue descriptor to determine whether a pre-emption
is appropriate. In this example it is and, accordingly, a dispatch queue event is sent to the TSOM and the system
processing resource instance interrupt is flagged.

[0365] Once again, only those scheduling tiers which are touched by the scope of the push thread event are re-
evaluated.

Method Interface

[0366] The TSSM is directed exclusively via the work queue.

Service thread descriptor event

Caller:TSIF, TSPM, TSOM

[0367] The behaviour of this command is dependant on the settings within the flags of the received thread:

- Ifthe pushed or flushed flags are set the parents’ total thread elements count is increased. If the popped flag is set,
it is decreased (note that the net effect of a combination of the above can be NULL).

- Threads with the pushed flag set are then linked into the ready queue hierarchy. Where they have transitioned from
the blocked state, the parents’ count of dependant threads is also decreased.

- The only behaviour which is exclusive to marker threads is the unlocking of the parent (transitioning the scheduler
tier into the "pending free" state - see Figure 42).

- The TSSM requests that any thread descriptors received in the zombie state are freed when processing this com-
mand.

[0368] This command always requests a reschedule.
Reschedule pool distribution tier
Caller:TSOM
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[0369] This command is called as a result of a change in the metrics of an executing thread. Where the dispatch
descriptor participates in a pool, these metrics are propagated through the distribution hierarchy and ultimately call this
function to re-evaluate the scheduling decision.

Reschedule or delete scheduler tier

Caller:TSOM

[0370] This command is called by the TSOM for two reasons:

- As aresultof a change in the metrics of an executing thread, where the dispatch descriptor does not participate in
a pool, to re-evaluate whether a pre-emption is appropriate. This operation passes a scheduling root node. Where
the scheduling tier contains thread descriptors in its hierarchy, a reschedule is requested

- To delete a scheduling tier, where the TSOM has determined that it is appropriate to do so. This determination is
based on the locked flag, dependant thread counts and number of child elements (false, O and 0 respectively). The
actually freeing of the descriptor manifests itself as a request to the TSIM.

Push an independent element

Caller:TSIF

[0371] This command may be used during initialisation to push static scheduling tiers into the scheduling hierarchy,
or it may be used dynamically to add thread descriptors or dynamic scheduling hierarchy during runtime.

Update thread metrics

Caller:TSIF

[0372] Updates the metrics of a thread descriptor within the ready queue hierarchy. Metrics may only be updated when
the thread descriptor is in the ready state (Figure 41).

[0373] This command causes a reschedule.

Update scheduler state

Caller:TSIF

[0374] This command enables the update of scheduler algorithms, metrics and metric propagation algorithms. The
command causes a reschedule.

Activate scheduler tier

Caller:TSIF

[0375] This command activates a dormant scheduler tier. The command causes a reschedule.

De-activate scheduler tier

Caller:TSIF

[0376] This command deactivates a dormant scheduler tier.

TSMM - Memory manager

[0377] The memory manager (Figure 71) provides multiplexing/demultiplexing behaviour to for aggregating access to
the TCM. It also provides locking capabilities to ensure the integrity of resources shared between multiple sub-blocks.

Architecture

[0378] From an architectural perspective, the memory manager can be regarded primarily as a mux/demux which
aggregates access to the TCM amongst the six possible requesters. It also maintains the integrity of WMEs, where
multiple sub-blocks are attempting access to the same resource, by implementing a lock cache.

Access aggregation

[0379] Access aggregation is under the control of a scheduler. This scheduler is asymmetric:

- TSIF has the highest priority

- TSOM has the next highest priority

- All remaining requesters have equal priority, and are treated in a work-conserving round-robin.

Lock caching

[0380] Each block has an allocation of between one and four locks. These numbers represent the number of WMEs

to which the sub-block requester can have exclusive access. A sub-block requesting a locked resource is blocked until
the resource becomes available. Contention between multiple blocks spinning on the same resource is resolved by
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priority.
Scheduling sequence diagrams
Push event

[0381] The sequence diagram in Figure 72 shows the inter sub-block interactions following a push event. Note that
the work queues have been introduced to store commands as the TSSM and TSOM are, of themselves, single threaded.
Please, refer to Figure 68 for a representative scheduling hierarchy.

[0382] The state before the push event is that thread #4 is the current pre-emption index within dispatch queue
descriptor #1. The first reschedule identifies that thread #5 is more eligible than thread #4, as a result dispatch queue
descriptor #1 is pushed into the TSOM work queue.

[0383] A dispatch queue descriptor in the TSOM work queue causes a dispatch queue event within the TSOM. This
event virtually pops thread descriptor #5 and sets dispatch queue metrics accordingly. This pop operation causes a
change of state in the ready queues and hence a reschedule must be called. This is achieved by pushing thread #5 into
the TSSM work queue with the popped flag set.

[0384] Since thread #4 has been virtually popped previously, it now needs to be flushed back into the ready queue
structures. This also constitutes a change of state within the ready queue structure and hence another reschedule is
required. This is achieved by pushing thread #4 into the TSSM ready queue structure with the flushed flag set.

[0385] Note thatthe second and third reschedule operations cannot be merged as the virtually popped thread and the
flushed thread may be in largely distinct parts of the ready queue hierarchy.

Pop Event

[0386] The sequence diagram in Figure 73 shows the interaction between the TSIF, TSOM and TSSM when a thread
descriptor is popped from the "virtual" dispatch queue.

[0387] The pop command itself is received by the TSIF over the command interface, or system interconnect. The TSIF
issues a dispatch queue popped command to the TSOM by pushing the dispatch queue descriptor onto the TSOM work
queue with the popped flag set.

[0388] The dispatch queue descriptor in the TSOM work queue causes a dispatch queue event within the TSOM. The
dispatch queue event handler instructs the TSSM to request that the thread descriptor which has just been popped, in
this case thread #5, is placed back on the free list. The next pre-emption index, storing the next most eligible candidate
for execution, is then virtually popped by the TSOM. This represents a change of state for the ready queue structure,
hence the TSSM is instructed to reschedule by the TSOM - the next pre-empt thread is pushed into the TSSM work
queue with the popped flag set.

Claims

1. A method of scheduling executable transactions in a multicore processor, said multicore processor having a plurality
of processor elements, wherein at least one processor element within the multicore processor contains reconfigurable
logic, said reconfigurable logic being reconfigurable during runtime, the method comprising:

providing a configuration queue of executable transactions per configuration of reconfigurable logic, said con-
figuration queue listing executable transactions ready for execution and allocated to a particular configuration
of said reconfigurable processor element, a cost metric being defined for each configuration queue on the basis
of an accumulated cost of the executable transactions in the configuration queue;

outputting the contents of the configuration queue associated with the configuration instance currently selected
to the reconfigurable processor element for execution; and

switching the configuration instance currently selected to the reconfigurable processor element when the dif-
ference between the cost metric for the configuration instance currently selected and the cost metric for another
configuration instance reaches a pre defined threshold.

2. The method of claim 1, wherein the step of switching the configuration instance further comprises:
stopping the output of the contents of the configuration queue associated with the configuration currently se-

lected;
selecting another one of the configuration instances available and changing the configuration of the reconfig-
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urable logic to said selected other one of the configuration instances available; and
outputting the contents of the configuration queue associated with the newly selected configuration instance to
the reconfigurable processor element for execution.

The method of claim 1 or claim 2, wherein the reconfigurable logic is a memory.

The method of any of claims 1 to 3, wherein the cost metric for each configuration queue is based on a maximum
time allowed before a particular executable transaction must be executed in order to maintain integrity of the appli-
cation.

The method of claim 1, wherein the cost metric for each configuration queue and the predefined threshold are
defined such that the configuration instance associated with the longest configuration queue is selected.

A computer program, comprising instructions, which, when executed by digital logic, performs the method of any of
claims 1 to 5.

A computer readable medium, containing instructions, which, when executed by a computer carries out the method
of any of claims 1 to 5.

A multicore processor system, comprising:

a multicore processor having a plurality of processor elements, wherein at least one processor element within
the multicore processor contains reconfigurable logic, said reconfigurable logic being reconfigurable during
runtime, a cost metric being defined for each configuration queue on the basis of an accumulated cost of the
executable transactions in the configuration queue;

a configuration queue of executable transactions per configuration of reconfigurable logic, said configuration
queue being arranged to list executable transactions ready for execution and allocated to a particular configu-
ration of said reconfigurable processor element, the configuration queue being further configured to output its
contents associated with the configuration instance currently selected to the reconfigurable processor element
for execution; and

a controller arranged to switch the configuration instance currently selected to the reconfigurable processor
element when the difference between the cost metric for the configuration instance currently selected and the
cost metric for another configuration instance reaches a pre defined threshold.

Patentanspriiche

1.

Verfahren zum Terminieren von ausfilhrbaren Transaktionen in einem Mehrkern-Prozessor, wobei der Mehrkern-
Prozessor eine Mehrzahl von Prozessorelementen aufweist, wobei wenigstens ein Prozessorelement innerhalb des
Mehrkern-Prozessors eine rekonfigurierbare Logik enthalt, wobei die rekonfigurierbare Logik wahrend einer Laufzeit
rekonfigurierbar ist, wobei das Verfahren umfasst:

Bereitstellen einer Konfigurations-Warteschlange von ausfiihrbaren Transaktionen pro Konfiguration von re-
konfigurierbarer Logik, wobei die Konfigurations-Warteschlange ausfiihrbare Transaktionen auflistet, welche
fur ein Ausfuihren bereit und einer bestimmten Konfiguration des rekonfigurierbaren Prozessorelements zuge-
wiesen sind, wobei eine Kostenmetrik fur jede Konfigurations-Warteschlange auf der Grundlage eines akku-
mulierten Kostenpunkts der ausfiihrbaren Transaktionen in der Konfigurations-Warteschlange definiert wird;
Ausgeben der Inhalte der Konfigurations-Warteschlange, welche der momentan ausgewahlten Konfigurations-
instanz zugeordnet sind, an das rekonfigurierbare Prozessorelement fur ein Ausfuhren; und

Umschalten der momentan ausgewahlten Konfigurationsinstanz auf das rekonfigurierbare Prozessorelement,
wenn die Differenz zwischen der Kostenmetrik fir die momentan ausgewahite Konfigurationsinstanz und der
Kostenmetrik fiir eine andere Konfigurationsinstanz einen vordefinierten Schwellenwert erreicht.

2. Verfahren nach Anspruch 1, wobei der Schritt des Umschaltens der Konfigurationsinstanz ferner umfasst:

Stoppen der Ausgabe der Inhalte der Konfigurations-Warteschlange, welche der momentan ausgewahlten
Konfiguration zugeordnet sind;
Auswahlen einer anderen der verfligbaren Konfigurationsinstanzen und Andern der Konfiguration der rekonfi-
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gurierbaren Logik auf die ausgewahlte andere der verfugbaren Konfigurationsinstanzen; und
Ausgeben der Inhalte der Konfigurations-Warteschlange, welche der neu ausgewahlten Konfigurationsinstanz
zugeordnet sind, an das rekonfigurierbare Prozessorelement fur ein Ausfuhren.

Verfahren nach Anspruch 1 oder Anspruch 2, wobei die rekonfigurierbare Logik ein Speicher ist.

Verfahren nach einem der Anspriiche 1 bis 3, wobei die Kostenmetrik fur jede Konfigurations-Warteschlange auf
einer maximalen Zeit basiert, welche zulassig ist, bevor eine bestimmte ausfiihrbare Transaktion ausgeflihrt werden
muss, um eine Integritat der Anwendung beizubehalten.

Verfahren nach Anspruch 1, wobei die Kostenmetrik fir jede Konfigurations-Warteschlange und der vordefinierte
Schwellenwert derart definiert sind, dass die Konfigurationsinstanz, welche der langsten Konfigurations-Warte-
schlange zugeordnet ist, ausgewahlt wird.

Computerprogramm, umfassend Anweisungen, welche wenn sie von einer digitalen Logik ausgefuhrt werden, das
Verfahren nach einem der Anspriiche 1 bis 5 durchftihren.

Computerlesbares Medium, welches Anweisungen enthéalt, welche wenn sie von einem Computer ausgefiihrt wer-
den, das Verfahren nach einem der Anspriiche 1 bis 5 realisieren.

Mehrkern-Prozessorsystem, umfassend:

einen Mehrkern-Prozessor mit einer Mehrzahl von Prozessorelementen, wobei wenigstens ein Prozessorele-
mentinnerhalb des Mehrkern-Prozessors eine rekonfigurierbare Logik enthalt, wobei die rekonfigurierbare Logik
wahrend einer Laufzeit rekonfigurierbar ist, wobei eine Kostenmetrik fur jede Konfigurations-Warteschlange auf
der Grundlage eines akkumulierten Kostenpunkts der ausfiihrbaren Transaktionen in der Konfigurations-War-
teschlange definiert ist;

eine Konfigurations-Warteschlange von ausfiihrbaren Transaktionen pro Konfiguration der rekonfigurierbaren
Logik, wobei die Konfigurations-Warteschlange dazu eingerichtet ist, ausfiihrbare Transaktionen aufzulisten,
welche bereit fUr ein Ausfihren und einer bestimmten Konfiguration des rekonfigurierbaren Prozessorelements
zugewiesen sind, wobei die Konfigurations-Warteschlange ferner dazu eingerichtet ist, ihre Inhalte, welche der
momentan ausgewahlten Konfigurationsinstanz zugeordnet sind, an das rekonfigurierbare Prozessorelement
fur ein Ausflihren auszugeben; und

einen Controller, welcher dazu eingerichtet ist, die momentan ausgewahlte Konfigurationsinstanz auf das re-
konfigurierbare Prozessorelement umzuschalten, wenn die Differenz zwischen der Kostenmetrik fir die mo-
mentan ausgewahlte Konfigurationsinstanz und der Kostenmetrik fiir eine andere Konfigurationsinstanz einen
vordefinierten Schwellenwert erreicht.

Revendications

Procédé de planification de transactions exécutables dans un processeur multicoeur, ledit processeur multicoeur
ayant une pluralité d’éléments de processeur, ou au moins un élément de processeur a l'intérieur du processeur
multicoeur contient une logique reconfigurable, ladite logique reconfigurable étant reconfigurable durant 'exécution,
le procédé comprenant les étapes consistant a :

fournir unefile d’attente de configuration de transactions exécutables par configuration de logique reconfigurable,
ladite file d’attente de configuration établissant une liste des transactions exécutables prétes a étre exécutées
et attribuées a une configuration particuliére dudit élément de processeur reconfigurable, une mesure de co(t
étant définie pour chaque file d’attente de configuration sur la base d’un colt accumulé des transactions exé-
cutables dans la file d’attente de configuration ;

deélivrer en sortie le contenu de la file d’attente de configuration associée a I'instance de configuration actuel-
lement sélectionnée a I'élément de processeur reconfigurable pour une exécution ; et

commuter l'instance de configuration actuellement sélectionnée vers I'élément de processeur reconfigurable
lorsque la différence entre la mesure de colt pour I'instance de configuration actuellement sélectionnée et la
mesure de colt pour une autre instance de configuration atteint un seuil prédéfini.

Procédé de larevendication 1, dans lequel I'étape de commutation de I'instance de configuration comprend en outre
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les étapes consistant a:

arréter la sortie du contenu de la file d’attente de configuration associée a la configuration actuellement
sélectionnée ;

sélectionner une autre instance des instances de configuration disponibles et a changer la configuration de la
logique reconfigurable en ladite autre instance des instances de configuration disponibles ; et

deélivrer en sortie le contenu de la file d'attente de configuration associée a l'instance de configuration nouvel-
lement sélectionnée a I'élément de processeur reconfigurable pour une exécution.

Procédé de la revendication 1 ou 2, dans lequel la logique reconfigurable est une mémoire.

Procédé de I'une des revendications 1 a 3, dans lequel la mesure de colt pour chaque file d’attente de configuration
est basée sur un temps maximal autorisé avant qu’une transaction exécutable particuliere ne doit étre exécutée
afin de maintenir 'intégrité de I'application.

Procédé de la revendication 1, dans lequel la mesure de colt pour chaque file d’attente de configuration et le seuil
prédéfini sont définis de sorte que l'instance de configuration associée a la file d’attente de configuration la plus
longue soit sélectionnée.

Programme informatique, comprenant des instructions, qui, lorsqu’elles sont exécutées par une logique numérique,
effectuent le procédé de I'une des revendications 1 a 5.

Supportlisible par ordinateur, contenant des instructions qui, lorsqu’elles sont exécutées par un ordinateur, mettent
en oeuvre le procédé de I'une des revendications 1 a 5.

Systéme de processeur multicoeur, comprenant :

un processeur multicoeur ayant une pluralité d’éléments de processeur, ol au moins un élément de processeur
a l'intérieur du processeur multicoeur contient une logique reconfigurable, ladite logique reconfigurable étant
reconfigurable durant 'exécution, une mesure de colt étant définie pour chaque file d’attente de configuration
sur la base d’un colt accumulé des transactions exécutables dans la file d’attente de configuration ;

une file d’attente de configuration de transactions exécutables par configuration de logique reconfigurable, ladite
file d’attente de configuration étant agencée pour établir une liste des transactions exécutables prétes a étre
exécutées et attribuées a une configuration particuliere dudit élément de processeur reconfigurable, la file
d’attente de configuration étant en outre configurée pour délivrer en sortie son contenu associé a linstance de
configuration actuellement sélectionnée a I'élément de processeur reconfigurable pour une exécution ; et

un dispositif de commande agencé pour commuter 'instance de configuration actuellement sélectionnée vers
I'élément de processeur reconfigurable lorsque la différence entre la mesure de colt pour I'instance de confi-
guration actuellement sélectionnée et la mesure de colt pour une autre instance de configuration atteint un
seuil prédéfini.
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Figure 3: Thread management and allocation system components
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Figure 8: A typical processing resource pool

50

119



EP 2 328 077 B1

a1 Metric 0 s

Metric 1

Figure 9: Task descriptor metrics

Figure 10

Figure 11: Example single Processing Resource
Instance scheduling hierarchy

51

120



EP 2 328 077 B1

Peer pointers Parent pointers

Peer pointers

Headlndex (child)
pointer

Figure 12: Scheduling tier pointer configuration

Pool
distribution tier

Figure 13: Pool distribution tier structure

52

121



EP 2 328 077 B1

To other
distribution
To scheduling cone #1
cone for ici
articipants
distribution P P
cone #1

Scheduler root
tier, instance #n

Pool distribution
tier #1

To private processing
resource instance
scheduling cone

Processing
resource
instance #n
Pool distribution
tier #2
To scheduling
cone for To other
distribution distribution
cone #2 cone #2
participants

Figure 14: Example of a processing resource participating in multiple
distribution cones

53

122



EP 2 328 077 B1

Figure 15: A 5 processor configuration with two distribution pools
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Figure 18: Rescheduling scope for a simple scheduling and distribution cone
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Figure 29: Example client shim power-down
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Figure 41: SystemWeaver internal thread state diagram
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Figure 42: SystemWeaver scheduler tier state diagram
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Figure 74: SystemWeaver server inter sub-block work queue architecture
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HYBRID COMPUTING PLATFORM HAVING FPGA COMPONENTS
WITH EMBEDDED PROCESSORS

BACKGROUND OF THE INVENTION
1. The Field of the Invention
The present invention relates to systems and devices having a field-programmable
gate array (FPGA), and more particularly to hybrid computing platform having FPGA

components with embedded processors.

2. The Relevant Technology

An FPGA is an integrated circuit (IC) that can be programmed in the field after it
has been manufactured. FPGAs have generally been used in communication applications,
such as in mobile phone applications. A configurable computer often is more versatile
than a special purpose device, for example, an application-specific integrated circuit
(ASIC), which may not be configurable to perform a wide range of tasks. The
configurable computer, or perhaps an array of programmable elements, often can be
configured to perform specialized functions faster than a general purpose processor. The
configurable computer can be optimally configured for specific tasks. A general purpose
processor, however, is suited to a wide variety of devices and often may not be optimized
for a particular task.

U.S. Pat. Nos. 5,361,373 and 5,600845, both issued to Gilson, entitled Integrated
Circuit Computing Device Comprising Dynamically Configurable Gate Array Having a
Microprocessor and Reconfigurable Instruction Execution Means and Method Therefor,
discloses an integrated circuit computing device comprised of a dynamically configurable
Filed programmable Gate Array (FPGA). This gate array is configured to implement a
RISC processor and a Reconfigurable Instruction Execution Unit.

A challenge in developing computer systems in general, and in reconfigurable
computing systems in particular, is communication among processing elements (e.g.,
FPGASs) in the system. The ability to reconfigure processing elements to perform different
tasks generally requires the ability to also reconfigure communication among processing
elements to meet the needs of the task at hand. The following patents illustrate just a few
prior solutions to the problem of reconfiguring communication among reconfigurable

processing elements.
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U.S. Pat. No. 5,020,059, issued to Gorin et al., entitled Reconfigurable Signal
Processor, discloses an interconnection scheme among processing elements (PEs) of a
multiprocessor computing architecture; and means utilizing the unique interconnections
for realizing, through PE reconfiguration, both fault tolerance and a wide variety of
different overall topologies including binary trees and linear systolic arrays. The
reconfigurability allows many alternative PE network topologies to be grown or
embedded in a PE lattice having identified PE or inter-PE connection faults.

PE configurations assembled as a binary tree, for example, have the advantageous
property that if the number of PEs in the array is doubled, the layers through which
communications must pass, increases by only one. This property, known as logarithmic
communications radius, is desirable for large-scale PE arrays since it adds the least
additional process time for initiating communications between Host and PEs.

U.S. Pat. No. 5,661,662 issued to Butts et al., entitled Structures And Methods For
Adding Stimulus and Response Functions To a Circuit Design Undergoing Emulation,
discloses a plurality of electronically reconfigurable gate array logic chips interconnected
via a reconfigurable interconnect, and electronic representations of large digital networks
that are converted to take temporary operating hardware formed on the interconnected
chips. The reconfigurable interconnect permits the digital interconnect permits the digital
network realized on the interconnected chips to be changed at will, making the system
well suited for a variety of purposes including simulation, prototyping, executing, and
computing.

U.S. Pat. No. 5,684,980 issued to Casselman, entitled FPGA Virtual Computer for
Executing a Sequence of Program Instructions by Successively Reconfiguring a Group of
FPGA in Response to Those Instructions, discloses an array of FPGAs whose
configurations change successively during performance of successive algorithms or
instruction, in a manner of a computer executing successive instructions. In one aspect of
the Casselman disclosure, adjacent FPGAs in the array are connected through external
field programmable interconnection devices or cross-bar switches in order to relieve the
internal resources of the FPGAs from any external connection tasks. This solved a
perceived problem of having to employ 90% of the internal FPGA resources on external
interconnection.

U.S. Pat. No. 5,956,518 issued to DeHon et al., entitled Intermediate-Grain
Reconfigurable Processing Device, discloses a programmable integrated circuit which

utilizes a large number of intermediate-grain processing elements which are multibit
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processing elements arranged in a configurable mesh. Configuration control data defines
data paths through the interconnect, which can be address inputs to memories, data inputs
to memories and logic units, and instruction inputs to logic units. The interconnect is
configurable to define an interdependent functionality of the functional units.
Programmable configuration storage stores the reconfiguration data.

Despite advances in reconfigurable communications among processing elements
in reconfigurable computer systems, there continues to be a need for improvements in the
interplay between reconfigurable processing elements and reconfigurable communication
resources that interconnect such processing elements. There also exists a need to
effectively apply the characteristics of fractals, which are ubiquitous in nature, to the
design of computer systems. That is, there is a need for an improved computer system
which exhibits fractal-like qualities, namely a meaningful degree of self-similarity on
reducing scale, like the self-similarity that is manifest in nature.

BRIEF SUMMARY OF THE INVENTION

A system includes at least two microprocessor cores wired in parallel with each
other. Each microprocessor core includes an FPGA with an embedded processor. A
memory element is electrically connected to the microprocessor core. FPGA fabric is in
communication with the FPGA including a portion of a programming code for the
system. An operating system is in communication with each of the microprocessor cores
to run a remaining portion of the programming code.

In another aspect of the invention, the memory is embedded in the microprocessor
core or is connected to the processor with a dual port.

In a further aspect of the invention, the operating system further includes built in
logic analyzer functions combined with standard software debug tools to provide mixed
mode debugging.

In a further aspect of the invention, the system further includes a graphical
interface to create a schematic to mimic the FPGA and functional operations. The
graphical interface can display the schematic in a relational form of the actual FPGA used
in the operating system with the functional operations. The graphical interface can
convert the relational form of the schematic into binary code.

In a further aspect of the invention, the system can be part of multiple hybrid
computers, the hybrid computers being connected together to from a hybrid computing
server. The hybrid computing server can be configured to form a multilevel memory

model. The multilevel memory model can include a plurality of memory layer levels.
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In another aspect of the invention, a server system includes at least two computers
interconnected through a network connection. Each of the computers includes at least two
microprocessor cores wired in parallel with each other. Each microprocessor core
includes an FPGA with an embedded processor. A memory element is electrically
connected to the microprocessor core. FPGA fabric is in communication with the FPGA
including a portion of a programming code for the system. An operating system is in
communication with each of the microprocessor cores in each of the computers to run a
remaining portion of the programming code.

These and other objects and features of the present invention will become more
fully apparent from the following description and appended claims, or may be learned by
the practice of the invention as set forth hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

To further clarify the above and other advantages and features of the present
invention, a more particular description of the invention will be rendered by reference to
specific embodiments thereof which are illustrated in the appended drawings. It is
appreciated that these drawings depict only typical embodiments of the invention and are
therefore not to be considered limiting of its scope. The invention will be described and
explained with additional specificity and detail through the use of the accompanying
drawings in which:

Figure 1 is a schematic illustration of a microprocessor core system in accordance
with the present invention;

Figure 2 is a schematic illustration of a single FPGA configuration in accordance
with the present invention;

Figure 3 is a schematic illustration of a high performance FPGA database
appliance in accordance with the present invention;

Figure 4 is a schematic illustration of a high performance FPGA database
appliance in accordance with the present invention;

Figure 5 is a schematic illustration of a processing element cluster in accordance
with the present invention,;

Figure 6 is a schematic illustration of a processing element connected to memory
in accordance with the present invention;

Figure 7 is a schematic illustration of FPGA clusters in accordance with the

present invention;
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Figure 8 is a schematic illustration of a single FPGA configuration in accordance
with the present invention;

Figure 9 is a schematic illustration of level two subsystem in accordance with the
present invention;

Figure 10 is a schematic illustration of a processing element in accordance with
the present invention;

Figure 11 is a schematic illustration of a HC-62 FPGA system in accordance with
the present invention; and

Figure 12 is a schematic illustration of a hybrid computing server in accordance
with the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The various embodiments of the present invention include a hybrid computing
platform having FPGA components with embedded processors. The computing platform
can be part of a system, such as a hybrid computer system. The system integrates cluster
computing in the FPGA, instead of arranging FPGAs in the cluster as implemented by
others. This arrangement provides FPGAs in a unique architecture to provide a
combination of a cluster, such as a Linux cluster, computing tightly coupled with highly
parallel FPGA fabric. This concept achieves a very high level of heterogeneous
computing with the tightly coupled integration of serial processors and FPGAs. Software
code, such as Legacy C or Fortran, can be easily profiled to find areas of compute
intensive algorithms. Those areas can be programmed through enterprise programming
code to run in FPGA fabric to achieve extreme acceleration in compute time. Vector
computing, cluster computing, and reconfigurable computing are mixed and matched to
create a customized hardware/software performance enhanced system.

The system is useful in a variety of applications. For instance, the system can be
used to decode DNA or calculate weather patterns. The code does not need to be rewritten
to adapt it to the system. Instead, a portion of the existing code is taken from the program
and placed in the FPGA. Table lookup functions, for example, can be processed by the
FPGA. Moving the code to the FPGA reduces latency.

Memory bandwidth problems can be significantly reduced with 36 independent
memory channels of 1 gigabyte or 2 gigabyte memory capacity per channel. I/O
bandwidth can be solved with 144 high speed I/O interfaces that can be programmed for
customized or industry standard 1/O. Interfaces such as Infiniband, PCI Express, Fibre

Channel, Serial Rapid I/O, 1 Gb/s Ethernet channels and other industry standard
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interfaces can be programmed for interfacing with SANS storage, or other methods of
data storage, high speed I/O and other peripheral communications.

The FPGA fabric combines for over 1.0 billion gates of programmable logic for
high speed parallel computing. A high level object oriented programming language for
FPGAs can interface for combining C code running on the Linux clusters and effective
and efficient use of parallelism in the FPGA. The programming code has been found to be
an effective tool for controlling multiple functions spread across multiple FPGAs and
multiple processors. It provides an efficient programming model for Linux Cluster
systems, and heterogeneous computing. In addition, mixed mode debugging is facilitated
through use of built in logic analyzer functions combined with standard software debug
tools.

Processors are embedded in the FPGAs to make the hypercomputer powerful.
While the hypercomputers are discussed, any general purpose platform can be used. The
hardware for parallel computing is robust. And multiple hardware configurations are
available. The user can program the system to execute C code without reprogramming the
existing system.

Software can be used to program the FPGAs in the platform. The software can use
a graphic interface to make the programming easy. The interface is intuitive for the user
to program the circuits. The FPGAs are reconfigurable to allow parallel computing. The
parallel computing reduces latency in the system by executing certain commands through
multiple FPGAs at the same time. Depending on how many FPGAs that are used, the
computing speed is doubled many times over using the parallel architecture.

The hybrid computing includes flexibility of a microprocessor and parallel
computing of an FPGA. The system uses C code and optimized code acceleration. With
this arrangement the execution speed of the application is accelerated. In pervious
systems, the latency has been a big issue and has prevented the model from being
successful. There was delay in passing data from the processor to FPGA. The data
became bottlenecked.

In the present invention, the hybrid computer includes a microprocessor
embedded in the FPGA. The microprocessor is tightly coupled to the FPGA fabric. The
architecture virtually eliminates the latency in the system. The microprocessor embedded
in the FPGA allows code profiling, algorithms and/or subroutines to be implemented in

the FPGA fabric, and increases efficiency.
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A system 10 in accordance with the various embodiments of the invention
includes a microprocessor 12 at the core as illustrated in Fig. 1. The FPGA fabric 14 is
connected to the microprocessor 12 through dual port memory 16. The FPGA fabric 14
includes math libraries, acceleration functions, and/or other code. Dynamic random
access memory (DRAM) 18 is electrically connected to the microprocessor 12 to provide
a memory function for the system 10. A block RAM loader 20 is also connected to the
microprocessor 12 to help manage the memory associated with the microprocessor 12. An
operating system 22 is tied into the microprocessor 12 to execute the software programs
and run the hardware associated with the system 10. A hardware socket layer TCP/IP 24
can be electrically connected to the microprocessor 12 to connect the system 10 to a
network.

Fig. 2 illustrates another embodiment of the invention having a single FPGA
configuration. A system 30 includes memory 32 such as a 10 port shared memory chip.
Microprocessor cores 34, 36, 38, and 40 are connected to the memory 32. DRAM 42, 44,
46, and 48 are connected to each of the microprocessor cores 34, 36, 38, and 40,
respectively. The memory 32 is connected to an external bus FIFO 50, a router bus FIFO
52, a cross point FIFO 54, an A bus FIFO 56, a B bus FIFO 58, and a C bus FIFO 60 to
route the memory 32 to other components associated with the system 30.

The architecture in the system is configured to meet various user needs. Software
codes, such as C, C++, Fortran, VHDL, and the like can be adapted to the system. The
FPGAs are programmed with a portion of the code to speed up the processing time. The
system can communicate with Vector IP, Cluster IP, and switches using high speed
storage with lower power requirements.

The cluster is embedded in the FPGA in the system. Previously, the FPGA was
embedded in the cluster. This architecture provides many advantages over the related art.
The system, for example, includes the flexibility of a microprocessor, speed of FPGA
hardware, and no latency. The microprocessors are placed in parallel with FPGA
hardware to accelerate code execution. The programs are written in both environments—
enterprise software and the FPGA. Both environments can be executed simultaneously.
The system takes advantage of the versatility of the microprocessor. It also takes
advantage of the parallel hardware architecture to compute intensive subroutines. Based
on the user’s needs and application requirements the system can be optimized for

application performance.
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The system uses Amdahl’s law to speed up the processing time of a given code.
Typically, about 90 percent of the processing time can be attributed to 10 percent of the
code. This processing-intensive portion of the code is identified and moved to be
accelerated through the FPGA hardware. Then the processing time is reevaluated and the
next largest processing-intensive portion of the code is located. This second portion of the
code is executed in parallel on the FPGA hardware. This process can be repeated
numerous times to reduce the processing-intensive portion of the code. Multiple portions
of the existing code can be accelerated through the FPGA hardware in parallel. In
addition, the same algorithm can be run in parallel through multiple processors to speed
up the processing time until the process reaches the limits of the algorithm. In this
manner, the processing time of the algorithm can be increased, for example, 4 times, 8
times, 16 times, 32 times, or other configured times faster within the limits of the
algorithm.

In Fig. 3, an example of a high performance FPGA database appliance is
illustrated. Two HC62 computers 62, 64 are connected together through an 8*32-bit bus
66. Each of the HC62 computers 62, 64 is connected to a HC Host 68, 70 through
Peripheral Component Interconnect Extended (PCI-X) bus technology 72, 74. Each of the
HC Hosts 68, 70 is connected to a switch through a 2*1Gb TCP/IP 76, 78. The HC62
computers are also each connected to the switch 80 through 32*100Mb TCP/IP 82, 84. A
storage area network (SAN) 86 interconnects the system to the HC62 computers 62, 64
through TCP/IP 88 to the switch 80.

Another example of a high performance FPGA database appliance is shown in
Fig. 4. A SAN 90 is connected to disk cache 92 and DRAM cache 94. The disk cache 92
is connected to an HC host cache controller 96. The DRAM cache 94 is connected to an
HC62 cache controller 98. The HC host cache controller 96 and the HC62 cache
controller 98 are connected together. The HC host cache controller 96 is also connected to
an HC host command router 100 that is connected to a router 102. The HC62 cache
controller 98 is connected to an HC62 command router 104. The HC62 command router
104 is also connected to the router 102. A Structured Query Language (SQL) request 106
can then be sent to and from the router 102 with respect to the SAN 90.

An example of a FPGA configuration is shown in Figs. 5 and 6. The processing
element 110 includes an embedded microprocessor and is connected to four memory
cards, such as high speed 2 Gb memory 112, 114, 116, and 118. The processing element
110 is connected to 4 high speed 1/O channels, such as Infiniband, Gbit Ethernet, and the
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like. The FPGA 110 is also connected to a 74 bit bus to interconnect the FPGA 110 to
FPGA fabric. The FPGA includes a cluster of two power PC processors.

The processing element 110 includes a multiplicity of external connection pins
about its perimeter as shown. Intersecting dashed lines demarcate in conceptual terms
four different regions 120, 122, 124, and 126 of the processing element 110. Each of the
memory resources 120, 122, 124, and 126 is interconnected with processing element pins
adjacent to a corresponding processing element region. For instance, memory resource
112 is interconnected with pins that carry address, data, and control information between
memory resource 112 and the processing element 110. The memory resource 112 also is
interconnected with the processing element 110 through pins adjacent to processing
element region 112. The memory resource 114 in a like manner is interconnected to
processing element 110 by pins adjacent to processing element region 114. Memory
resource 116 is interconnected to processing element 110 by pins adjacent to processing
element region 116. Memory resource 118 is interconnected to processing element 110 by
pins adjacent to processing element region 118.

A first set of external connection pins generally disposed about a first side of the
processing element 110 are grouped together. This first group shall be referred to herein
as the Group A Connections 128. A second group of external connection pins generally
disposed along a second side of the processing element 110 are grouped together as a
second group which shall be referred to herein as the Group B Connections 130. The
Group A Connections 128 and the Group B Connections 130 are generally disposed along
opposite sides of the processing element. A third group of external connection pins is
distributed about the periphery of the processing element. This third group shall be
referred to herein as the Group C Connections 132. The Group A, B and C external pin
connections are labeled accordingly in Fig. 9. The large arrows associated with the Group
A and B connections are intended to indicate that each of these is generally disposed as a
group along opposite sides of the processing element 110. Clock signal external
connections CL can be provided to external connection pins disposed near the four
corners of the processing element 110.

In a present embodiment of the invention, the processing element 110 comprises a
field programmable gate array (FPGA), and the memory resources 112, 114, 116, and 118
comprise dynamic random access memory. More specifically in a current
implementation, the processing element 110 is a Virtex-4 FX FPGA produced Xilinx, Inc.

having offices in San Jose, California.
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An FPGA device comprises hardware resources that can be configured to perform
the functions required by virtually any application. For example, FPGAs produced by
Xilinx, Inc. comprise combination logic blocks (CLB) resources that can be configured to
perform different functions. FPGAs produced by National Semiconductor Corporation,
for example, include “cells” that can be configured to perform different functions.
Similarly, FPGAs produced by Altera, Inc. include logic array blocks (LLABs) that can be
configured to perform different functions. These are just a few examples of different
types of FPGAs.

Memory can be used to store, or to assign, a value for a single bit of information.
A computation unit (e.g. CLB, Cell, LAB) of an FPGA typically operates on a few bits of
information at a time. A processor ALU may operate on more bits at a time. Of course,
there is no clear line to be drawn between a memory, an FPGA or a processor. For
instance, an FPGA may employ lookup table memory to implement a compute function.
A processor may be programmed to operate on one or two bit wide data.

A processor, for example, is quite effective at what might be termed sequence
division multiplexed operations. Basically, a series of instructions cause the processor to
change the state of the processor system from time to time so that the processor compute
resources can be re-used by different instructions. Thus, as a sequence of instructions is
provided to the processor and the processors’ state changes so that the same processor
hardware can be re-used to perform different functions.

An FPGA-type processing element might, from time to time be configured to
operate as a non-multiplexed device. That is, it may be configured so that the compute
resources do not change state. That same processing element later might be reconfigured
so as to operate more like a processor in which compute resources change state so that
they can be multiplexed and re-used for a variety of different functions.

As illustrated in Fig. 7, a cluster of 4 processors can be interconnecting in the
system. In this example, the FPGAs are partitioned to 3 processors each for a total of 12
processors and 8 gigabytes of RAM. The FPGAs can have a soft core and can be
configured to act like a processor. Each processor can be partitioned to include as many
processors as needed for a given system, for example, 4 to 16 processors. The FPGAs can
be configured to be homogeneous or heterogeneous. For example, the FPGA can be
configured to have 5 to 10 processors that operate at different speeds depending on the
application requirements. The example in Fig. 7 includes clusters of 4 FPGAs. Each

FPGA includes 4 channels to provide a total of 16 high speed I/O channels.
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The FPGAs also can include dual ported, shared memory. The memory and the
processor are printed on the same chip. When the memory is embedded on the same chip,
the FPGA does not require a memory controller. The embedded memory speeds up
communication between the processor and the memory.

In Fig. 8, a single FPGA configuration is shown. The configuration includes 4
parallel memory channels with 8 gigabytes of DRAM. The configuration also includes 4
embedded processors and 8 embedded power PC processors. The chip has shared
memory access for communications and 16 high speed I/O channels. The chip includes a
32 bit A-bus, a 32-bit B-bus, and a 32-bit C-bus to the FPGA in quad. The configuration
also includes a 32-bit external bus for expansion, a 25-bit bus to cross point FPGA, and a
64-bit bus to router FPGA.

Fig. 9 shows a block diagram of a Level Two Subsystem 134 in accordance with
an embodiment of the invention. The Level Two Subsystem 134 includes a first Level
Two processing unit 136, a second Level Two processing unit 138 and a Level Two
communication and processing unit 140. The first Level Two processing unit 136
comprises a network of processing elements like processing element 110 of Figs. 5 and 6.
More specifically, the first Level Two processing unit 136 includes processing elements
142, 144, 146, and 148. Each of these processing elements is interconnected with memory
resources like the interconnection of memory resources 112, 114, 116, and 118 with
processing element 110 as shown in Figs. 5 and 6. The processing elements 142, 144,
146, and 148 can also include embedded memory in each of the processing elements.
Similarly, the second Level Two processing unit 138 comprises a network of processing
elements 150, 152, 154, and 156. The group A external connections of each of the
processing elements 142, 144, 146, and 148 of the first Level Two processing unit 136 are
interconnected with a first Level Two intra-connection lines (A1) 166, which interconnect
processing elements 142, 144, 146, and 148 and the communication and processing unit
140. More particularly, processing element 142 includes Group A external connections
158-165 that are interconnected with the first Level Two intra-connection lines 166.
Similarly, processing elements 150, 152, 154, and 156 include respective Group A
connections 162-165 that are interconnected with the first Level Two intra-connection
lines 166. Likewise, second Level Two intra-connection lines (A2) 168 interconnect the
Group A external connections of processing elements 150, 152, 154, and 156 with the
communications and processing unit 140. More specifically, the respective Group A

external connections 162 of processing element 1150 are interconnected with the second
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Level Two intra-connection lines (A2) 168. Similarly, the respective Group A
connections 163-165 of respective processing elements 152, 154, and 156 are
interconnected with the second Level Two intra-connection lines 168.

The processing elements 142, 144, 146, and 148 of the first Level Two processing
unit 136 and the processing units 150, 152, 154, and 156 of the second Level Two
processing unit 138 have their respective group B external connections capable of
communication external to the Level Two subsystem 134. More specifically, the group B
connections 170 of processing element 142 interconnect with first Level Two processing
unit external connection lines (B1). Similarly, the respective group B external
connections 171-173 of respective processing elements 144, 146, and 148 interconnect
with respective second, third and fourth Level Two processing unit external connection
lines (B2, B3, B4). Each of the first, second, third and fourth first Level Two processing
unit external connection lines communicates with a first external connector 174, which
provides communication external to the Level Two Subsystem 134.

The processing elements 150, 152, 154, and 156 of the second Level Two
processing unit 138 are similarly interconnected through a second external connector 176
for communication external to the Level Two Subsystem 134. More specifically, the
Group B connections 178 of processing element 150 interconnect with first and second
Level Two processing unit external connection lines (B5). Likewise, the respective group
B connections 179-181 of processing elements 152, 154, and 156, respectively
interconnect with second, third and fourth second Level Two processing unit external
connection lines (B6, B7, B8). The first, second, third and fourth second Level Two
processing unit external connections lines interconnect with the second external connector
176 to provide communication external to the Level Two Subsystem 134.

In another embodiment of the invention, an FPGA includes embedded memory
and power PCs as shown in Fig. 10. The FPGA includes dual ported shared memory 182,
184 and 2 Power PCs 186, 188. The FPGA includes 4 channels such as Infiniband
Ethernet to provide about 10 Gb/sec connection speed. The FPGA can be connected in
parallel with other FPGAs.

An example of an HC-62 FPGA system is illustrated in Fig. 11. The system 200
includes 8 FPGA clusters 202-209. The FPGAs 202-209 are interconnected as illustrated
in Fig. 9. Each of the FPGAs 202-209 is also connected to eight independent 32-bit
external 1/O buses 210. PCle bus DMA channels 212 are also connected to each FPGA to
provide 3.2 Gb/sec bandwidth. The system 200 includes 8 independent 64-bit buses 214
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to and from the router FPGA to provide 8.5 Gb/sec bandwidth. Eight independent 32-bit
buses 216 are connected to the FPGAs to route data to and from the cross point FPGA to
provide 3.3 Gb/sec bandwidth. The system 200 includes PCIX bus DMA channels 218 to
each FPGA to provide 250 Mb/sec bandwidth and 144 high speed I/O ports 220. The
FPGAs includes 36 parallel memory channels having 72 gigabyte DRAM. The FPGAs
also include 12 independent 32-bit buses between each of the FPGAs to provide a 6.4
Gb/sec bandwidth.

In another embodiment of the invention, the system can include dual Xeon
processors, a 1.5 terabyte hard drive, and 16 gigabyte DRAM. The FPGAs include 144
high speed 1I/O channels at 18 to 45 Gb/sec bandwidth and 8 independent 32-bit external
1/0 buses to provide 3.2 Gb/sec bandwidth. Each of the FPGAs are connected together
using dual channel G-bit Ethernet connections at 250 Mb/sec bandwidth.

Multiple hybrid computers can be connected together to create a hybrid
computing server as shown in Fig. 12. A hybrid computing server 222 includes HC62
computers 224-228 as previously discussed having FPGAs with embedded processors.
The server has a multilevel memory model. The computers 224-228 include a memory
layer level 1 with 36 gigabytes per HC62 and 36 memory channels to and from the
FPGAs. A memory layer level 2 includes 16 gigabytes per HC62. A memory layer level 3
includes 1.5 terabyte hard drive storage per HC62. A memory layer level 4 includes a
multi-terabyte per SAN.

The HC62 computers 224-228 are connected together with buses each having a 6
Gb/sec bandwidth. The computers are also connected to a router 230 using an 18 Gb/sec
bandwidth Ethernet connection. The router 230 is connected to the SAN 232 with a 10
Gb/sec bandwidth to complete the server connection.

An advantage of a communication and processing unit as disclosed is that there is
an approximate balance in which there can be linear scaling of communications
capability, compute capability and granularity of compute resources so that linear scaling
of each can enable an overall system comprising many elements of the general type
described above to meet the communications, compute and granularity demands of
increasingly complex algorithms. The ability to stack communication and processing
units in three dimensions can reduce the distance between adjacent processing elements.
As a result, the time required to communicate information between different

communication and processing elements can be reduced. By providing many intra-
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connection lines and many external connection lines there can be a relatively high volume
of communication between processing elements.

Moreover, this high volume of communication makes possible the improved
cooperation among processing elements in performing a computation task. Moreover, as
explained more fully below, the large amount of interconnection resources and other
interconnections defined elsewhere herein permit the scaling up of the basic architecture
of the communication and processing unit to a much larger scale which, in turn, permits
higher granularity (i.e., more bits of information to be processed together) so that more
complex operations can be performed efficiently.

The present invention may be embodied in other specific forms without departing
from its spirit or essential characteristics. The described embodiments are to be
considered in all respects only as illustrative and not restrictive. The scope of the
invention is, therefore, indicated by the appended claims rather than by the foregoing
description. All changes which come within the meaning and range of equivalency of the

claims are to be embraced within their scope.
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CLAIMS

What is claimed is:

1. A system comprising:

at least two microprocessor cores wired in parallel with each other, each
microprocessor core including an FPGA with an embedded processor;

a memory element electrically connected to the microprocessor core;

FPGA fabric being in communication with the FPGA including a portion of a
programming code for the system; and

an operating system being in communication with each of the microprocessor
cores to run a remaining portion of the programming code.

2. The system of claim 1, wherein the memory is embedded in the
microprocessor core.

3. The system of claim 1, wherein the memory is connected to the processor
with a dual port.

4. The system of claim 1, wherein the operating system further comprises
built in logic analyzer functions combined with standard software debug tools to provide
mixed mode debugging.

5. The system of claim 1, further comprising a graphical interface to create a
schematic to mimic the FPGA and functional operations.

6. The system of claim 5, wherein the graphical interface displays the
schematic in a relational form of the actual FPGA used in the operating system with the
functional operations.

7. The system of claim 6, wherein the graphical interface converts the
relational form of the schematic into binary code.

8. The system of claim 1, wherein the system is part of multiple hybrid
computers, the hybrid computers being connected together to from a hybrid computing
server.

9. The system of claim 8, wherein the hybrid computing server is configured
to form a multilevel memory model.

10. The system of claim 9, wherein the multilevel memory model includes a

plurality of memory layer levels.
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11. A server system comprising:

at least two computers interconnected through a network connection,

each of the computers including at least two microprocessor cores wired in
parallel with each other, each microprocessor core including an FPGA with an embedded
processor;

a memory element electrically connected to the microprocessor core;

FPGA fabric being in communication with the FPGA including a portion of a
programming code for the system; and

an operating system being in communication with each of the microprocessor
cores in each of the computers to run a remaining portion of the programming code.

12. The server system of claim 11, wherein the memory is embedded in the
microprocessor core.

13. The server system of claim 11, wherein the memory is connected to the
processor with a dual port.

14. The server system of claim 11, wherein the operating system further
comprises built in logic analyzer functions combined with standard software debug tools
to provide mixed mode debugging.

15. The server system of claim 11, further comprising a graphical interface to
create a schematic using symbols and connectors to mimic the FPGA and functional
operations.

16. The server system of claim 15, wherein the graphical interface displays the
schematic in a relational form of the actual FPGA used in the operating system with the
functional operations.

17. The server system of claim 16, wherein the graphical interface converts the
relational form of the schematic into binary code.

18. The server system of claim 11, wherein the computers are hybrid
computers connected together to from a hybrid computing server.

19. The server system of claim 18, wherein the hybrid computing server is
configured to form a multilevel memory model.

20. The server system of claim 19, wherein the multilevel memory model

includes a plurality of memory layer levels.

179



PCT/US2007/084723

WO 2008/061162

1/12

b Ol

SUOILUN S
UOHBIBIS00Y
SBUBIGIT e
~Ol0E] YD

18pROT
YH 19018

WRsAs

77 bupeiedp

N
dld3l
MMMF%M_‘NW 8107) 1035800100101 wﬁwww
_ QIEMPIEH
9 Zr 7
Wy
8

o

180



Fvima
Bus FIFO

il

Micro
Processor
(ore

%

(ross Point

- Bis FFO

4
54

CRAN 42
Wicro _
Prgcessor e‘= /
@e Bﬁs;f;i:ﬁ@
40 Port Shared N Dfmcg?g;
Memory (Y % ared
3 i
DRAM 4
Mo | Y|
Processor |
we | oBisARo
. il
DRAM 48

181

ZL /S

COLLTO0/800T OAN

ETLFRBO/LOOTSN/ LA



PCT/US2007/084723

WO 2008/061162

3/12

& Ol

98
NYS

79
C90H

¥ X10d

{8 didDL ONO0LLCE

g9
180H OH

did0l
4914

Swiich

N/

182



PCT/US2007/084723

y Ol

4/12
SAN

183

IRCAUOT JBINOY
PR SYOED N
o Y =y o ()
v6 _ _
§6 7
3 &
= ﬁ U
w ¥ TS
e 307
75 . B0 18IN0Y
SUOBT) %SICT Su— ayoen S—, DUBLLLOT Sm—
[ 1S0H OH 1S0H NH
AAAAAAAAAAAAA 9 001 201

WO 2008/061162



PCT/US2007/084723

WO 2008/061162

5/12

& "Oid

$10888001d T
JBMO4 7 10 18D

GBSO O sna g v €

kg5 7
Aowisyy pesds ybid
78 ‘Jelieyld 0D ‘puBqiiyLy

s{puUBYD Off pesdg UBiH

184



PCT/US2007/084723

WO 2008/061162

6/12

g
A A
Uy P M 0 e
¢
v @r b W
0 ! 9
o $mmmm e -3
0~ i ) Tl
5 T
7 ] <
(Ol R e p
5
o 10

185



16 High Speed O Channels
infiniband, Gbit Ethemet, etc.

PCT/US2007/084723

7/12

PGA
Cluster of 4
Processors
Cluster 0f 12

Frocessors With
8 G Byte RAM
FIG. 7

186



PCT/US2007/084723

WO 2008/061162

8/12

PEnp U yod
0L SNg-0 VA 26

8 Oid

uoneinByuog yodd sibug

pEND Uj Yo
0L SNg-6 g 7€

PEND Ui YOd4
OLSnEYig ¢t

Ol paads A
ubiH ¢

juURYD

sjauueyD Off poads ybi gl

SLONESIUNWIGY)
104 8800y AlOWB) Dareys

SI08830044

d 1Mo PAppAgUS @
SN SI085800)d PSPPOGUIT &

WYHA $91AE 9 8 UM
sjauLeYD ACWBIY 18)iBlEd

uonenByu0) yodd sibuig

Y94 Jeinoy
o[ $18 18 ¥0

Yl Em_& 88010 uoIsURdXg WASAS 104 sng

DL ShEHE 5¢ [ELSix3 g 2¢

Ofi peads
ubiH
PULEYD &

\_ O peeds

b
BuLRYD &

187



PCT/US2007/084723

WO 2008/061162

8/12

6 O
aaaaaaaaaaaaaaaaaaaaaa . Fmmmmmmm e
g4 gl 94 w M v £/ 24
H H
08; | m 7
gGl PGl m 91 191 m gri 9rl
EW EW \M\\ — J/ ad 3
ANl ; nﬁi\\ ; ; N ; //.ﬁ m g oy g
{zv) UISS800id puy {1y}
W\«ﬂ i LTI soipOUnWLOn  TTTURESERL m UNU/%
................... AN m OM] [8r8T] M 4
oGl i z/, \\\ %0 el
3d 3d 291 66— Id 3d
H 1
1 | 4" ! ! T
g | a6/iteal | o ! ! R e I
] »......Ea i | ] T
G771 J0108ULOT ISR ; ; PIT 0008000 BULSIXT
H H
§ i
m&\w %T\,

-~

188



PCT/US2007/084723

WO 2008/061162

107142

0L "9l4

el JOM0 @.EM.
Y94 U0 0L .......
mm 4
HEI Yd4 a

189



PCT/US2007/084723

WO 2008/061162

11/12

L9

8L ¥odd
Yoe 0f SIBULBYY

YA SNE XIDd

weishs ¥odd 2904

9ig

n B0
Muquammagm

Y9 U0 88017
WOI-4/0] 389G 1F
~Z6 wspusdspul g

Ot pesde
YBIH w1

502

Y9d4 8lbuIg

F-N

\

¥Odd 8ibuIg

\

202
W eibug

| =
el sibuis

viC YOdd Jeinoy
HIGI4/0] S8%sng 1g
-1 Juapusdapu; g

¢id Wodd
Scm&,mm@%msm

YiNC g 810d

Off {euleixy g
61

017 sessng

uapuadspul g

190



PCT/US2007/084723

WO 2008/061162

12/12

¢ Ol

Janieg Bunndwos pughy

NYS
Romsy ealy sbeiog

454

191



International application No.

PCT/US2007/084723

INTERNATIONAL SEARCH REPORT

A. CLASSIFICATION OF SUBJECT MATTER

GO6F 15/76(2006.01)i, GO6F 9/06(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
IPC 8 GO6F

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean Utility models and applications for Utility models since 1975
Japanese Utility models and applications for Utility models since 1975

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKIPASS(KIPO internal), IEEE & Keyword: multi, processor, FPGA and embedded

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A ARUN PATEL et al. 'A Scalable FPGA-based Multiprocessor' In: Field-Programmable Custom 1-20
Computing Machines, 2006. FCCM '06. 14th Annual IEEE Symposium, April 2006, pp 111-120,
ISBN 0 7695 2661 6
See the whole document
A US 2003 0212853 A1 (JON M. HUPPENTHAL et al.) 13 November 2003 1-20
See Paragraph [0022] - [0028] & Fig. 1A
A US 6 339 819 B1 (JON M. HUPPENTHAL et al.) 15 January 2002 1-20
See abstract & Figs. 9-10
A US 5892962 A (JOCELYN CLOUTIER et al.) 6 April 1999 1-20

See the whole document

I:' Further documents are listed in the continuation of Box C. |X| See patent family annex.

*

Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family

than the priority date claimed

Date of the actual completion of the international search

29 APRIL 2008 (29.04.2008)

Date of mailing of the international search report

30 APRIL 2008 (30.04.2008)

Name and mailing address of the ISA/KR

Korean Intellectual Property Office
Government Complex-Daejeon, 139 Seonsa-ro, Seo-
gu, Daejeon 302-701, Republic of Korea

Facsimile No. 82-42-472-7140

Authorized officer

Telephone No.

YEO, Won Hyeon

82-42-481-5696

Form PCT/ISA/210 (second sheet) (April 2007)

192




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/US2007/084723

Patent document Publication

Patent family Publication

cited in search report date member(s) date
US2003212853A1 13.11.2003 AU2002360486A1 11.11.2003
CA2483541A1 20.11.2003
EPO1502 190A1 02.02.2005
JP2005524906T2 18.08.2005
US2005257029A1 17.11.2005
US2006012395A1 19.01.2006
W02003096 195A 1 20.11.2003
US06339819B1 15.01.2002 AU200124576 1B2 12.11.2001
CA2403675A1 08.11.2001
EP01297441A1 02.04.2003
EP01297441A4 07.03.2007
JP2003532224T2 28.10.2003
US2002056033A1 09.05.2002
US6434687B1 13.08.2002
W0200184344A1 08.11.2001
US05892962A 06.04. 1999 CA2215598AA 12.05. 1998
CA2215598C 14.08.2001

Form PCT/ISA/210 (patent family annex) (April 2007)

193




WO 2010/037177 A1 | Il A00 OO0 00 OO0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

O OO 00O
(10) International Publication Number

WO 2010/037177 A1

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
8 April 2010 (08.04.2010)

(51) Imnternational Patent Classification: (81) Designated States (unless otherwise indicated, for every
GO6F 1/32 (2006.01) GOG6F 9/46 (2006.01) kind of national protection available): AE, AG, AL, AM,
. L AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(21) International Application Number: CA. CH, CL, CN, CO, CR. CU. CZ, DE, DK, DM, DO,
PCT/AU2009/001311 DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
1 October 2009 (01.10.2009) KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
. ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(25) Filing Language: English NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
(26) Publication Language: English SE, 8G, SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT,

TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(30) Priority Data: . L

2008905162 3 Qctober 2008 (03102008) AU (84) Desngnated States (unless otherwise zndzcated, fO}" every
kind of regional protection available). ARIPO (BW, GH,
(71) Applicant (for all designated States except US): THE GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
UNIVERSITY OF SYDNEY [AU/AU]J; The University ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
of Sydney Act 1989, Sydney, NSW 2006 (AU). TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,

ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,
[AU/AUT, 5229 Avoca Street, Randwick, NSW 2031 E/E) ﬁﬁﬂ{g%ﬁ%g%gﬁ CL CM, GA, GN, GQ, GW,
(AU). LEE, Young, Choon [AU/AU]; 14/6-8 West ’ ? U ’ )-

Street, Croydon, NSW 2132 (AU). Published:

(74) Agent: F B RICE & CO; Level 23, 44 Market Street, —  with international search report (Art. 21(3))
Sydney, NSW 2000 (AU).

(72) Imventors; and
(75) Inventors/Applicants (for US only): ZOMAYA, Albert

(54) Title: SCHEDULING AN APPLICATION FOR PERFORMANCE ON A HETEROGENEOUS COMPUTING SYSTEM

P2

Fig. 9

@ (0)

(57) Abstract: The invention concerns scheduling an application comprised of precedence constrained parallel tasks on a high-
performance computer system. The computer system has a plurality of processors each enabled to operate on different voltage sup-
ply levels. First, a priority order for the tasks based on the computation and communication costs of the tasks is determined. Next,
the based on the priority order of the tasks, assigning each task both a processor and a voltage level that substantially minimises
energy consumption and completion time for performing that task when compared to energy consumption and completion time for
performing that task on different combinations of processor and voltage level. It is an advantage of the invention that the schedul-
ing takes account not only completion time (makespan), but also energy consumption. Aspects of the invention include a method,
software, a scheduling module of a computer and a schedule.

194



10

15

20

25

30

35

WO 2010/037177 PCT/AU2009/001311

SCHEDULING AN APPLICATION FOR PERFORMANCE ON A
HETEROGENEOUS COMPUTING SYSTEM

Technical Field

The invention concerns scheduling an application for performance on a heterogeneous
computing system. In particular, but not limited to, the invention concerns scheduling
an application comprised of precedence constrained parallel tasks on a multi-processor
computer system comprised of a plurality of processors each enabled to operate on
different voltage supply levels. Aspects of the invention include a method, software, a
scheduling module of a computer and a schedule.

Background Art

Stiff increases in the volume of both computation and data over the past few decades
have spurred computer architecture researchers and designers to focus on high
performance; this results in the development of resource-intensive technologies, such as
multi-core microprocessors, high capacity storage devices, and super-speed
communications devices. The efficient use of these powerful resources has always been
an essential issue, particularly for multiprocessor computer systems (MCSs), such as
grids and clouds, in which there are a multitude of processors often as many as
hundreds of thousands of them.

Since precedence-constrained parallel applications in scientific and engineering fields
are the most typical application model, the problem of scheduling these applications
(task scheduling) both on homogeneous and heterogeneous computing systems has
been studied extensively over the past few decades. However, most efforts in task
scheduling have focused on two issues, the minimization of application completion
time (makespan/schedule length) and time complexity; in other words, the main
objective of a task scheduling algorithm is the generation of the optimal schedule for a
given application with the minimal amount of scheduling time.

It is only recently that much attention has been paid to energy consumption in
scheduling, particularly on high-performance computing systems (HPCSs). The energy
consumption issue in these HPCSs raises various monetary, environmental and system
performance concerns. A recent study on power consumption by servers [2] shows that
electricity use for servers worldwide—including their associated cooling and auxiliary
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equipment—in 2005 cost 7.2 billion US dollars. The study also indicates that electricity
consumption in that year had doubled compared with consumption in 2000. Clearly,
there are environmental issues with the generation of electricity.

The number of transistors integrated into today’s Intel Itanium 2 processor reaches to
nearly 1 billion. If this rate continues, the heat (per square centimeter) produced by
future Intel processors would exceed that of the surface of the sun [3]; this implies the
possibility of worsening system reliability, eventually resulting in poor system
performance.

Summary of the Invention
In a first aspect the invention provides a method for scheduling an application for
performance on a heterogeneous computing system, wherein the application is
comprised of two or more precedence constrained parallel tasks and the heterogeneous
computing system is comprised of multiple processors each enabled to operate on
different voltage supply levels, the method comprising the step of:

determining a priority order for the tasks based on the computation and
communication costs of the tasks; and

in the priority order of the tasks, assigning each task both a processor and a
voltage level that substantially minimises energy consumption and completion time for
performing that task when compared to energy consumption and completion time for
performing that task on different combinations of processor and voltage level.

It is an advantage of the invention that the scheduling takes account not only
completion time (makespan), but also energy consumption. The invention is able to
take account of the different capacities of the processors that form part of the
heterogeneous network to assign, in priority order, tasks to the processors at a particular
voltage level in a way that balances both completion time and energy consumption,

Substantially minimising may comprise determining for different combinations of task,
processor and voltage level, a factor that represents both the energy consumption and
time completion. The factor may be comprised of multiple factors.

This may involve selecting the combination for assignment having a factor that

represents substantially the best trade off between minimising energy consumption and
minimising completion time.
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Determining the factor for energy consumption may be based on a computation cost of
that task at the voltage level of that combination.

Determining the factor for completion time may be based on a computation cost of that
task on the processor and voltage level of that combination.

Determining the factor for completion time may be based: on a summation of the
estimated start time and the computation cost of that task on the processor and voltage
level of that combination. The estimated start time may be based on an estimated finish
time of a most influential task that precedes the task and, where appropriate, the
communication cost between the processor assigned the most influential task to the
processor of that combination.

Determining the factor for completion time may comprise penalising tasks on processor
and voltage combinations that produce longer task completion.

For each task, the method may further comprise the step of:

determining the energy consumption and computation time for the task on
different combinations of processor and voltage level;

if for a combination the determined computation time does not cause an increase
a makespan of the application, and the determined energy consumption is less than the
energy consumption of the task on the assigned processor and assigned voltage,
reassigning the task to that combination of processor and voltage level. It is an
advantage of this embodiment of the invention that the schedule can be assessed to
identify whether any changes to the schedule will result in a further reduction of energy
consumption without an increase in makespan.

The priority of each task may be based on computation and communication costs of
each task respectively along the longest path of precedence constrained tasks that the

task is a part of. The priority of each task is based on the b-level or t-level of the task.

The method may further comprise the step of performing the tasks according to the
scheduling.
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The heterogeneous computing system is a multi-processor computing system, such as a
high-performance computing system, and the tasks may be heterogeneous.

In a further aspect the invention provides software, comprising computer instructions
recorded on a computer readable medium, to operate a computer to perform the method
described above.

In yet another aspect the invention provides a schedule for performing an application
on a heterogeneous computing system produced from the method described above.

In another aspect the invention provides a scheduling system to schedule applications
for performance on a heterogeneous computing system, wherein the application is
comprised of precedence constrained parallel tasks and the heterogeneous computing
system is comprised of multiple processors each enabled to operate on different voltage
supply levels, the scheduling module operable to:

determine a priority order for the tasks based on their respective computation
and communication costs; and

for each task and according to the priority order of the tasks, assign a task both a
processor and a voltage level that substantially minimises the energy consumption and
completion time for performing the task when compared to assigning the task to
different combinations of processor and voltage level.

Brief Description of the Drawings
An example of the invention will now be described with reference to the accompanying
drawings, in which:

Fig. 1 is a table showing the voltage-relative speed pairs used in this example;

Fig. 2 shows a simple task graph of an application used in this example;

Fig. 3 is a table showing the t-level and b-level task priorities of the tasks shown
in Fig. 1;

Fig. 4 is a table showing the computation costs of the tasks shown in Fig. 1;

Fig. 5 shows the energy modes of this example;

Fig. 6 shows the method of energy conscious scheduling (ECS) of this example,
and includes makespan-conservative energy reduction (MCER);

Figs. 7(a) and 7(b) schematically show the schedules for the task graph of Fig. 1
produced by the HEFT algorithm and DBUS algorithm respectively (prior art);
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Fig. 8 schematically shows the schedules for the task .graph of Fig. 1 produced
in this example where (a) ECS without MCER is used, and in (b) ECS with MCER is
used;

Fig. 9 schematically shows the schedule for the task graph of Fig. 1 produced in
this example where (a) ECS+idle without MCER is used and (b) ECS+idle with MCER
is used;

Fig. 10 is a table comparing the energy consumption of the schedules generated
by the six different methods of Figs. 7, 8 and 9;

Fig. 11 is a table summarizing the parameters used in the experiments detailed
below; and

Fig. 12 is a is a table showing the comparative results of the experiments
detailed below.

Best Modes of the Invention

In this example, fifty heterogeneous processors that form a computer cluster are
provided. The processors are able to operate on different voltage supply levels and are
interconnected in a uniform or random way using high bandwidth connections, such as
processors stacked on shelves. The computer cluster is responsible for performing an
application that is comprised of multiple precedence constrained parallelable tasks, for
example multiple pattern matching analyses on a large data set. In this example, priori
information about each task is known and performance of the application is not based
on real-time deadlines.

One processor, known here as scheduling system, is responsible for generating a
schedule. The scheduling system may form part of the cluster or may be in addition to
the cluster. The scheduling system is able to receive and store information about the
processors, possible voltage levels of each processor and the tasks and is able to use
this information to generate a schedule in the manner described below. The scheduling
system also causes each processor to receive their respective parts of the schedule.
That is, the generated schedule assigns a task to a particular processor and voltage.
Each task receives information about the tasks and assigned voltage level for that task
and time for performance either directly or indirectly from the scheduling system.

In this example an energﬁz conscious scheduling (ECS) heuristic that takes into account

not only makespan, but also energy consumption will be described. The heuristic can
easily be applied to loosely coupled HPCSs using advance reservations and various sets
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of frequency-voltage pairs. ECS is devised with the incorporation of dynamic voltage
scaling (DVS) to reduce energy consumption. This means that there is a trade-off
between the quality of schedules (makespans) and energy consumption.

ECS effectively deals with this trade-off balancing these two performance
considerations. In addition, the energy reduction phase using the MCER technique is
incorporated into ECS. In the MCER phase, the current schedule generated in the
scheduling phase is scrutinized to identify whether any changes to the schedule further
reduce energy consumption without an increase in makespan. The low time complexity
of ECS should also be noted.

We now describe the system, application, energy and scheduling models used in this
example.

System Model

The target system used in this work consists of a set P of p heterogeneous
processors/machines that are fully interconnected. Each processor p;eP is DVS-
enabled; in other words, it can operate in different VSLs (i.e., different clock
frequencies). For each processor p;eP, a set ¥; of v VSLs is random and uniformly
distributed among four different sets of VSLs (see Fig. 1). Processors consume energy
while idling, that is when a processor is idling it is assumed the lowest voltage is
supplied. Since clock frequency transition overheads take a negligible amount of time
(e.g., 10us— 150us), these overheads are not considered in this example. The inter-
processor communications are assumed to perform with the same speed on all links
without contentions. It is also assumed that a message can be transmitted from one

processor to another while a task is being executed on the recipient processor which is
possible in many systems. '

Application model

Parallel programs, in general, can be represented by a directed acyclic graph (DAG). A
DAG, G = (N, E), consists of a set N of n nodes and a set E of e edges. A DAG is also
called a task graph or macro-dataflow graph. In general, the nodes represent tasks
partitioned from an application; the edges represent precedence constraints. An edge (i,
J) € E between task n; and task »; also represents inter-task communication. In other
words, the output of task #; has to be transmitted to task #; in order for task #; to start its
execution. A task with no predecessors is called an entry task, #eny,, Whereas an exit
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task, 7exz, is one that does not have any successors. Among the predecessors of a task
n;, the predecessor which completes the communication at the latest time is called the
most influential parent (MIP) of the task denoted as MIP(n;). The longest path of a task
graph is the critical path (CP).

The weight on a task n; denoted as w; represents the computation cost of the task. In
addition, the computation cost of the task on a processor pj, is denoted as w;; and its
average computation cost is denoted as w, .

The weight on an edge, denoted as c;; represents the communication cost between two
tasks, »; and n;. However, a communication cost is only required when two tasks are
assigned to different processors. In other words, the communication cost when tasks are
assigned to the same processor can be ignored, i.e., 0.

The earliest start time of, and the earliest finish time of, a task »; on a processor pj is
defined as

0 l:/‘ni = nentry (1)

EST(n;,pj;) = { EFT(MIP(1,), P) + Coumensys otherwise

where p, is the processor on which the MIP of task #, is scheduled.

EFT(”;"P,-)':EST(";:Pj)+W;_j (2)

Note that the actual start and finish times of a task #; on a processor p;, denoted as
AST(ni, py) and AFT(n; p;) can be different from its earliest start and finish times,
EST(n;, py) and EFT(n; pj), if the actual finish time of another task scheduled on the
same processor is later than EST(n;, p;).

In the case of adopting task insertion the task can be scheduled in the idle time slot

between two consecutive tasks already assigned to the processor as long as no violation
of precedence constraints is made. This insertion scheme would contribute in particular
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to increasing processor utilization for a communication intensive task graph with fine-
grain tasks.

A simple task graph is shown in Fig. 2 with its details in tables of Fig. 3 and 4. The
values presented in the table of Fig. 3 are computed using two frequently used task
prioritization methods, t-level and b-level. Note that, both computation and
communication costs are averaged over all modes and links. The #-level of a task is
defined as the summation of the computation and communication costs along the
longest path of the node from the entry task in the task graph. The task itself is
excluded from the computation. In contrast, the b-level of a task is computed by adding
the computation and communication costs along the longest path of the task from the
exit task in the task graph (including the task). The b-level is used in this example.

The communication to computation ratio (CCR) is a measure that indicates whether a
task graph is communication intensive, computation intensive or moderate. For a given
task graph, it is computed by the average communication cost divided by the average
computation cost on a target system.

Energy model

Our energy model is derived from the power consumption model in complementary
metal-oxide semiconductor (CMOS) logic circuits. The power consumption of a
CMOS-based microprocessor is defined to be the summation of capacitive, short-circuit
and leakage power. The capacitive power (dynamic power dissipation) is the most
significant factor of the power consumption. The capacitive power (P,) is defined as

P.=ACVf €)]

where 4 is the number of switches per clock cycle, C is the total capacitance load, V'is
the supply voltage, and f'is the frequency. Equation 3 clearly indicates that the supply
voltage is the dominant factor; therefore, its reduction would be most influential to
lower power consumption.

Since processors consume a certain amount of energy while idling, the total energy
consumption of the execution for a precedence-constrained parallel application used in
this example is comprised of direct and indirect energy consumption. The direct
energy consumption 58 is defined as
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E =ZACV,-2f-w;" =ZaV,—2w}‘ @
i=1 i=1 '

where V; is the supply voltage of the processor on which task »; executed, and w; is the
computation cost of task #; (the amount of time taken for #;’s execution) on the
scheduled processor.

On the other hand, the indirect energy consumption 60 is defined as:
p
= z Z av? ¢
i idle; ,eIDLE ; J.lowtj.k )
J=1 ’

where IDLE; is the set of idling slots on processor pj, ¥jow is the lowest supply voltage
on pj, and t; is the amount of idling time for idle;+. Then, the total energy consumption
is defined as

E;=Eq+E; ©)

The pictorial representation of our energy model is presented in Fig. 5. Note that an
idling slot 60 is defined to be any period of time (during the execution of a given task
graph) in which no task executes. We assume that the energy consumption of unused
processors 62 is negligible and thus they are not taken into account when calculating
energy consumption.

Scheduling model

The task scheduling problem in this example is the process of allocating a set N of
tasks to a set P of p processors—without violating precedence constraints—aiming to
minimize makespan with energy consumption as low as possible. The makespan is
defined as M=max{AFT(ne)} after the scheduling of n tasks in a task graph G is
completed. Although the minimization of makespan is crucial, tasks of a DAG in our
example are not associated with deadlines as in real-time systems. Since the two
objectives (minimization of makespan and energy consumption) in our scheduling
model conflict with each other, scheduling decisions should be made accounting for the
impact of each of those objectives on the quality of schedule.
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We will now describe two noteworthy works in task scheduling, particularly for MCSs,
and then scheduling algorithms with power/energy consciousness.

Scheduling in MCSs
Due to the NP-hard nature of the task scheduling problem in general cases [4],

heuristics are the most popularly adopted scheduling model, and they deliver good
solutions in less than polynomial time. Heuristics are characterized by their essentially
deterministic operation: the choice of solutions to a scheduling problem is not
stochastic. Among the different heuristic techniques, list scheduling, clustering-based
scheduling and guided random search are the three most prevalent approaches. List
scheduling heuristics are the dominant heuristic model. This is because empirically, list
scheduling algorithms tend to produce competitive solutions with lower time
complexity compared to algorithms in the other categories.

The HEFT algorithm [1] is highly competitive in that it generates a schedule length
comparable to other scheduling algorithms, with a low time complexity. It is a list-
scheduling heuristic consisting of the two typical phases of Tist scheduling (i.e., task
prioritization and processor selection) with task insertion.

Before scheduling begins, the b-level values of all tasks in a task graph are computed
and arranged in a scheduling list in decreasing order of their b-level values. Each task is
then scheduled, starting from the first task in the scheduling list. In the processor
selection phase, the processor, p;, on which the finish time of a task ni, EFT(n;, py) is
minimized, is selected using an insertion-based policy. In other words, a task can be
inserted into the earliest time slot between two already-scheduled tasks on a processor
if the precedence constraint of that task is not violated and the slot is large enough to
accommodate the task. The time complexity of HEFT is on the order of O(n log
n+(etn)p).

The DBUS algorithm [5] is a duplication-based scheduling heuristic that first performs
a CP-based listing for tasks and schedules them with both task duplication and
insertion. The experimental results in [5] show its attractive performance, especially for
communication-intensive task graphs.

As its name implies, DBUS schedules tasks in a task graph, traversing it in a bottom-up
fashion, In the listing phase, it first computes the b-level, t-level and st-level values of
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the tasks and identifies the CP tasks. The CP tasks are stored in a list in decreasing t-
level order along with the child tasks of each of these CP tasks, such that the child tasks
of a CP task precede the CP task. These child tasks are stored in decreasing st-level
order. The only distinction between the t- and st-levels is that communication costs are
not considered in the st-level. The order of the tasks in the list determines the
scheduling order.

In the scheduling phase, each task in the list is scheduled and duplicated as many times
as either the number of its child tasks already scheduled or the number of processors—
whichever is less. The processor to which a child task is assigned is regarded as a
processor that should be covered. For each processor to be covered, a copy of the task
to be scheduled is assigned to a particular processor on which its completion time is
minimized, and the child task on the former processor can then start as it was originally
scheduled. This process repeats until all processors to be covered are actually covered.
It is possible that a single task assignment can cover more than one processor. One
drawback of this duplication scheme is that there might be a significant increase in
schedule length if the number of processors is very small compared to the number of
tasks; this is because, although redundant duplications of a task might be effective for
the task itself, its replicas can cause a ‘cascade effect’, in which the replicas invoke too
many subsequent duplications. The time complexity of DBUS is in the order of O(n’p°).

Scheduling with energy consciousness

Various techniques including dynamic voltage scaling (DVS), resource hibernation,
and memory optimizations have been investigated and developed to conserve energy.
Since CPUs are the major source of power consumption in HPCSs [9], many
microprocessor manufacturers including Intel, AMD, Motorolla and Transmeta have
put a lot of effort into low-power processor design focusing on DVS, DVS enables
processors to dynamically adjust voltage supply levels (VSLs) aiming to reduce power
consumption; however, this reduction is achieved at the expense of sacrificing clock
frequencies. Slack management/reclamation is a frequently adopted schedulling
technique with DVS.

As in most multi-objective optimization problems, the goal in this scheduling example
is to find Pareto-optimal solutions since the performance objectives of the problem
most likely to be in conflict with each other. In other words, for a given task graph, the
heuristics presented in this example to generate a schedule that minimizes both the
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makespan and energy consumption; however, the reduction in energy consumption is
often made lowering supply voltage and this results in an increase in makespan. More
formally, a multi-objective optimization problem can be defined as:

min (A, 20, fu ()] )

where S is the feasible search space and n > 2.

Below two energy-conscious scheduling heuristics ECS and ECS+idle are described.
They can be described as multi-pass (two-pass) algorithms—the main scheduling pass
and the makespan-conservative energy reduction pass.

The working of ECS is shown in Fig. 6.

The incorporation of energy consumption into task scheduling adds another layer of
complexity to an already intricate problem. Unlike real-time systems, applications in
this example are not deadline-constrained; this indicates that evaluation of the quality
of schedules is not straightforward, rather the quality of schedules should be measured
explicitly considering both makespan and energy consumption. For this reason, ECS is
devised with relative superiority (RS) as a novel objective function, which takes into
account these two performance considerations. The RS value (or factor) of a task »; on
a processor p; with a VSL v; is defined as

RS0 B, vy )= Bl ) | EFT(1,p,v;,6)~EFT(1,p V)
s is ',k = DK
v E@;.pjsvjik) EFT(;,p 1,9} 1) —min@EST(n;, pj, 1), EST(n,p 1v))

®

where E(n;, pj, vi%) and E(n;, p’ v/ are the energy consumption of n; on p; with v;;and
that of n; on p”with v/, respectively, and similarly the earliest start/finish times of the
two task-processor allocations are denoted as EST(n;, p;, vix) and EST(n; p’ v), and
EFT(n;, pj, vi%) and EFT(n;, p’ v). As can be seen the RS value makes a trade off
between the energy consumption and completion time.

For a given ready task, its RS value on each processor is computed using the current
best combination of processor and VSL (p’ and v’) for that task, and then the
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processor—ifrom which the maximum RS value is obtained—is selected (see steps 3—
15 of Fig. 6).

Since each scheduling decision that ECS makes tends to be confined to a local
optimum, another energy reduction technique (MCER) is incorporated with the energy
reduction phase of ECS without sacrificing time complexity (Steps 17-31 of Fig. 6). It
is an effective technique in lowering energy consumption, although the technique may
not help schedules escape from local optima.

MCER is makespan conservative in that changes it makes (to the schedule generated in
the scheduling phase) are only validated if they do not increase the makespan of the
schedule. For each task in a DAG, MCER considers all of the other combinations of
task, host and VSL to check whether any of these combinations reduces the energy
consumption of the task without increasing the current makespan.

The working of ECS+idle will now be described.

For a given schedule, it is normally the case that a shorter makespan yields less energy
consumption due primarily to the energy consumption associated with idling slots of
processors within the schedule. This observation leads us to make modifications to the
previous RS objective function and the MCER technique in order to incorporate
indirect energy consumption.

The previous RS objective function is revised to make the second term more effective
in terms of reduction in indirect energy consumption. This change enforces (for two
task-processor combinations in comparison) the processor-VSL match that delivers a
shorter task completion time to impact more on the final RS value (i.e. penalizing those
with longer task completion).

RSy, pj.vjg.pV)=

_ E("iyP]l"j,k)"E("irP':V') > EFT(”i:ij“j,k)‘EFT("in'vV') if EFT(ni, ps, ij) <EFT(n, p’, v’
E(ni,pj,Vj_k) EFT(n;,pj,Vj’k)—EST(ni,pj,vj’k)

_{{E(ni’l’jrvj,k) —E(ni,p',\")]+[EFT(n,-,p‘,V') ~EFT(ni,pj,vjk)

if EFT(ry, py, ;) = EFI(mi, p', v')
E(ni,pjsVjk) EFT(ny, p',V') = EST(ny, p' V') ]) " e
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The change made to the previous MCER technique in ECS is in its energy function.
That is, reassignment decisions are made based on the actual energy consumption
metric (E,) instead of the direct energy consumption metric (Ez). The actual energy
consumption of a task »; on a processor p; with a supply voltage of v;,; is defined as

E (njpjvir)=Eq(ipjsvie)—Ei(n,pjsve) (10)

The modified MCER technique in some examples make reductions in energy
consumption in a similar way to the previous counterpart; however, there are some
cases in which reductions are made only if the modified MCER technique is used. For
instance, a task assigned to a processor with a supply voltage of 1.50 has its
computation cost being 10, and it is considered for another processor with 1.10v on
which the computation cost of that task is 20, the original MCER technique will not
take this alternative allocation since the (direct) enmergy consumption for the latter
allocation is higher. However, the modified MCER technique considering the actual
energy consumption identifies the latter allocation (£,=11.4) more energy efficient.
This scenario is with an assumption that there is no increase in the makespan.

For the working of ECS+idle, Fig. 6 can be referred with the two differences—in the
RS objective function and the MCER technique—described ‘earlier in this section. An
example of ECS+idle scheduling is presented in Fig. 7.

Performance Analysis
We set out here qualitative implications of schedules that ECS and ECS+idle generate.

We first present two schedules generated by HEFT and DBUS for the task graph in
Fig. 2 to show our algorithms’ capability of energy reduction. These schedules are
schematically show in Fig. 7(a) for HEFT (makespan=89) and DBUS (makespan = 73)
respectively. Since they are do not incorporate DVS or any other energy saving
techniques into their scheduling, their output schedules tend to consume excessive
energy in return for shortening makespan. However, our investigation into energy
conscious scheduling has identified that this excessive emergy consumption can be
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reduced without yielding poor makespan.

Examples of the scheduling produced by this example of the invention in Figs. 8 and 9.
Makespan is shown as the vertical axis and each processor py, p; and p; has its own
column, Tasks assigned to a processor are noted on that processor's column in time
order, with the width of the task indicative of the assigned voltage level to that task on
that processor.

Here we present the results obtained from our extensive comparative evaluation study
between ECS and ECS+idle, of the present example and two previously proposed
heuristics HEFT and DBUS. This comparison between energy-conscious £CS and
ECS+idle, and energy-unconscious HEFT and DBUS clearly demonstrates the energy
saving capability of this example.

Experimental settings

The performance of ECS and ECS+idle was thoroughly evaluated with two extensive
sets of task graphs: randomly generated and real-world application. The three real-
world parallel applications used for our experiments were the Laplace equation solver
[6], the LU-decomposition [7] and Fast Fourier Transformation [8]. A large number of
variations were made on these task graphs for more comprehensive experiments. In
addition to task graphs, various different characteristics of processors were applied to
simulations. The table of Fig. 11 summarizes the parameters used in our experiments.

The total number of experiments conducted with four different algorithms (HEFT,
DBUS, ECS and ECS+idle) is 280,000 (i.e. 72,000 for each algorithm). Specifically,
the random task graph set consisted of 150 base task graphs generated with
combinations of 10 graph sizes, five CCRs and three processor heterogeneity settings.
For each combination, 20 variant task graphs were randomly generated, retaining the
characteristics of the base task graph. These 3,000 graphs were investigated with six
different numbers of processors. Each of the three real-world applications was
investigated using the same number of task graphs (i.e., 18,000); hence the figure
72,000.

The computational and communication costs of the tasks in each task graph were
randomly selected from a uniform distribution, with the mean equal to the chosen
average computation and communication costs. A processor heterogeneity value of 100
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was defined to be the percentage of the speed difference between the fastest processor
and the slowest processor in a given system. For the real-world application task graphs,
the matrix sizes and the number of input points were varied, so that the number of tasks
can range from about 10 to 600.

Comparison metrics

Typically, the makespan of a task graph generated by a scheduling algorithm is used as
the main performance measure; however, in this study, we consider energy
consumption as another equally important performance measure. For a given task graph,
we normalize both its makespan and energy consumption to lower bounds—the
makespan and energy consumption of the tasks along the CP (i.e., CP tasks) without
considering communication costs. Specifically, the ‘schedule length ratio’ (SLR) and
‘energy consumption ratio’ (ECR) were used as the primary performance metrics for
our comparison. Formally, the SLR and ECR values of the.makespan M and energy
consumption E; of a schedule generated for a task graph G by a scheduling algorithm
are defined as

M
SLR = . 11
Z nieCPmlnpj eP {Wi,j} D
E;
ECR= . 2 12
Z n;eCPTIN p ep{w;,j}x maXy, ev; {vjrt (12)

where CP is a set of CP tasks of G.

Results

The entire simulation results we have conducted are summarized in the table of Fig. 12,
Fig. 12 clearly signifies the superior performance of algorithms ECS and ECS+idle
over DBUS and HEFT, irrespective of different DAG types. In addition, ECS and
ECS+idle outperformed those two previous algorithms with various different CCRs.

Obviously, the primary purpose of task duplication is the minimization of
communication overheads—which eventually reduces makespan—by redundantly
scheduling some tasks. Task duplication might be an effective technique for
communication-intensive applications; however, the incorporation of such a technique
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into scheduling algorithms should be avoided, or at least carefully considered, when
energy consumption comes into play. Since DBUS is a duplication-based scheduling
algorithm, its energy consumption is far greater than that of ECS.

The comparison between ECS and ECS+idle, and HEFT reconfirmed the favourable
performance of ECS and ECS+idle particularly in terms of énergy consumption. Note
that, previously HEFT has been proven to perform very competitively with a low time
complexity, and it has been frequently adopted and extended; this implies that the
average SLR of ECS and ECS+idle with even a one percent margin shown in Fig. 10 is
compelling,.

The source of the main performance gain of ECS and ECS-+idle is the use of the RS
objective function, which contributes to reducing both makespan and energy
consumption. In these experiments, a further 3.4 percent improvement and 3.9 percent
improvements (on average) in energy consumption—for schedules after the main
scheduling phase of ECS and ECS-+idle were made by the MCER technique. These
reductions are achieved in both direct and indirect energy consumption.

It will be appreciated by persons skilled in the art that numerous variations and/or
modifications may be made to the invention as shown in the specific embodiments
without departing from the scope of the invention as broadly described. The present
embodiments are, therefore, to be considered in all respects as illustrative and not
restrictive.
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CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:
1. A method for scheduling an application for performance on a heterogeneous
computing system, wherein the application is comprised of two or more precedence
constrained parallel tasks and the heterogeneous computing system is comprised of
multiple processors each enabled to operate on different voltage supply levels, the
method comprising the steps of:

determining a priority order for the tasks based on the computation and
communication costs of the tasks; and

in priority order of the tasks, assigning each task both a processor and a voltage
level that substantially minimises energy consumption and completion time for
performing that task when compared to energy consumption and completion time for
performing that task on different combinations of processor and voltage level.

2, A method according to claim 1, wherein substantially minimising comprises
determining for different combinations of task, processor and voltage level, a factor
that represents both the energy consumption and time completion.

3, A method according to claim 2, wherein substantially minimising comprises
selecting the combination for assignment having a factor that represents substantially
the best trade off between minimising energy consumption and minimising completion
time.

4, A method according to claim 2 or 3, wherein determining the factor for energy
consumption is based on a computation cost of that task at the voltage level of that
combination. '

5. A method according to claim 2, 3 or 4, wherein determining the factor for
completion time is based on a computation cost of that task on the processor and
voltage level of that combination.

6. The method according to claim 5, wherein determining the factor for completion
time is based on a summation of the estimated start time and the computation cost of

that task on the processor and voltage level of that combination.

7. The method according to claim 6, wherein the estimated start time is based on a
estimated finish time of a most influential task that precedes that task and, where
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appropriate, the communication cost between the processor assigned the most
influential task to the processor of that combination.

8. A method according to claim 5, 6 or 7, wherein determining the factor for
completion time comprises penalising tasks on processors and voltage level
combinations that produce a longer completion time.

9. The method according to any one of the preceding claims, where for each task
the method further comprises the step of:

determining the energy consumption and computation time for the task on
different combinations of processor and voltage level;

if for a combination the determined computation time does not cause an increase
the makespan of the application, and the determined energy consumption is less than
the energy consumption of the task on the assigned processor and assigned voltage,
reassigning the task to that combination of processor and voltage level.

10. A method according to any one of the preceding claims, wherein the priority of
each task is based on computation and communication costs of each task respectively
along the longest path of precedence constrained tasks that the task is a part of.

11. A method according to claim 10, wherein the priority of each task is based on
the b-level or t-level of the task.

12. A method according to any of the preceding claims, wherein the method further
comprises the step of performing the tasks according to the scheduling.

13. A method according to any one of the preceding claims, wherein the
heterogeneous computing system is a multi-processor computing system.

14. A method according to any one of the preceding claims, wherein the tasks are
heterogeneous.

15.  Software, comprising computer instructions recorded on a computer readable

medium, to operate a computer to perform the method described in any one of the
preceding claims.
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16. A schedule for performing an application on a heterogeneous computing system
produced from the method according to any one of claims 1 to 11.

17. A scheduling system to schedule applications for performance on a
heterogeneous computing system, wherein the application is comprised of two or more
precedence constrained parallel tasks and the heterogenedus computing system is
comprised of multiple processors each enabled to operate on different voltage supply
levels, the scheduling module operable to:

determine a priority order for the tasks based on the computation and
communication costs of the tasks; and

in priority order of the tasks, assign that task both a processor and a voltage
level that substantially minimises energy consumption and completion time for
performing that task when compared to assigning the task to energy consumption and
completion time for performing that task on different combinations of processor and
voltage level.
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Algorithm ECS
Input: ADAG G(N, E) and a set P of DVS-enabled processors
Output: A schedule S of G onto P

determine 1. Compute b-level of VneN
priority order /5 Sort N in decreasing order by b-level value
3 for VneN do
4. Letp’=p,
5. Letv=wvy,
6. for VpeP do
7. for Vv, €V, do
8.

ECS and

Compute RS(72;, p;, Vi, p s v) value with p “and v~
ECS+idle 9.

ifRS(nia pja Vj,ka p,: V)) > RS(”»P: V:pjﬁ vj,k) then
10. Replace p “and v “with p; and v;;

11. end if

12.  end for

13. end for

14. Assignn; on p” with v”7

15. end for

16. Let S = the current schedule

17. for Vn,eN do
18. Removen;in S

19. Let p“=the processor on which #; is currently scheduled
20. Letv“=the VSL selected for p”

21. for VpeP do
22.  for Yv;eV; do

MCER < 23, Compute Efn;, pj, v;z)
24. Recompute makespan
25. if no increase in makespan and E; (7, py, v;x) < Eq (n;, p v') then
26. Replace p“and v“with p; and v;;
27. end if
28.  end for
29. end for
30. Reassignn;onp”withv”
31. end for

Fig. 6
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(57) Abstract: There is provided a highly distributed multi-core
system with an adaptive scheduler. By resolving data dependencies
in a given list of parallel tasks and selecting a subset of tasks to ex-
ecute based on provided software priorities, applications can be ex-
ecuted in a highly distributed manner across several types of slave
processing cores. Moreover, by overriding provided priorities as
necessary to adapt to hardware or other system requirements, the
task scheduler may provide for low-level hardware optimizations
that enable the timely completion of time-sensitive workloads,
which may be of particular interest for real-time applications.
Through this modularization of software development and hard-
ware optimization, the conventional demand on application pro-
grammers to micromanage multi-core processing for optimal per-
formance is thus avoided, thereby streamlining development and
providing a higher quality end product.
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HIGHLY DISTRIBUTED PARALLEL PROCESSING ON
MULTI-CORE DEVICE

RELATED APPLICATIONS

This application is a continuation-in-part of U.S. Patent Application Serial No.
12/313,561 filed November 20, 2008, which claims priority from U.S. Provisional
Application No. 61/195,076, filed October 2, 2008, which are hereby incorporated by
reference in their entirety.

BACKGROUND OF THE INVENTION

1. FIELD OF THE INVENTION

The present invention relates generally to processing systems, and more
specifically to multi-core processing systems.

2. BACKGROUND ART

In the past, increasing performance in processing-intensive electronic devices,
such as base transceiver stations and other types of communications devices, could be
achieved merely by increasing the processor clock speed of the devices. However, the
introduction of applications requiring very fast processing performance to meet
application latency requirements, such as Voice over Infemet Protocol (VoIP), video
conferencing, multimedia streaming, and other real-time applications have rendered
this simple approach as no longer practical. As a result, the use of highly distributed
multi-core systems with several general and custom DSPs has become a popular
approach for increasing performance in processing-intensive electronic devices, such
as wireless base station transceivers. To realize the potential increase in performance

that multiple processing cores can provide, however, each processing core needs to be
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programmed so that the processing workload is appropriately divided over the
numerous processing cores.

However, programming multiple processing cores can be significantly more
complicated than programming a single core, placing a heavy burden on
programmers. To avoid this burden, many software development paradigms are still
focused on sequentially organized single-core applications. As a result, development
tools are often not well suited to programming for multi-core systems. In order to
efficiently utilize multiple cores, programmers have thus been traditionally required to
understand the low-level hardware implementation details for the multi-core system to
be programmed, manually specifying intra-cores communication, task delegation, and
other hardware details. Programmers may find it difficult to adhere to application
development budgets and schedules with this extra burden, leading to software
applications that may be poorly optimized for use on multi-core hardware systems.

Accordingly, there is a need in the art for a rnulti-core‘ system that can
effectively address the aforementioned difficulty of programming, facilitating

development and optimizing of software for multi-core systems.

-2-
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SUMMARY OF THE INVENTION

There is provided a highly distributed multi-core system with an adaptive
scheduler, substantially as shown in and/or described in connection with at least. one

of the figures, as set forth more completely in the claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

The features and advantages of the present invention will become more readily
apparent to those ordinarily skilled in the art after reviewing the following detailed
description and accompanying drawings, wherein:

Figure 1 shows a diagram of an exemplary multi-core system with an adaptive
scheduler, according to one embodiment of the present invention;

Figure 2 shows a diagram showing the distribution of tasks by an adaptive
scheduler, according to one embodiment of the present invention; and

Figure 3 is a flowchart presenting a method for an adaptive scheduler to
distribute tasks for execution on a multi-core system, according to one embodiment of

the present invention.

_4-
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DETAILED DESCRIPTION OF THE INVENTION

Although the invention is described with respect to specific embodiments, the
principles of the invention, as defined by the claims appended herein, can obviously
be applied beyond the specifically described embodiments of the invention described
herein. Moreover, in the description of the present invention, certain details have been
left out in order to not obscure the inventive aspects of the invention. The details left
out are within the knowledge of a person of ordinary skill in the art. The drawings in
" the present application and their accompanying detailed description are directed to
merely example embodiments of the invention. To maintain brevity, other
embodiments of the invention which use the principles of the present invention are not
specifically described in the present application and are not specifically illustrated'by
the present drawings. It should be borne in mind that, unless noted otherwise, like or
corresponding elements among the figures may be indicated by like or corresponding
reference numerals.

Figure 1 shows a diagram of an exemplary multi-core system with an adaptive
scheduler, according to one embodiment of the present invention. Multi-core system
100 of Figure 1 includes upper sub-system 110 containing application 115.
Application 115 may be executing on an upper processor (not shown), which may also
execute an operating system and operating system programs. Application 115 may be
written to process input data 111, which may be updated in real-time. Input data 111
may be received from, for example, an Ethernet network interface. Upon proc;ssing

of input data 111, output data 112 may be generated and sent through another

interface, such as a radio broadcast interface. Thus, an example application 115 may

-5-
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receive input data 111 as a digitized voice stream for encoding to output data 112 as a
compressed and encrypted data stream for transmission via a wireless radio broadcast.

As shown in Figure 1, upper sub-system 110 is in communication with
processor 121 of lower sub-system 120 through application program interface (API)
125a, which provides well-defined communication protocols for exchanging data
between the upper and lower sub-systems. Using data analysis and partitioning
(DAP) 125b executing on processor 121, application 115 can pass input data 111 and
direct the generation of parallel task list 116 for execution on lower sub-system 120.
The contents of parallel task list 116 may be constructed depending on the tasks
necessary to execute on input data 111, which may change in real-time. After such
data-driven construction, parallel task list 116 may be passed to task scheduler 160,
which may choose a subset of tasks to execute from parallel task list 116 based on
specified priorities, with the remaining tasks deferred for later execution. Task
scheduler 160 may also impose its own overriding priorities based on hardware
restraints or other limitations. After the subset of tasks is chosen, it may then be
distributed to slave processing cores 170 for execution.

As shown in Figure 1, slave processing cores 170 may include several different
types of processing cores. Custom digital signal processors (DSPs) 130 include
custom DSPs 131a-131d, which may have limited instruction sets optimized for
specific processing patterns. General DSPs 140 include general DSPs 141a-141d,
which may have broader instruction sets than custom DSPs 130 but still be primarily
optimized for specific processing patterns. These specific processing patterns might

include working with particular data-types, such as floating point numbers, or specific
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processing operations, such as turbo / viterbi decoding, fast Fourier transforms
(FFT/IFFT), matrix inversion and other specialized algorithms. Embedded processor
150 includes cores 151a-151d, which may comprise a multi-core reduced instruction
set computer (RISC) supporting more general processing duties. As shown in Figure
1, slave processing cores 170 may access a shared memory 185 using direct memory
access (DMA) controller 180. Additionally, although omitted from Figure 1, each
DSP and core may have access to local memory as well.

While only four of each type of slave processing core is shown in Figure 1,
alternative embodiments may use any number and type of slave processing cores.
Furthermore, as the diagram shown in Figure 1 is presented as a high level overview,
implementation details have been simplified or omitted for reasons of clarity.

Moving to Figure 2, Figure 2 shows a diagram showing the distribution of tasks
by an adaptive scheduler, according to one embodiment of the present invention.
Diagram 200 of Figure 2 includes input data 211 containing the inputs as shown, with
Inputl including {il, i2, i3}, Input2 including {i4, i5, 16}, Input3 including {i7, i8, 19}
and Input4 including {il0, i11, i12}. Input data 211 may be updated in real-time,
varying in size and number of inputs to reflect changing user workloads and load
patterns. The tasks labeled Task1, Task2, Task3, Task4, and TaskS5 in parallel task list
216 are programmed to process input data 211, and may be ordered in descending
priority by the programmer, with Task1 as the highest priority and Task5 as the lowest
priority. Additionally, as shown in parallel task list 216, each task may be assigned a

preferred core type for optimal execution. Thus, Task1 and Task4 are specified to run

-7-
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on custom DSPs 230, Task 2 and Task 5 are specified to run on general DSPs 240,
and Task 4 is specified to run on embedded processor 250.

While the priorities and core affinities provided by thé programmer generating
parallel task list 216 may be used as base guidelines for task scheduler 260, task
scheduler 260 may also override these preferences to better meet hardware scheduling
constraints or address other low-level hardware implementation details. Thus, task
scheduler 260 may reassign priorities based on, for example, preventing buffer
underruns or other undesirable states in memory, optimizing core usage, providing
greater data locality, and applying other optimizations that may be difficult and
tedious for a programmer to implement without having intimate low-level knowledge
of slave processing cores 270.

As a general case and for ease of implementation, task scheduler 260 may first
access and analyze parallel task list 216 based on data dependencies. Thus, the data
inputs for each task listed in parallel task list 216 may be analyzed, and only tasks
with independently accessible data inputs may be selected for processing in a present
time frame. For example, examining parallel task list 216, since Task4 depends on
Outputl of Tasl'<1 as a data input, it may be classified as a data dependent task and
therefore deferred until Outputl is available. Since the remaining selected tasks now
have independent data inputs, they may be executed in a highly parallel fashion.

Task scheduler 260 may then analy;e the state of slave processing cores 270 to
determine free cores to distribute tasks. As shown in F igure 2, some cores are already
in the Busy state, which may indicate that the cores are locked from previously

assigned processes and are presently unavailable. Thus, general DSPs 240 only has
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one free general DSP 141d available, which is assigned to Task2 having a higher
priority than Task5. Thus, TaskS is deferred for execution in a future time frame.

Alternatively, task scheduler 260 may reassign Task5 to a different core. As
shown in Figure 2, even after assigning Task3 to core 151b, embedded processor 250
still has cores 151c-151d remaining idle. Thus, while embedded processor 250 may
be less optimized for Task5 than general DSPs 240, as indicated by the core
preferences provided by the application programmer, it may be desirable to move
TaskS to core 151c or core 151d to optimize usage of available cores. Alternatively, if
custom DSPs 230 provide flexible enough instruction sets, Task5 may be translated
for execution on custom DSP 131d, which is also shown as idle. In this manner,
wasted cycles from idle cores may be avoided.

On the other hand, task scheduler 260 may opt to avoid reassigning tasks to
better align with the core affinity recommendations of parallel task list 216. This
determination might also be aided by the use of simulations and code tracing to
provide task scheduler 260 with predictive code analysis capabilities. Thus, task
scheduler 260 may recognize patterns of tasks that may follow particular task lists,
allowing conservative allocation of tasks to prepare for heavy processing requirements
or aggressive allocation of tasks in anticipation of a light workload. In this manner,
the programmer can specify preferred priorities from a high-level software perspective,
whereas the designer of task scheduler 260 can flexibly adapt, reject, or modify the
provided priorities based on competing low-level hardware requirements of slave

processing cores 270 and other system components.

-9-
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Figure 3 is a flowchart presenting a method for an adaptive scheduler to
distribute tasks for execution on a multi-core system, according to one embodiment of
the present invention. Certain details and features have been left out of flowchart 300
of Figure 3 that are apparent to a person of ordinary skill in the art. For example, a
step may consist of one or more sub-steps or may involve specialized equipment, as
known in the art. While steps 310 through 340 shown in flowchart 300 are sufficient
to describe one embodiment of the present invention, other embodiments of the
invention may utilize steps different from those shown in flowchart 300.

Referring to step 310 of flowchart 300 in Figure 3 and diagram 200 of Figure 2,
step 310 of flowchart 300 comprises task scheduler 260 accessing parallel task list 216.
Parallel task list 216 may be ordered to indicate priority; that is, Taskl is assigned the
highest priority, whereas Task5 is assigned the lowest priority. As previously
discussed and shown in Figure 1, an API 125a may allow application 115 executing
on upper sub-system 110 to pass parallel task list 116, corresponding to parallel task
list 216, to task scheduler 160 for processing. Since input data 111 may be updated in
real-time for real-time applications, processor 121 may receive a continuously updated
parallel task list 116 with new tasks. After portions of parallel task list 116 are
ﬁnishéd, task scheduler 160 may provide the results back to processor 121 for reading
by application 115 via API 125a to fill output data 112.

Referring to step 320 of flowchart 300 in Figure 3 and diagram 200 of Figure 2,
step 320 of flowchart 300 comprises task scheduler 260 determining data inputs for
each task in parallel task list 216. Thus, by reviewing input data 211, it can be

determined that Task1l has {il, i2, i3} as data inputs, Task2 has {i4, i5, 16} as data

-10-
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inputs, Task3 has {i7, i8, i9} as data inputs, and Task5 has {il0, ill, i12} as data
inputs. Thus, Taskl, Task2, Task3, and Task5 operate on presently available or
independent input data. However, this is not to imply that parallel tasks must operate
on mutually exclusive sets of data. For example, Taskl, Task2, Task3, and Task5
might all use the same Inputl comprising {il, i2, i3}, which is presently available for
all tasks, and still proceed with parallel processing. The term “independent input
data” as used in this specification is used to refer to data that is not dependent on
another process. Thus, even the same set of input data can be considered as
“independent input data” as long as that input data is “independent” from another
process blocking access to that input data. “Independent input data” can therefore be
read as “presently available” input data, or input data that is not waiting for or locked
by another process. Therefore, the term “independent input data” does not necessarily
indicate that each task has mutually exclusive input data sets. Moreover, it can be
determined that Task4 is dependent on the completion of Task1 to provide Outputl as
an input for Task4, and this operates on dependent input data.

Referring to step 330 of flowchart 300 in Figure 3 and diagram 200 of Figure 2,
step 330 of flowchart 300 comprises task scheduler 260 selecting a subset of tasks
from parallel task list 216 based on task priorities received from step 310, wherein
said subset of tasks are determined to have currently accessible data inputs from step
320. Thus, as can be seen by the states of slave processing cores 270 in Figure 2,
Task1, Task2, and Task3 are selected and assigned to their respective preferred core
types as indicated in parallel task list 216. Since Task4 uses dependent input data as

indicated in step 320, Task4 is deferred for future execution. Since TaskS, which has

-11-
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a lower priority than Task2, cannot be assigned to any free idle cores from the
preferred general DSPs 240, TaskS is also deferred for future execution.

As previously discussed, task scheduler 260 may override the priorities given
in parallel task list 216 before proceeding with step 330 to accommodate competing
system hardware requirements. For example, a buffer fill size of a portion of memory
reserved as an output transmission buffer may be monitored to prevent buffer
underruns, reassigning given task priorities to prioritize refilling the buffer as
necessary. Tasks might also be redistributed to non-preferred core types or deferred
for future execution using predictive task analysis, as previously described. .

Referring to step 340 of flowchart 300 in Figure 3 and diagram 200 of Figure 2,
step 340 of flowchart 300 comprises task scheduler 260 distributing the subset of tasks
selected from step 330 to slave processing cores 270. Since the subset of tasks already
indicates preferred core types, and since step 330 already reduced the subset of tasks
to accommodate the number of free cores available, step 340 only needs to distribute
the tasks to the proper respective free cores of slave processing cores 270.

In this manner, highly parallel execution of applications on multi-core systems
can be achieved while balancing software and hardware priority requirements, which
may be especially important for real-time applications having sensitive processing
deadlines. Since the design of the application and the design of the adaptive task
scheduler are modularized, the programmer of application 115 in Figure 1 is freed
from the burden of having to explicitly direct slave processing cores 170. Similarly,
the designer of task scheduler 160 can focus on meeting the requirements of slave

processing cores 170 by reassigning task priorities as needed without any specific

-12-
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knowledge of application 115. In this manner, application and hardware demands are
automatically balanced by task scheduler 160, thereby sp'eeding development time and
allowing software and hardware teams to focus on their respective areas of proficiency
to produce a higher quality result resulting in near-optimal processing of the
application on the device, similar to what would be expected with traditional approach
of using programmers who intimately understand and program to the custom hardware
features of the device.

For example, consider the example of demodulating and decoding of Long
Term Evolution (LTE) Physical Uplink Shared Channel (PUSCH) subframes. In
conventional systems, a high-frequency single-core processor might be used to
process LTE data streams as a single monolithic sequential task. For example, first
demodulation, then descrambling, then decoding, then rate de-adaption, then Hybrid
Automatic Repeat-Request (HARQ) combination, then turbo decoding, then code
desplitting, then Cyclic Redundancy Check (CRC) calculation of the transport block.
That is, since the output of each step is typically required as the input for the next step
in the sequential task, conventional programming paradigms do not seek to exploit
parallelism and require expensive single-core hardware solutions to implement LTE
data processing.

However, careful analysis of the steps in the LTE data processing chain can
allow conversion of the sequential task into suitable parallel tasks. For example,
demodulation and descrambling can be divided based on symbol, and rate de-adaption
and CRC calculation can be divided based on code block and later combined for the

transport block. Data streams can be further separated based on user being serviced,
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as the data for one user can be processed without necessarily dépending on data from
another user. In this manner, the workload of LTE processing can be distributed to a
massive set of parallel slave processing cores, for example comprising 20 or more
DSPs. Thus, rather than being forced to use a single expensive processing device,
performance can be scaled almost linearly by simply adding additional slave
processing cores to the system configuration to meet system latency requirements.
Moreover, by only performing some slight software optimizations in advance to place
the tasks in a condition for parallelism, the system can take care of the rest of the low-
level hardware optimization to provide optimal performance. While LTE processing
is given as one example, this can be applied to any task traditionally viewed as a
“sequential task” by dividing the task into blocks that can be distributed for parallel
processing, with buffers and delays as necessary.

From the above description of the embodiments of the present invention, it is
manifest that various techniques can be used for implementing the concepts of the -
present invention without departing from its scope. Moreover, while the present
invention has been described with specific reference to certain embodiments, a person
of ordinary skill in the art would recognize that changes can be made in form and
detail without departing from the spirit and the scope of the invention. It shduld also
be understood that the invention is not limited to the particular embodiments described
herein, but is capable of many rearrangements, modifications, and -substitutions

without departing from the scope of the invention.
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CLAIMS
What is claimed is:

1. A method for an adaptive scheduler to distribute tasks for execution on a
multi-core system to enable modular software and hardware development, the method
comprising:

accessing a plurality of tasks each having an assigned priority;

determining data inputs for each of said plurality of tasks;

selecting a subset of tasks from said pluraiity of tasks based on said assigned
priorities, wherein data inputs of each of said subset of tasks are vpresently accessible;
and

distributing said subset of tasks to a plurality of slave processing cores of said

multi-core system.

2. The method of claim 1, wherein each of said plurality of tasks further

includes an assigned core type.

3. The method of claim 1, wherein said distributing is to an idle subset of

cores from said plurality of slave processing cores.

4. The method of claim 1 further comprising, prior to said selecting,

overriding one or more assigned priorities of said plurality of tasks.
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5. The method of claim 4, wherein said overriding uses a state of said

plurality of slave processing cores.

6. The method of claim 4, wherein said overriding uses a state of a

memory of said multi-core system.

7. The method of claim 6, wherein said state of said memory comprises a

buffer fill size within said memory.

8. The method of claim 4, wherein said overriding uses a state of a

hardware component of said multi-core system.

9. The method of claim 2 further comprising, prior to said selecting,
overriding one or more assigned core types of said plurality of tasks based on states of

each of said plurality of slave processing cores.

10. The method of claim 2, wherein said assigned core type comprises one
of a custom digital signal processor (DSP), a general DSP, and an embedded

processor core.

11. A multi-core system for enabling modular software and hardware

development, the multi-core system comprising:
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a lower sub-system including an adaptive scheduler and a plurality of slave
processing cores, said adaptive scheduler configured to:

access a plurality of tasks each having an assigned priority;

determine data inputs for each of said‘ plurality of tasks;

select a subset of tasks from said plurality of tasks based on said assigned
priorities, wherein data inputs of each of said subset of tasks are presently accessible;
and

distribute said subset of tasks to said plurality of slave processing cores.

12.  The system of claim 11, wherein each of said plurality of tasks further

includes an assigned core type.

13.  The system of claim 11, wherein said adaptive scheduler is further
configured to distribute to an idle subset of cores from said plurality of slave

processing cores.

14.  The system of claim 11, wherein prior to said selecting, said adaptive
scheduler is further configured to override one or more assigned priorities of said

plurality of tasks.

15. The system of claim 14, wherein said adaptive scheduler is further

configured to override using a state of said plurality of slave processing cores.
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16.  The system of claim 14, wherein said adaptive scheduler is further

configured to override using a state of a memory of said multi-core system.

17.  The system of claim 16, wherein said state of said memory comprises a

buffer fill size within said memory.

18.  The system of claim 14, wherein said adaptive scheduler is further
configured to override using a state of a hardware component of said multi-core

system.

19. The system of claim 12, wherein prior to said selecting, said adaptive
scheduler is further configured to override one or more assigned core types of said

plurality of tasks based on states of each of said plurality of slave processing cores.

20.  The system of claim 12, wherein said assigned core type comprises one
of a custom digital signal processor (DSP), a general DSP, and an embedded

Processor core.

21.  The system of claim 11, wherein said plurality of tasks comprises an

application structured for parallel processing.
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