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Home of the 19% Olympic Village 

Office of Grants and Contracts Accounting 
Risk Management 

November 8, 1996 

U. S. Army Research Office 
Attn: Ms. Patsy S Ashe 
4300 South Miami Blvd. 
P. O. Box 12211 

Research Triangle Park, NC 27709-2211 

Subject: Grant No. DAAH04-95-1-0203 

Dear Ms. Ashe, 

Enclosed is the quarterly SF272 Federal Cash Transaction Report for grant number DAAH04-95-
1-0203. The period for the report is July 1,1995 through September 30,1996. 

If you have any questions or require additional information, please contact Robert Langston at 
(404) 894-5522. 

David V. Welch 
Director 

DVW/rl 

Enclosures 

xc: FileE-21-Z36/246R84940A0 
ONR RR, Atlanta 
Wanda Simon - OCA - 0420 

Office of Grants and Contracts Accounting 
190 Bobby Dodd Way 
Atlanta, Georgia 30332-0259 U.S.A. 
PHONE 404-894-4624 FAX 404-894-5519 
RISK MANAGEMENT 404-894-4626 

Sincerely, 

A Unit of the Uniivrsity System of Georgia An Equal Education and Employment Opportunity Institution 



F E D E R A L C A S H T R A N S A C T I O N S R E P O R T 

(SEE INSTRUCTION* ON THE BACK. IF REPORT IS FOR MORE THAN ONE GRANT OR 
ASSISTANCE AGREEMENT, ATTACH COMPLETED STANDARD FORM 272-A.) 

APPROVED BY OFFICE OF MANAGEMENT AND BUDGET, NO. 80-RO182 
F E D E R A L C A S H T R A N S A C T I O N S R E P O R T 

(SEE INSTRUCTION* ON THE BACK. IF REPORT IS FOR MORE THAN ONE GRANT OR 
ASSISTANCE AGREEMENT, ATTACH COMPLETED STANDARD FORM 272-A.) 

1. FEDERAL SPONSORING AGENCY AND ORGANIZATIONAL ELEMENT TO WHICH THIS REPORT 
IS SUBMITTED 

U S ARMY RESEARCH OFFICE VIA: ONR RR 

2. RECIPIENT ORGANIZATION 

NAME : GEORGIA TECH RESEARCH CORPORATION 

NUMBER 

AND STREET : P.O. BOX 100117 

CITY, STATE 
AND ZIP CODE: ATLANTA, GA 30384 

4. FEDERAL GRANT OR OTHER IDENTIFICA 
TION NUMBER 

DAAH04-95-1-0203 
- 5. RECIPIENT'S ACCOUNT NUMBER OR 

IDENTIFYING NUMBER 
E-21-Z36/246R84940A0 

2. RECIPIENT ORGANIZATION 

NAME : GEORGIA TECH RESEARCH CORPORATION 

NUMBER 

AND STREET : P.O. BOX 100117 

CITY, STATE 
AND ZIP CODE: ATLANTA, GA 30384 

8. LETTER OF CREDIT NUMBER 
N/A 

7. LAST PAYMENT VOUCHER NUMBER 
N/A 

2. RECIPIENT ORGANIZATION 

NAME : GEORGIA TECH RESEARCH CORPORATION 

NUMBER 

AND STREET : P.O. BOX 100117 

CITY, STATE 
AND ZIP CODE: ATLANTA, GA 30384 

GIVE TOTAL NUMBER TOR THIS PERIOD 

2. RECIPIENT ORGANIZATION 

NAME : GEORGIA TECH RESEARCH CORPORATION 

NUMBER 

AND STREET : P.O. BOX 100117 

CITY, STATE 
AND ZIP CODE: ATLANTA, GA 30384 

8. PAYMENT VOUCHERS CREDITED TO 
YOUR ACCOUNT 

10. PERIOD COVI 

9. TREASURY CHECKS RECEIVED (WHETHER 
OR NOT DEPOSITED) 

3 
' R F D R Y T H I * s R F P H R T 

3. FEDERAL EMPLOYER 
IDENTIFICATION 58-0603146 

FROM (MONTH, DAY, YEAR) 
7/1/95 

- ' >LLY D I I n l o n t r U n 1 

TO (MONTH, DAY, YEAR) 
9/30/96 

11. STATUS OF 

FEDERAL 

CASH 

(SEE SPECIFIC 
INSTRUCTIONS 
ON THE BACK) 

A. CASH ON HAND BEGINNING OF REPORTING PERIOD $ 0.00 

11. STATUS OF 

FEDERAL 

CASH 

(SEE SPECIFIC 
INSTRUCTIONS 
ON THE BACK) 

B. LETTER OF CREDIT WITHDRAWALS 0.00 
11. STATUS OF 

FEDERAL 

CASH 

(SEE SPECIFIC 
INSTRUCTIONS 
ON THE BACK) 

C. TREASURY CHECK PAYMENTS 17,358.00 11. STATUS OF 

FEDERAL 

CASH 

(SEE SPECIFIC 
INSTRUCTIONS 
ON THE BACK) 

D. TOTAL RECEIPTS (SUM OF LINES B AND C) 17,358.00 

11. STATUS OF 

FEDERAL 

CASH 

(SEE SPECIFIC 
INSTRUCTIONS 
ON THE BACK) 

E. TOTAL CASH AVAILABLE (SUM OF LINE A AND D) 17,358.00 

11. STATUS OF 

FEDERAL 

CASH 

(SEE SPECIFIC 
INSTRUCTIONS 
ON THE BACK) 

F. GROSS DISBURSEMENTS 21,394.42 

11. STATUS OF 

FEDERAL 

CASH 

(SEE SPECIFIC 
INSTRUCTIONS 
ON THE BACK) 

G. FEDERAL SHARE OF PROGRAM INCOME 0.00 

11. STATUS OF 

FEDERAL 

CASH 

(SEE SPECIFIC 
INSTRUCTIONS 
ON THE BACK) 

H. NET DISBURSEMENTS (LINE F MINUS LINE G) 21,394.42 

11. STATUS OF 

FEDERAL 

CASH 

(SEE SPECIFIC 
INSTRUCTIONS 
ON THE BACK) 

I. ADJUSTMENTS OF PRIOR PERIODS 0.00 

11. STATUS OF 

FEDERAL 

CASH 

(SEE SPECIFIC 
INSTRUCTIONS 
ON THE BACK) 

J. CASH ON HAND END OF PERIOD $ (4,036.42) 
12. THE AMOUNT SHOWN ON LINE 

11J, ABOVE, PRESENTS CASH 
REQUIREMENTS FOR THE 
ENSUING DAYS 

13. OTHER INFORMATION 12. THE AMOUNT SHOWN ON LINE 
11J, ABOVE, PRESENTS CASH 
REQUIREMENTS FOR THE 
ENSUING DAYS 

A. INTEREST INCOME $ 

12. THE AMOUNT SHOWN ON LINE 
11J, ABOVE, PRESENTS CASH 
REQUIREMENTS FOR THE 
ENSUING DAYS B. ADVANCES TO SUBGRANTEES OR SUBCONTRACTORS $ 

14. REMARKS (ATTACH ADDITIONAL SHEETS OF PLAIN PAPER, IF MORE SPACE IS REQUIRED) 

T57 
I CERTIFY TO THE BEST OF MY 
KNOWLEDGE AND BELIEF THAT 
THIS REPORT IS TRUE IN ALL RE­
SPECTS AND THAT ALL DISBURSE­
MENTS HAVE BEEN MADE FOR 
THE PURPOSE AND CONDITIONS 
OF THE GRANT OR AGREEMENT. 

CERTIFICATION 

AUTHORIZED 
CERTIFYING 
OFFICIAL 

SIGNATURE 

THIS SPACE FOR AGENCY USE 

TYPED OR PRINTED NAME AND TITLE 
DAVID V. WELCH, DIRECTOR 
OFFICE OF GRANTS AND CONTRACTS ACCOUNTING 

DATE REPORT SUBMITTED 
11/8/96 

TELEPHONE (AREA CODE. 
NUMBER, EXTENSION) 
(4 0 4) 8 9 4 - 2 6 2 9 

272-102 QUESTIONS CONCERNING THIS REPORT SHOULD BE DIRECTED TO STANDARD FORM 272 (7-76) 
ROBERT LANGSTON AT (404) 894-5522. PRESCRIBED BY OFFICE OF MANAGEMENT AND BUDGET 

CIR. NO. A-110 
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c=a School of Electrical and Computer Engineering 

January 21, 1997 

U.S. Army Research Office 
ATTN: DRXRO-IP-Library 
P.O. Box 12211 

Research Triangle Park, NC 27709 

Re: ARO Proposal 34256-EL-AAS 

Two copies of Exhibit C and the Annual Report for the period July 1, 1995 through June 
30, 1996, are forwarded for your information. 

Sincerely, 

Stacy Schultz 
Administrative Assistant 

Enclosure 

School of Electrical and Computer Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332-0250 U.S.A. 
PHONE 404.894.2901 FAX 404.894.4641 
http: / / www.ee.gatech.edu 

A Unit of the University System of Georgia An Equal Education and Employment Opportunity Institution 

http://www.ee.gatech.edu


AUGMENTATION AWARDS FOR SCIENCE & ENGINEERING RESEARCH TRAINING fAASERT) 
REPORTING FORM 

The Depar tment of Defense (DoD) r e q u i r e s c e r t a i n i n f o r m a t i o n t o e v a l u a t e t h e 
e f f e c t i v e n e s s of t h e AASERT Program." By a c c e p t i n g t h i s G r an t which bes tows t h e 
AASERT funds , t h e G r a n t e e a g r e e s t o p r o v i d e 1) a b r i e f (no t t o exceed one page) 
n a r r a t i v e t e c h n i c a l r e p o r t of t h e r e s e a r c h t r a i n i n g a c t i v i t i e s of t h e AASERT-
funded s t u d e n t ( s ) and 2) t h e i n f o r m a t i o n r e q u e s t e d be low . Th i s i n f o r m a t i o n 
shou ld be p r o v i d e d t o t h e Government ' s t e c h n i c a l p o i n t of c o n t a c t by each a n n u a l 
a n n i v e r s a r y of t h e AASERT award d a t e . 

1 . G r a n t e e i d e n t i f i c a t i o n d a t a : (ARO P r o p o s a l Number and G r an t numbers found 
on Page 1 of Gran t ) 

Georg ia I n s t i t u t e of Technology 
U n i v e r s i t y Name ~~ 

b t DAAH04-95-1-0203 c > 34256-EL-AAS 
Grant Number ARO P r o p o s a l Number 

c j < R u s s e l l M. Mer se reau e From: 
7 / 1 / 9 5 X o . 6 / 3 0 / 9 6 

P . I . Name AASERT R e p o r t i n g P e r i o d 
NOTE: Gran t t o which AASERT award i s a t t a c h e d i s r e f e r r e d t o h e r e a f t e r a s 
" P a r e n t A g r e e m e n t . " 

2 . T o t a l fund ing of t h e P a r e n t Agreement and t h e number of f u l l - t i m e e q u i v a l e n t 
g r a d u a t e s t u d e n t s (FTEGS) s u p p o r t e d by t h e P a r e n t Agreement d u r i n g t h e 12-month 
p e r i o d p r i o r t o t h e AASERT award d a t e . 

a . Funding : $ 8 1 , 3 9 5 . 7 5 

Number FTEGS: 1.25 

3 . T o t a l fund ing of t h e P a r e n t Agreement and t h e number of FTEGS s u p p o r t e d by 
t h e P a r e n t Agreement d u r i n g t h e c u r r e n t 12-month r e p o r t i n g p e r i o d . 

a . Fund ing : $ 8 1 , 0 4 3 . 2 5 

b . Number FTEGS: 1.17 

4 . T o t a l AASERT f u n d i n g and t h e number of FTEGS and u n d e r g r a d u a t e s t u d e n t s (UGS) 
s u p p o r t e d by AASERT funds d u r i n g t h e c u r r e n t 12-month r e p o r t i n g p e r i o d . 

a. Funding : $ 17,432 

b . Number FTEGS: 0 .33 

c . Number UGS: 0 .00 

VERIFICTION STATEMENT: I h e r e b y v e r i f y t h a t a l l s t u d e n t s s u p p o r t e d by t h e 
AASERT Awazd a r e U . S . c i t i z e n s . 

P r i n c i p a l I n v e s t T g a t o r 
J a n u a r y 16 , 1997 

Date 



34256-EL-AAS 

P r o g r e s s R e p o r t 
Twenty Copies Required 

1. ARO PROPOSAL NUMBER: 34256-EL-AAS 

2. PERIOD COVERED BY REPORT: 1 July 1995 - 30 June 1996 

3. T ITLE OF PROPOSAL: Novel Methods for Video Signal Analysis and Compression 
4. CONTRACT OR GRANT NUMBER: DAAL04-95-1-0203 

5. NAME O F INSTITUTION: Georgia Institute of Technology 

6. AUTHORS O F REPORT: Russell M. Mersereau, Regents' Professor of Electrical Engineering 

7. SCIENTIFIC PERSONNEL SUPPORTED BY THIS P R O J E C T : 

• Sepideh H. Fatemi, Ph .D. Candidate 

8. BRIEF OUTLINE O F RESEARCH FINDINGS: 

Ms. Fatemi's research is concerned with the development of a hierarchical architecture for a 
video coder that employs a family of simple coders and caches that are combined using simple 
thresholds. We are seeking methods for selecting the thresholds that combine the coders optimally 
in a rate-distortion sense. During the first year of the grant, these efforts focussed on three 
questions: When and how can a family of coders be combined optimally? How should a family 
of coders be chosen? and Can hierarchical structures be used to improve the performance or 
efficiency of standardized compression algorithms? Major research findings are listed below. 

• It was discovered that caches could be attached to any simple coder. This has the potential 
of reducing the required computation and reducing the bit-rate of the coder. The amount of 
gain is coder-dependent and in some cases the cache can cause a loss of performance. The 
threshold for the cache can be made identical to the threshold of its related coder with no 
loss of performance. 

• Certain groups of coders are incompatible. This occurs when one coder requires fewer 
bits and produces less error than antoher for certain types of images and the performance 
reverses for other images. These coders can be used effectively, but optimal rate-distortion 
performance cannot be achieved using simple thresholds. 

• The use of a hierarchical structure with a cache can improve the efficiency of an implementa­
tion of standardized D C T type video coders by improving the efficiency of the motion vector 
searches. In an implementation of an H.263 encoder, the computation time was reduced by 
25%. There were minor increases in the coding error and further studies in this area are 
warranted. 

During the Winter Quarter, Ms. Fatemi took and passed her doctoral qualifying examination. This 
is a necessary step in her program, but it entailed a two-month interruption in her research program. 

Dr. Russell M. Mesereau 
Georgia Insti tute of Technology 
School of Electrical and Comptuer Engineering 
Atlanta, Georgia 30332-0250 



34256-EL-AAS 

Progress Repor t 
Twenty Copies Required 

1. A R O P R O P O S A L N U M B E R : 34256-EL-AAS 
2. P E R I O D C O V E R E D B Y R E P O R T : January 1, 1997 through December 31, 1997 
3. T I T L E O F P R O J E C T : Novel Methods for Video Signal Analysis and Compression 
4. C O N T R A C T O R G R A N T N U M B E R : DAAH04-95-1-0203 (E21-Z36) 
5. N A M E OF I N S T I T U T I O N : Georgia Institute of Technology 
6. A U T H O R O F R E P O R T : Russell M. Mersereau, Regents' Professor of Electrical Engineering 
7. S C I E N T I F I C P E R S O N N E L S U P P O R T E D B Y THIS P R O J E C T : 

• Sepideh H. Fatemi, Ph.D. Candidate 
• Jonathan K. Su, Ph.D. Candidate 

8. B R I E F O U T L I N E O F R E S E A R C H F I N D I N G S : 

Overlapped Block Motion Compensation 
For many video compression systems, overlapped block motion compensation (OBMC) provides an 
effective extension of traditional block motion compensation. However, because OBMC creates a 
noncausal spatial interaction between video blocks, iterative methods have typically been used to 
find the best estimates of the amount of motion. For compression purposes, the bit rate used to 
specify the motion vector field may also be constrained. One of the major results in the thesis by Su 
considers several rate-constrained motion estimation methods for OBMC. Experiments demonstrated 
that a simple raster-scan algorithm is effective as a suboptimal non-iterative solution, with better 
rate-distortion performance and equal or lower computational complexity than all of the published 
iterative methods. 
Video Interpolation 
At low bit rates, most video coders drop frames from the original video. Motion-compensated in­
terpolation requires no additional bits to be sent and can interpolate the missing frames. Existing 
motion-compensated interpolation methods have been developed for uncompressed video, are com­
putationally demanding, and require additional motion estimation. By exploiting the motion field 
already present in the coded video, the MCI algorithms described in [2] eliminate or reduce the extra 
motion estimation with negligible performance loss. The algorithms have been applied to original and 
coded video to verify their usefulness. 

9. T E C H N O L O G Y T R A N S F E R / N E W INITIATIVES: None 

10. C O N F E R E N C E S / W O R K S H O P S : 

[1] J. K. Su and R. M. Mersereau, "Non-iterative rate-constrained motion estimation for OBMC," 
Proc. 1997 IEEE Int. Conf. Image Processing, vol. 2, pp. 32-35. 

[2] J. K. Su and R. M. Mersereau, "Motion-compensated interpolation of untransmitted frames in 
compressed video," Conference Record of the 1997 Asilomar Conference on Signals, Systems & 
Computers, pp. 100-104. 

11. P A P E R S , E T C . : 

[1] J. K. Su, Adaptive Rate-constrained Transform Video Coding, Ph.D. Thesis, Georgia Institute of 
Technology, School of Electrical and Computer Engineering, November 1997. 



AUGMENTATION AWARDS FOR SCIENCE & ENGINEERING RESEARCH TRAINING fAASERT) 
REPORTING FORM The Department of Defense (DoD) requires certain information to evaluate the effectiveness of the AASERT Program." By accepting this Grant which bestows the AASERT funds, the Grantee agrees to provide 1) a brief (not to exceed one page) narrative technical report of the research training activities of the AASERT-funded student(s) and 2) the information requested below. This information should be provided to the Government's technical point of contact by each annual anniversary of the AASERT award date. 1. Grantee identification data: (ARO Proposal Number and Grant numbers found on Page 1 of Grant) 

a. Georgia Institute of Technology 
University Name 

b. DAAH-04-95-1-0203 c. 34256-EL-AAS 

Grant Number ARO Proposal Number 
d. Russell M. Mersereau e. From: 7-1-97 To: 12-30-97 
P.I. Name AASERT Reporting Period NOTE: Grant to which AASERT award is attached is referred to hereafter as "Parent Agreement." 2. Total funding of the Parent Agreement and the number of full-time equivalent graduate students (FTEGS) supported by the Parent Agreement during the 12-month period prior to the AASERT award date. 

a. Funding: $ 81,395.75 
b. Number FTEGS: 1-25 

3. Total funding of the Parent Agreement and the number of FTEGS supported by the Parent Agreement during the current 12-month reporting period. 
a. Funding: $ 249,412.35** ** parent agreement terminated on 

n 5-31-96 — new contract began 
b. Number FTEGS: u 6-1-96 and is DAAH-04-96-1-0161 4. Total AASERT funding and the number of FTEGS and undergraduate students (UGS) supported by AASERT funds during the current 12-month reporting period. 
a. Funding: $ 18,861.00 
b. Number FTEGS: 2 students at 1/3 time each c. Number UGS: 0 

VERIFICATION STATEMENT: I hereby verify that all students supported by the AASERT̂erwarrd are U.S. citizens. 
3-6-98 Date 



Georgia ©®00©@j® ®[F 
lech || {Sm^msmM^} 

!==! School of Electrical and Computer Engineering 

4su 

March 6, 1998 

U.S. Army Research Office 
ATTN: DRXRO-IP-Library 
P. 0 . Box 12211 
Research Triangle Park, NC 27709 

Two copies of Exhibit C and the Annual Report for the period January 1, 1997 through 
December 31, 1997, are forwarded for your information. 

Sincerely yours, 

Stacy Schultz 
Administrative Assistant 

School of Electrical and Computer Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332-0250 U.S.A. 
PHONE 404.894.2901 FAX 404.894.4641 
URL: http://www.ece.gatech.edu/ 

A Unit of the University System of Georgia An Equal Education and Employment Opportunity Institution 

http://www.ece.gatech.edu/


PROGRESS REPORT 
Twenty Copies Required 

34256-EL-AAS 

1. ARO PROPOSAL NUMBER: 34256-EL-AAS 
2. PERIOD COVERED B Y REPORT: January 1, 1997 through December 31, 1997 
3. TITLE OF PROJECT: Novel Methods for Video Signal Analysis and Compression 
4. CONTRACT OR GRANT NUMBER: DAAH04-95-1-0203 (E21-Z36) 
5. N A M E OF INSTITUTION: Georgia Institute of Technology 
6. AUTHOR OF REPORT: Russell M. Mersereau, Regents' Professor of Electrical Engineering 
7. SCIENTIFIC PERSONNEL SUPPORTED B Y THIS PROJECT: 

• Sepideh H. Fatemi, Ph.D. Candidate 
• Jonathan K. Su, Ph.D. Candidate 

8. BRIEF OUTLINE OF RESEARCH FINDINGS: 

Overlapped Block Motion Compensation 
For many video compression systems, overlapped block motion compensation (OBMC) provides an 
effective extension of traditional block motion compensation. However, because OBMC creates a 
noncausal spatial interaction between video blocks, iterative methods have typically been used to 
find the best estimates of the amount of motion. For compression purposes, the bit rate used to 
specify the motion vector field may also be constrained. One of the major results in the thesis by Su 
considers several rate-constrained motion estimation methods for OBMC. Experiments demonstrated 
that a simple raster-scan algorithm is effective as a suboptimal non-iterative solution, with better 
rate-distortion performance and equal or lower computational complexity than all of the published 
iterative methods. 
Video Interpolation 
At low bit rates, most video coders drop frames from the original video. Motion-compensated in­
terpolation requires no additional bits to be sent and can interpolate the missing frames. Existing 
motion-compensated interpolation methods have been developed for uncompressed video, are com­
putationally demanding, and require additional motion estimation. By exploiting the motion field 
already present in the coded video, the MCI algorithms described in [2] eliminate or reduce the extra 
motion estimation with negligible performance loss. The algorithms have been applied to original and 
coded video to verify their usefulness. 

9. TECHNOLOGY TRANSFER/NEW INITIATIVES: None 

10. CONFERENCES/WORKSHOPS: 
[1] J. K. Su and R. M. Mersereau, "Non-iterative rate-constrained motion estimation for OBMC," 

Proc. 1997 IEEE Int. Conf. Image Processing, vol. 2, pp. 32-35. 
[2] J. K. Su and R. M. Mersereau, "Motion-compensated interpolation of untransmitted frames in 

compressed video," Conference Record of the 1997 Asilomar Conference on Signals, Systems & 
Computers, pp. 100-104. 

11. PAPERS, ETC.: 
[1] J. K. Su, Adaptive Rate-constrained Transform Video Coding, Ph.D. Thesis, Georgia Institute of 

Technology, School of Electrical and Computer Engineering, November 1997. 



AUGMENTATION AWARDS FOR SCIENCE & ENGINEERING RESEARCH TRAINING (AASERT) 
REPORTING FORM 

THE DEPARTMENT OF DEFENSE (DOD) REQUIRES CERTAIN INFORMATION TO EVALUATE THE 
EFFECTIVENESS OF THE AASERT PROGRAM." BY ACCEPTING THIS GRANT WHICH BESTOWS THE 
AASERT FUNDS, THE GRANTEE AGREES TO PROVIDE 1) A BRIEF (NOT TO EXCEED ONE PAGE) 
NARRATIVE TECHNICAL REPORT OF THE RESEARCH TRAINING ACTIVITIES OF THE AASERT-
FUNDED SCUDENT(S) AND 2) THE INFORMATION REQUESTED BELOW. THIS INFORMATION 
SHOULD BE PROVIDED TO THE GOVERNMENT'S TECHNICAL POINT OF CONTACT BY EACH ANNUAL 
ANNIVERSARY OF THE AASERT AWARD DATE. 

1. GRANTEE IDENTIFICATION DATA: (ARO PROPOSAL NUMBER AND GRANT NUMBERS FOUND 
ON PAGE 1 OF GRANT) 

A. GEORGIA INSTITUTE OF TECHNOLOGY 
UNIVERSITY NAME 

B. DAAH-04-95-1-0203 C. 34256-EL-AAS 
GRANT NUMBER ARO PROPOSAL NUMBER 

D. RUSSELL M. MERSEREAU E. FROM: 7-1-97 TO: 12-30-97 
P . I . NAME AASERT REPORTING PERIOD 

NOTE: GRANT TO WHICH AASERT AWARD IS ATTACHED IS REFERRED TO HEREAFTER AS 
"PARENT AGREEMENT." 

2 . TOTAL FUNDING OF THE PARENT AGREEMENT AND THE NUMBER OF FULL-TIME EQUIVALENT 
GRADUATE STUDENTS (FTEGS) SUPPORTED BY THE PARENT AGREEMENT DURING THE 12-MONTH 
PERIOD PRIOR TO THE AASERT AWARD DATE. 

A. FUNDING: $ 8 1 , 3 9 5 . 7 5 

B. NUMBER FTEGS: 1.25 

3 . TOTAL FUNDING OF THE PARENT AGREEMENT AND THE NUMBER OF FTEGS SUPPORTED BY 
THE PARENT AGREEMENT DURING THE CURRENT 12-MONTH REPORTING PERIOD. 

A. FUNDING: $ 249 ,412 .35** ** PARENT AGREEMENT TERMINATED ON 
N 5 -31-96 — NEW CONTRACT BEGAN 

B. NUMBER FTEGS: U 6 -1 -96 AND IS DAAH-04-96-1-0161 
4 . TOTAL AASERT FUNDING AND THE NUMBER OF FTEGS AND UNDERGRADUATE STUDENTS (UGS) 
SUPPORTED BY AASERT FUNDS DURING THE CURRENT 12-MONTH REPORTING PERIOD. 

A. FUNDING: $ 18 ,861 .00 

B. NUMBER FTEGS: 2 STUDENTS AT 1/3 TIME EACH 

C. NUMBER UGS: _ _ 0 

VERIFICATION STATEMENT: I HEREBY VERIFY THAT ALL STUDENTS SUPPORTED BY THE 
AASERT̂ ĈW R̂D ARE U.S. CITIZENS. 

_ ^ 3 - 6 - 9 8 
DATE 



AUGMENTATION AWARDS FOR SCIENCE t ENGINEERING RESEARCH TRAINING <AASERT) 
REPORTING TORM 

The Depar tment of Defense (DoD) r e q u i r e s c e r t a i n i n f o r m a t i o n t o e v a l u a t e t h e 
e f f e c t i v e n e s s of t h e AASERT Program. By a c c e p t i n g t h i s G r a n t which be s tows t h e 
AASERT f u n d s , t h e G r a n t e e a g r e e s t o p r o v i d e 1) a b r i e f ( n o t t o exceed one page) 
n a r r a t i v e t e c h n i c a l r e p o r t of t h e r e s e a r c h t r a i n i n g a c t i v i t i e s of t h e AASERT-
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At different times during the past three years, this AASERT grant has focussed on four different problem 
areas associated with very low bit rate video coding. These topics are hierarchical implementations of 
video encoders, facial feature tracking for model-based video coding and visual speech recognition, 
adaptive rate-constrained coding of video, and wavelet representations of hexagonally sampled image 
processors. Each of these projects is summarized in a section below. 

1 HIERARCHICAL IMPLEMENTATIONS OF VIDEO CODERS 

This research, which was performed by Ms.~Sepideh Fatemi, is concerned with the development of a 
hierarchical architecture for implementing a low bit-rate video encoder. This encoder is constructed from a 
hierarchy of simple encoders that are combined using simple thresholds. The encoders in the hierarchy 
vary in the sizes of the errors that they produce and the number of bits that they require for transmission. It 
is to be expected that some very simple, efficient encoders may not be able to represent all portions of a 
video frame with satisfactory fidelity, but nonetheless their performance may be acceptable in some parts 
of the frame. The challenge with such a structure is always to use the most efficient encoder for a block 
that will represent that block adequately and to avoid waste caused by overcoding. Naturally, the encoding 
demands of different blocks necessitate the use of different members of the hierarchy. 

Some of the simple encoders that we use incorporate caches. A cache is itself a simple encoder that uses a 
previous block, or a set of parameters extracted from a previous block, to represent the current block. 
Caches can be particularly effective for encoding motion vectors, the displacements between the locations 
of image blocks in the current frame and those in previous frames. The goal of this research is to determine 
an effective methodology for selecting the thresholds that combine the encoders optimally in a rate-
distortion sense. During the period when she was supported on this grant, Ms. Fatemi's efforts focussed on 
three questions. When and how can a family of encoders be combined optimally? This question is 
important since not all families of encoders can be combined into a hierarchy that will perform optimally. 
How should a family of encoders be chosen? And can hierarchical structures be used to improve the 
performance efficiency of standardized compression algorithms, such as H.263? The goal here is not 
optimal performance, but performance that is indistinguishable from a traditional implementation with 
reduced computation. 

It was discovered that caches could be attached to any simple encoder. This has the potential of reducing 
the required computation and reducing the bit rate of the encoder. The amount of gain is encoder 
dependent, however, and if the threshold for the cache is chosen poorly, there may also be a loss of 
performance. If the threshold for the cache is made identical to the threshold of its underlying encoder, 
however, then it can be shown that there is no loss of performance, although this may not be the optimal 
value for these thresholds. A good set of thresholds can be determined from the rate-distortion functions of 
the individual encoders in the hierarchy, if the encoders are compatible and if those individual rate-
distortion functions can be estimated. 

It was discovered that certain groups of encoders may be incompatible. Compatibility of a hierarchy of 
encoders is a requirement that their rate-distortion curves be nested. Let d(i) be the average distortion 
introduced when encoding a block using the ith encoder and let r(i) be the average bit rate to encode that 
block. If the encoders are compatible, then they can then they can be ordered such that d(i)> d{ i+l ) and 
r( i ) < K )• With a compatible hierarchy the following algorithm can be used. The block to be encoded 
is first coded using the first encoder. It the performance is satisfactory, as measured by comparing the 
distortion against a threshold, that encoder is used and the next block is considered. If not, then the next 
encoder is tried, etc. Most of the time the simplest encoders can be used and the more complicated ones, 
which require more computation, do not even need to be tried. This is what makes these coders efficient. 
When the encoders are not compatible, optimal performance can be achieved only if each coder is applied 
to each block and then the most efficient is selected. In this case these structures are not efficient. 



A standard encoding algorithm such as the H.263 standard for low bit-rate video compression can be 
implemented using a hierarchy. The lowest level encoder is one that simply copies the corresponding block 
from the previous frame. Another encoder uses motion compensation with no transmission of residual 
information; still another includes residuals with coarse quantization, etc. The resulting encoders do not 
satisfy the compatibility condition. Nevertheless, when the encoders are selected as described above, the 
encoder performed satisfactorily, although not optimally. Because the overall encoder was standard 
compliant, there was no difference in performance when the thresholds were selected appropriately, 
although there was a 25% speedup in execution time. When the thresholds were raised, some degradation 
could be detected but the speedup was even greater. With a hierarchical implementation, there is a tradeoff 
between distortion, average bit-rate, and computational speed that can be adjusted instantaneously by 
varying the threshold settings. 

The use of a hierarchical structure with a cache for the motion vectors improved the efficiency of the 
H.263 video encoders still further, although with this change the encoder was no longer standard compliant. 
In our test implementation, the computation time was reduced by an additional 25%. There were minor 
increases in the coding error and further studies in this area are warranted. 

2 FACIAL FEATURE TRACKING IN VIDEO S E Q U E N C E S 

This research was performed by Dr. Ram Rao, who received the majority of his support from the parent 
grant. He did receive some early support, however, from the predecessor AASERT grant and some 
incidental support from this one. That portion of his research that was supported by the AASERT grants is 
reported here. His complete thesis explored the interaction between audible and visible speech and 
exploited that interaction in two application areas: audio-visual speech recognition and speech-driven facial 
animation. While he received AASERT support, his attention was focussed on tracking facial features, 
particularly mouth position and mouth shape, from video imagery in real time (15 frames per second). His 
approach, however, is valid for tracking the boundaries of any object whose boundary can be parameterized 
and whose shape and position vary slowly as a function of time. 

His specific research sought to measure the height between the upper and lower lips and the width between 
the left and right corners of the mouth directly. The problem was formulated as a tracking problem. Given 
an accurate estimate of the location of the mouth in the first frame of the video sequence, the problem was 
to track the shape of the mouth through the remainder of the sequence. We sought an approach that was 
robust to different speakers and a variety of different environmental conditions. The video used was 
obtained by connecting a Sony VHS camcorder to a PC equipped with an Intel Smart Video Recorder 
capture card. The capture card was capable of digitizing 160 x 120 frames at 30 frames per second. The 
total data rate for the captured video was approximately 5 megabits per second. 

His solution combined the structural characteristics of traditional deformable templates with the statistical 
discriminability of Gaussian classifiers. A deformable template is a surface that can be parameterized and 
that has structural properties that relate to the shape of interest; for tracking mouths that shape was usually 
chosen to be the region bounded above and below by two parabolas. A deformable template also includes 
an energy function that measures how well a candidate template matches the target boundary, so that 
minimizing the energy function finds the best-fit template. The various regions associated with a 
deformable template structure, e.g. the interior and exterior of the region delineated by the template, are 
assumed to have different states governed by different Gaussian mixture densities. The parameters of 
these probability density functions are measured from the initial frame of the video sequence, and a 
likelihood function that represents the probability of the image given the template parameters is evaluated 
and used as the energy function. 

For our specific we use the region bounded by two parabolas to model the shape of the mouth. This is 
controlled by the four parameters that specify the bounding rectangle that surrounds the template. The 
template is constrained to be upright and the contours intersect at the midpoint of the left and right edges of 
the bounding rectangle. The shape of the template determines which pixels belong in the foreground 



(mouth) region and which belong in the background (face) region. The probability density functions that 
govern the distribution of foreground and background pixels are modeled as Gaussian mixtures. Given 
these density functions, under the assumption that the pixels are independent, it follows that the joint 
probability of all the pixels in the image, given a candidate set of parameters can be evaluated. Maximizing 
this probability with respect to the parameters gives the best-fit template. The initial frame is used to 
estimate the parameters of the Gaussian mixture probability density functions. 

Two issues that needed to be addressed for the real-time implementation of the tracking algorithm are the 
rapid evaluation of the energy function for a particular set of parameters and the efficient minimization of 
the energy function over a neighborhood of a particular parameter set. The former problem was addressed 
by rewriting the energy function in a form that involved only the pixels enclosed within the template. The 
probability computation was then speeded up further by replacing many of the numerical evaluations by 
references to look-up tables. Details are available in the thesis [publication 1]. 

Two methods were developed to speed the search for the parameter set that minimized the energy. The 
first of these used a log search patterned on the search for optimal displacement vectors in MPEG-style 
video coders. The second used a downhill simplex-type algorithm. The latter was able to find a lower 
energy value on average, but only at the cost of a considerable increase in computing time. The log-search 
procedure was felt to be the more cost effective for this application. 

3 ADAPTIVE RATE-CONSTRAINED VIDEO CODING 

This research culminated in the completion of the doctoral thesis of Jonathan Su [publication 4], which 
investigated motion-compensated, block-transform digital video compression. Specifically, it addressed 
the problems of estimating the motion (displacement) vectors under a rate constraint and coding the motion 
compensation error, or residual, using block transforms. 

In his approach for coding the motion-compensated residual signal, Dr. Su modeled different groups of 
DCT coefficients in an MPEG-style encoder as independent, memoryless, generalized Gaussian random 
variables. The generalized Gaussian assumption allowed him to adapt his coder efficiently to the changing 
signal statistics that are characteristic of video signals because the functional form of this probability 
density function allowed him to design quantizers and entropy codes that were optimal. Since the pdf of a 
generalized Gaussian is completely specified by its mean, variance, and shape parameter, these three 
parameters are the only ones that need to be transmitted as side information to the decoder. Identical 
decoding tables can be generated from this information at both the transmitter and receiver. Given a rate 
constraint, optimal methods for allocating bits among the transform coefficients were developed. 
Additional adaptation and allocation methods considered the fact that the statistics of the residual signal are 
spatially varying. 

Rate-constrained motion estimation was also investigated. Different dependencies between the motion 
vectors were studied, and these different types of dependencies gave rise to different algorithmic solutions. 
The Viterbi algorithm was applied to motion estimation with causal dependencies, such as are encountered 
with traditional motion compensation, but experiments also suggested that a more efficient greedy 
algorithm was also sufficient for many applications. It is well known that overlapped block motion 
compensation can usually improve the performance of a video coder without increasing the bit rate. When 
overlapped block motion compensation is used, however, it creates non-causal dependencies. This greatly 
complicated the determination of the optimal motion vectors. Both non-iterative and iterative algorithms 
for this problem were reviewed, developed, and tested. Our Experiments encourage the use of a non-
iterative (suboptimal) algorithm that provides good rate-distortion performance and modest computational 
complexity. 

Finally, the residual coding and motion estimation components were combined to build a video coder. The 
coder was used to investigate the performance of the two components in a realistic setting. Cases in which 
rate-constrained motion estimation and overlapped block motion compensation are useful were identified, 



as were cases when these methods provided little benefit. The resulting coder was also compared to an 
MPEG coder. Further details on the performance of this coder are contained in the thesis. 

4 HEXAGONAL WAVELET PROCESSING 

This research, which was conducted by Mr. Jordan Rosenthal, investigated possible methods to combine 
two digital signal processing techniques: wavelets [1] and hexagonally sampled systems [2]. It is hoped 
that a fusion of the two ideas will provide more efficient algorithms for image processing problems than 
currently available. The reason for this expectation is biological. First, biological vision systems use a 
hexagonal arrangement of receptors on the retina and second, there is physiological evidence that visual 
processing is channelized using bandpass channels whose bandwidth increases with the center frequency. 
This is exactly the type of signal processing that can be performed using wavelets. This research is 
continuing. 

4.1 Wavelets 
Wavelet techniques have become an increasingly viable alternative to customary Fourier techniques. The 
reason is that, for the types of signals engineers typically use, wavelet techniques can localize transient 
signal features much better than Fourier techniques. This leads to, amongst other applications, better 
compression and noise reduction algorithms. The wavelet transform's chief advantage lies in the fact that it 
uses different resolutions for different time scales. When examining a long time signal's properties, it is 
usually the low pass or average nature of the signal that is most important. However, when the time scale 
is small, the local properties of the signal such as the presence of discontinuities or spikes are more 
important. The Fourier transform uses the same frequency resolution regardless of scale. The wavelet 
transform, on the other hand, uses a high frequency resolution when the scale is small and the local or high 
frequency information is desired and a lower resolution when the large overall low pass features are 
important. If the number of papers written on a topic per year is any indication of its importance and utility 
then wavelets can be considered to rank high in the hearts of current researchers. 

4.2 Hexagonal Signal Processing 
Processing isotropically band-limited signals has been shown to be more efficient when the image is 
sampled on a hexagonal, rather than a rectangular, lattice. This is because hexagonally sampled signals 
require fewer samples to accurately represent images than are required by rectangular sampling. With the 
lower sampling density, fewer calculations need to be made and thus the processing speed is increased. As 
the dimensionality of the signal goes up, the computational savings increase. Another advantage of 
hexagonal processing is that hexagonal filters can be designed which have a higher degree of symmetry 
than rectangular filters. Symmetry of the filters can then be exploited to produce more efficient algorithms. 
The implicit assumption in these comparisons as stated above is that the signal being processed is 
isotropically band-limited. However, this is not an issue since this condition is typically met in practice. 

While the software to support hexagonal processing may be more efficient, the hardware is unfortunately 
not commonly available. Hardware oriented for rectangular lattices is currently the standard, although 
there is no fundamental difference between that and the hardware that would be required for hexagonal 
systems. It is hoped that research like this project will help further the case for hexagonal sampled signal 
processing. 

4.3 Hexagonally Oriented Filter Banks 
Wavelet techniques are implemented with a signal processing construction called a filter bank whose 
elements consist of filters and downsamplers. The filters break the signal being processed into frequency 
bands. Typically, a 2-band filterbank with a low pass and a high pass filter is used. The downsamplers 
follow the filters to make better use of the bandwidth available after filtering. The low pass channel is then 
split again into another two frequency bands by sending it through a similar filterbank. This process is 
repeated over and over creating a tree structure. A filterbank implemented in this fashion, where the low 



frequency band is repeatedly filtered and downsampled can implement a wavelet decomposition. The 
filterbank's outputs are the wavelet coefficients. The original signal can be reconstructed from the wavelet 
coefficients using a synthesis filter bank that consists of interpolating filters and upsamplers. Figure 1 

H0(Z) 
Ho(z) 

H,(z) 

ny- - ( t 2 

| 2 > - ~(J2 
Figure 1 

G0(z) h 
T2 G0(z) h 

illustrates this idea. 

Obviously, to create a perfectly reconstructing filter bank the design of the filters is of utmost importance. 
This fact is especially true in multiple dimensions where filter design is more complex due to the lack of a 
factoring theorem on which much of the one-dimensional design theory is based. A wavelet transform, 
however, complicates the picture even more since the filters involved must conform not only to the perfect 
reconstruction property, but to an additional property that regulates the number of zeros at the aliasing 
frequencies associated with the downsamplers. This additional property insures that the filterbank output 
can be interpreted as the coefficients of a wavelet decomposition. 

The two popular filter design techniques for multidimensional filterbanks used in wavelet decompositions 
are the cascade algorithm and the frequency transformation method [1]. The idea behind the cascade 
algorithm is to build a large filter by cascading smaller filters that satisfy the desired properties. Since the 
smaller building block filters satisfy the design constraints, the composite filter will as well. The frequency 
transformation method maps a one-dimensional filter into a multidimensional filter with an appropriate 
change of variables. By making the one-dimensional filter adhere to the given criteria, one forces the 
resulting multidimensional filter to satisfy its constraints. While both these methods are simple to use and 
may be appropriate in many cases, not all filters that satisfy the perfect reconstruction and wavelet 
requirements can be generated with these techniques. Design techniques for filterbanks that implement 
wavelet decompositions is still an open research area. 

The fusion of filterbanks with hexagonally sampled systems leads to the use of a mutlichannel filterbanks. 
A multichannel filterbank is similar to the 2-band filterbank in that a frequency split is performed followed 
by decimation. However, as implied, a multichannel filterbank splits the spectrum into more than just two 
bands. In hexagonal systems, it is natural to use a 4-band split: one low pass channel and three high pass 
channels. Figures 1 and 2 illustrate this idea. The hexagonal wavelet transform is then implemented by 
iterating the low-pass filter. 
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Figure 3 

Typically two—dimensional filterbanks are built with separable filters because of programming and 
efficiency issues. A signal's frequency spectrum gets partitioned by the filterbank into low frequency, 
horizontal frequency, vertical frequency, and mixed diagonal frequency bands as shown in Figure 4. 
Comparing the hexagonal frequency partition of Figure 3 to the rectangular frequency partition in Figure 4, 
one can see that a hexagonal filterbank more naturally decomposes an image into directional frequency 
bands. Hopefully, this aspect of the hexagonal filterbank will be exploited as this research project 
continues. 

The authors in [3] have investigated the idea of hexagonal filter banks. They provide an example of a 
perfect reconstruction filterbank whose hexagonal filters were built using a least squares design. The 
frequency partitioning is the same as shown in Figure 3 above. However, their filters, while useful, do not 
satisfy the additional constraint required to make the filterbank implement a wavelet decomposition. 

Their idea can easily be extended by adapting the least squares design to account for the additional 
constraint of zeros at the aliasing frequencies necessary for a wavelet decomposition. Alternatively, one 
can design the filters using the two methods described earlier. The research of this project has thus far 
involved the design of the software support required to implement these ideas. 

4.4 Software Support/Implementation Issues 
Filters were designed using the cascade and the frequency transformation methods described earlier. 
Software to implement a general filterbank decomposition was written for one-dimensional systems, but 
has not been generalized to the hexagonal filterbank because the implementation issues discussed in the 
next paragraph has taken precedence. The one-dimensional system was written from scratch in MATLAB 
instead of using other available software because it was decided that the eventual transition to the 
hexagonal filterbanks would be easier with custom-built software. 



Since hexagonal data acquisition hardware and hexagonal video display units were not available, methods 
to generate test data and provide visual results were designed. Test images were either created from 
mathematical models or rectangularly sampled images were transformed to a hexagonal lattice using the 
method of bilinear interpolation. The display of the hexagonally sampled data was trickier to handle. The 
basic pixel elements (pels) on current video displays are arranged in a rectangular lattice. Thus, there is no 
way to exactly represent the hexagonally sampled image. To approximate the image representation on the 
video screen, the polygon generation capability of MATLAB was used to generate the necessary hexagonal 
pels. Since the larger hexagonal pels are approximated with rectangular pels, the screen resolution of the 
hexagonal image is lower than current standards. Programming care was taken to insure fast display 
despite the generation of a large number of hexagonal polygons typical in an image. Figure 5 shows an 
example of a hexagonally sampled sinusoid created with the display method just described. 

Figure 5 
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7. SCIENTIFIC PERSONNEL SUPPORTED BY THIS P R O J E C T : 

• Sepideh H. Fatemi, Ph .D. Candidate 

8. BRIEF OUTLINE O F RESEARCH FINDINGS: 

Ms. Fatemi's research is concerned with the development of a hierarchical architecture for a 
video coder that employs a family of simple coders and caches that are combined using simple 
thresholds. We are seeking methods for selecting the thresholds that combine the coders optimally 
in a rate-distortion sense. During the first year of the grant, these efforts focussed on three 
questions: When and how can a family of coders be combined optimally? How should a family 
of coders be chosen? and Can hierarchical structures be used to improve the performance or 
efficiency of standardized compression algorithms? Major research findings are listed below. 

• It was discovered that caches could be attached to any simple coder. This has the potential 
of reducing the required computation and reducing the bit-rate of the coder. The amount of 
gain is coder-dependent and in some cases the cache can cause a loss of performance. The 
threshold for the cache can be made identical to the threshold of its related coder with no 
loss of performance. 

• Certain groups of coders are incompatible. This occurs when one coder requires fewer 
bits and produces less error than antoher for certain types of images and the performance 
reverses for other images. These coders can be used effectively, but optimal rate-distortion 
performance cannot be achieved using simple thresholds. 

• The use of a hierarchical structure with a cache can improve the efficiency of an implementa­
tion of standardized DCT type video coders by improving the efficiency of the motion vector 
searches. In an implementation of an H.263 encoder, the computation time was reduced by 
25%. There were minor increases in the coding error and further studies in this area are 
warranted. 

During the Winter Quarter, Ms. Fatemi took and passed her doctoral qualifying examination. This 
is a necessary step in her program, but it entailed a two-month interruption in her research program. 

Dr. Russell M. Mesereau 
Georgia Insti tute of Technology 
School of Electrical and Comptuer Engineering 
Atlanta, Georgia 30332-0250 



Progress Repor t 
Twenty Copies Required 

34256-EL-AAS 

1. A R O P R O P O S A L N U M B E R : 34256-EL-AAS 
2. P E R I O D C O V E R E D BY R E P O R T : January 1, 1997 through December 31, 1997 
3. T I T L E O F P R O J E C T : Novel Methods for Video Signal Analysis and Compression 
4. C O N T R A C T O R G R A N T N U M B E R : DAAH04-95-1-0203 (E21-Z36) 
5. N A M E O F I N S T I T U T I O N : Georgia Institute of Technology 
6. A U T H O R O F R E P O R T : Russell M. Mersereau, Regents' Professor of Electrical Engineering 
7. S C I E N T I F I C P E R S O N N E L S U P P O R T E D B Y T H I S P R O J E C T : 

• Sepideh H. Fatemi, Ph.D. Candidate 
• Jonathan K. Su, Ph.D. Candidate 

8. B R I E F O U T L I N E O F R E S E A R C H F I N D I N G S : 

Overlapped Block Motion Compensation 
For many video compression systems, overlapped block motion compensation (OBMC) provides an 
effective extension of traditional block motion compensation. However, because OBMC creates a 
noncausal spatial interaction between video blocks, iterative methods have typically been used to 
find the best estimates of the amount of motion. For compression purposes, the bit rate used to 
specify the motion vector field may also be constrained. One of the major results in the thesis by Su 
considers several rate-constrained motion estimation methods for OBMC. Experiments demonstrated 
that a simple raster-scan algorithm is effective as a suboptimal non-iterative solution, with better 
rate-distortion performance and equal or lower computational complexity than all of the published 
iterative methods. 
Video Interpolation 
At low bit rates, most video coders drop frames from the original video. Motion-compensated in­
terpolation requires no additional bits to be sent and can interpolate the missing frames. Existing 
motion-compensated interpolation methods have been developed for uncompressed video, are com­
putationally demanding, and require additional motion estimation. By exploiting the motion field 
already present in the coded video, the MCI algorithms described in [2] eliminate or reduce the extra 
motion estimation with negligible performance loss. The algorithms have been applied to original and 
coded video to verify their usefulness. 

9. T E C H N O L O G Y T R A N S F E R / N E W INITIATIVES: None 

10. C O N F E R E N C E S / W O R K S H O P S : 

[1] J. K. Su and R. M. Mersereau, "Non-iterative rate-constrained motion estimation for OBMC," 
Proc. 1997 IEEE Int. Conf. Image Processing, vol. 2, pp. 32-35. 

[2] J. K. Su and R. M. Mersereau, "Motion-compensated interpolation of untransmitted frames in 
compressed video," Conference Record of the 1997 Asilomar Conference on Signals, Systems & 
Computers, pp. 100-104. 

11. P A P E R S , E T C . : 
[1] J. K. Su, Adaptive Rate-constrained Transform Video Coding, Ph.D. Thesis, Georgia Institute of 

Technology, School of Electrical and Computer Engineering, November 1997. 



AUGMENTATION AWARDS FOR SCIENCE g ENGINEERING RESEARCH TRAINING (AASERT) 
REPORTING FORM 

The Depar tment of De fense (DoD) r e q u i r e s c e r t a i n i n f o r m a t i o n t o e v a l u a t e t h e 
e f f e c t i v e n e s s of t h e AASERT Program." By a c c e p t i n g t h i s G r a n t which be s tows t h e 
AASERT f u n d s , t h e G r a n t e e a g r e e s t o p r o v i d e 1) a b r i e f ( n o t t o e x c e e d one page) 
n a r r a t i v e t e c h n i c a l r e p o r t of t h e r e s e a r c h t r a i n i n g a c t i v i t i e s of t h e AASERT-
funded s t u d e n t ( s ) and 2) t h e i n f o r m a t i o n r e q u e s t e d b e l o w . T h i s i n f o r m a t i o n 
s h o u l d be p r o v i d e d t o t h e G o v e r n m e n t ' s t e c h n i c a l p o i n t of c o n t a c t by each a n n u a l 
a n n i v e r s a r y of t h e AASERT award d a t e . 

1 . G r a n t e e i d e n t i f i c a t i o n d a t a : (ARO P r o p o s a l Number and Gran t numbers found 
on Page 1 of G r a n t ) 

a . G e o r g i a I n s t i t u t e of Technology 
U n i v e r s i t y Name 

b . DAAH-04-95-1-0203 c . 34256-EL-AAS 
Gran t Number ARO P r o p o s a l Number 

R u s s e l l M. M e r s e r e a u e . From: 7 -1 -97 To: 12-30-97 
P . I . Name AASERT R e p o r t i n g P e r i o d 

NOTE: Gran t t o which AASERT award i s a t t a c h e d i s r e f e r r e d t o h e r e a f t e r a s 
" P a r e n t A g r e e m e n t . " 

2 . T o t a l f und ing of t h e P a r e n t Agreement and t h e number of f u l l - t i m e e q u i v a l e n t 
g r a d u a t e s t u d e n t s (FTEGS) s u p p o r t e d by t h e P a r e n t Agreement d u r i n g t h e 12-month 
p e r i o d p r i o r t o t h e AASERT award d a t e . 

a . F u n d i n g : $ 8 1 , 3 9 5 . 7 5 

b . Number FTEGS: 1-25 

3 . T o t a l f und ing of t h e P a r e n t Agreement and t h e number of FTEGS s u p p o r t e d by 
t h e P a r e n t Agreement d u r i n g t h e c u r r e n t 12-month r e p o r t i n g p e r i o d . 

a . F u n d i n g : $ 2 4 9 , 4 1 2 . 3 5 * * ** p a r e n t ag reemen t t e r m i n a t e d on 
» 5 -31-96 — new c o n t r a c t began 

b . Number FTEGS: 0 a n d ± g D A A H - 0 4 - 9 6 - l - 0 1 6 1 

4 . T o t a l AASERT f u n d i n g and t h e number of FTEGS and u n d e r g r a d u a t e s t u d e n t s (UGS) 
s u p p o r t e d by AASERT funds d u r i n g t h e c u r r e n t 12-month r e p o r t i n g p e r i o d . 

a . Fund ing : $ 1 8 , 8 6 1 . 0 0 

b . Number FTEGS: 2 s t u d e n t s a t 1/3 t ime each 

c . Number UGS: 0 

VERIFICATION STATEMENT: I h e r e b y v e r i f y t h a t a l l s t u d e n t s s u p p o r t e d by t h e 
AASERTy«Wrd a r e U . S . c i t i z e n s . 

3 - 6 - 9 8 
Da te 



G e o r g i a 
T f e c h cT 

School of Electrical and Computer Engineering 

March 6, 1998 

U.S. Army Research Office 
ATTN: DRXRO-IP-Library 
P. O. Box 12211 
Research Triangle Park, NC 27709 

Two copies of Exhibit C and the Annual Report for the period January 1, 1997 through 
December 31, 1997, are forwarded for your information. 

Sincerely yours, 

Stacy Schultz 
Administrative Assistant 

School of Electrical and Computer Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332-0250 U.S.A. 
PHONE 404.894«2901 FAX 404«894»4641 
URL: http://www.ece.gatech.edu/ 

A Unit of the University System of Georgia An Equal Education and Employment Opportunity Institution 

http://www.ece.gatech.edu/


AUGMENTATION AWARDS FOR SCIENCE & ENGINEERING RESEARCH TRAINING (AASERT) 
REPORTING FORM 

The Depar tment of Defense (DoD) r e q u i r e s c e r t a i n i n f o r m a t i o n t o e v a l u a t e t h e 
e f f e c t i v e n e s s of t h e AASERT Program.* By a c c e p t i n g t h i s G r a n t which be s tows t h e 
AASERT f u n d s , t h e G r a n t e e a g r e e s t o p r o v i d e 1) a b r i e f ( n o t t o exceed one page) 
n a r r a t i v e t e c h n i c a l r e p o r t of t h e r e s e a r c h t r a i n i n g a c t i v i t i e s of t h e AASERT-
funded s t u d e n t ( s ) and 2) t h e i n f o r m a t i o n r e q u e s t e d b e l o w . T h i s i n f o r m a t i o n 
shou id be p r o v i d e d t o t h e G o v e r n m e n t ' s t e c h n i c a l p o i n t of c o n t a c t by each a n n u a l 
a n n i v e r s a r y of t h e AASERT award d a t e . 

1 . G r a n t e e i d e n t i f i c a t i o n d a t a : (ARO P r o p o s a l Number and G r a n t numbers found 
on Page 1 of G r a n t ) 

a . Geo rg i a I n s t i t u t e of Technology 
U n i v e r s i t y Name 

b . DAAH-04-95-1-0203 c . 34256-EL-AAS 
Gran t Number ARO P r o p o s a l Number 

d. R u s s e l l M. M e r s e r e a u e . From: 7 / 1 / 9 7 To : 6 / 3 0 / 9 8 
P . I . Name AASERT R e p o r t i n g P e n o a 

NOTE: Gran t t o which AASERT award i s a t t a c h e d i s r e f e r r e d t o h e r e a f t e r a s 
" P a r e n t A g r e e m e n t . " 

2 . T o t a l f und ing of t h e P a r e n t Agreement and t h e number of f u l l - t i m e e q u i v a l e n t 
g r a d u a t e s t u d e n t s (FTEGS) s u p p o r t e d by t h e P a r e n t Agreement d u r i n g t h e 12-month 
p e r i o d p r i o r t o t h e AASERT award d a t e . 

a . F u n d i n g : $ 8 1 , 3 9 5 . 7 5 

b . Number FTEGS: 1.25 

3 . T o t a l f u n d i n g of t h e P a r e n t Agreement and t h e number of FTEGS s u p p o r t e d by 
t h e P a r e n t Agreement d u r i n g t h e c u r r e n t 12-month r e p o r t i n g p e r i o d . 

a . F u n d i n g : $ 2 8 , 3 0 7 . 0 0 * * ** p a r e n t ag reement number i s : 
. „ , . „ DAAH-04-96-1-0161 
b . Number FTEGS: 1. 75 

4 . T o t a l AASERT f u n d i n g and t h e number of FTEGS and u n d e r g r a d u a t e s t u d e n t s (UGS) 
s u p p o r t e d by AASERT funds d u r i n g t h e c u r r e n t 12-month r e p o r t i n g p e r i o d . 

a . F u n d i n g : $ 3 6 , 0 9 5 . 0 1 

b . Number FTEGS: 1.5 

c . Number UGS: 0 

VERIFICATION STATEMENT: I h e r e b y v e r i f y t h a t a l l s t u d e n t s s u p p o r t e d by t h e 
AASERJsward a r e U . S . c i t i z e n s . 

P r i n c i p a l I n v e s t i g a t o r Da te / 



34256-EL-AAS 

FINAL T E C H N I C A L R E P O R T 

1. A R O P R O P O S A L N U M B E R : 34256-EL-AAS 

2. P E R I O D C O V E R E D BY R E P O R T : July 1, 1997 through June 30, 1998 

3. TITLE OF P R O J E C T : Novel Methods for Video Signal Analysis and Compression 

4. C O N T R A C T O R G R A N T N U M B E R : DAAH-04-95-1-0203 (E-21-Z36) 

5. N A M E OF I N S T I T U I O N : Georgia Institute of Technology 

6. A U T H O R OF R E P O R T : Russell M. Mersereau, Regents' Professor of Electrical Engi 

7. S C I E N T I F I C P E R S O N N E L S U P P O R T E D BY THIS P R O J E C T : 

• Sepideh H. Fatemi, Ph.D. Candidate 
• Jordan Rosenthal, Ph.D. Candidate 
• Jonathan K. Su, Ph.D. Candidate 



At different times during the past three years, this AASERT grant has focussed on four different problem 
areas associated with very low bit rate video coding. These topics are hierarchical implementations of 
video encoders, facial feature tracking for model-based video coding and visual speech recognition, 
adaptive rate-constrained coding of video, and wavelet representations of hexagonally sampled image 
processors. Each of these projects is summarized in a section below. 

1 HIERARCHICAL IMPLEMENTATIONS OF VIDEO CODERS 

This research, which was performed by Ms.~Sepideh Fatemi, is concerned with the development of a 
hierarchical architecture for implementing a low bit-rate video encoder. This encoder is constructed from a 
hierarchy of simple encoders that are combined using simple thresholds. The encoders in the hierarchy 
vary in the sizes of the errors that they produce and the number of bits that they require for transmission. It 
is to be expected that some very simple, efficient encoders may not be able to represent all portions of a 
video frame with satisfactory fidelity, but nonetheless their performance may be acceptable in some parts 
of the frame. The challenge with such a structure is always to use the most efficient encoder for a block 
that will represent that block adequately and to avoid waste caused by overcoding. Naturally, the encoding 
demands of different blocks necessitate the use of different members of the hierarchy. 

Some of the simple encoders that we use incorporate caches. A cache is itself a simple encoder that uses a 
previous block, or a set of parameters extracted from a previous block, to represent the current block. 
Caches can be particularly effective for encoding motion vectors, the displacements between the locations 
of image blocks in the current frame and those in previous frames. The goal of this research is to determine 
an effective methodology for selecting the thresholds that combine the encoders optimally in a rate-
distortion sense. During the period when she was supported on this grant, Ms. Fatemi's efforts focussed on 
three questions. When and how can a family of encoders be combined optimally? This question is 
important since not all families of encoders can be combined into a hierarchy that will perform optimally. 
How should a family of encoders be chosen? And can hierarchical structures be used to improve the 
performance efficiency of standardized compression algorithms, such as H.263? The goal here is not 
optimal performance, but performance that is indistinguishable from a traditional implementation with 
reduced computation. 

It was discovered that caches could be attached to any simple encoder. This has the potential of reducing 
the required computation and reducing the bit rate of the encoder. The amount of gain is encoder 
dependent, however, and if the threshold for the cache is chosen poorly, there may also be a loss of 
performance. If the threshold for the cache is made identical to the threshold of its underlying encoder, 
however, then it can be shown that there is no loss of performance, although this may not be the optimal 
value for these thresholds. A good set of thresholds can be determined from the rate-distortion functions of 
the individual encoders in the hierarchy, if the encoders are compatible and if those individual rate-
distortion functions can be estimated. 

It was discovered that certain groups of encoders may be incompatible. Compatibility of a hierarchy of 
encoders is a requirement that their rate-distortion curves be nested. Let d(i) be the average distortion 
introduced when encoding a block using the j'th encoder and let r(i) be the average bit rate to encode that 
block. If the encoders are compatible, then they can then they can be ordered such that d(i)> d{ i+l ) and 
K (') < r( j'+l ). With a compatible hierarchy the following algorithm can be used. The block to be encoded 
is first coded using the first encoder. It the performance is satisfactory, as measured by comparing the 
distortion against a threshold, that encoder is used and the next block is considered. If not, then the next 
encoder is tried, etc. Most of the time the simplest encoders can be used and the more complicated ones, 
which require more computation, do not even need to be tried. This is what makes these coders efficient. 
When the encoders are not compatible, optimal performance can be achieved only if each coder is applied 
to each block and then the most efficient is selected. In this case these structures are not efficient. 



A standard encoding algorithm such as the H.263 standard for low bit-rate video compression can be 
implemented using a hierarchy. The lowest level encoder is one that simply copies the corresponding block 
from the previous frame. Another encoder uses motion compensation with no transmission of residual 
information; still another includes residuals with coarse quantization, etc. The resulting encoders do not 
satisfy the compatibility condition. Nevertheless, when the encoders are selected as described above, the 
encoder performed satisfactorily, although not optimally. Because the overall encoder was standard 
compliant, there was no difference in performance when the thresholds were selected appropriately, 
although there was a 25% speedup in execution time. When the thresholds were raised, some degradation 
could be detected but the speedup was even greater. With a hierarchical implementation, there is a tradeoff 
between distortion, average bit-rate, and computational speed that can be adjusted instantaneously by 
varying the threshold settings. 

The use of a hierarchical structure with a cache for the motion vectors improved the efficiency of the 
H.263 video encoders still further, although with this change the encoder was no longer standard compliant. 
In our test implementation, the computation time was reduced by an additional 25%. There were minor 
increases in the coding error and further studies in this area are warranted. 

2 FACIAL FEATURE TRACKING IN VIDEO S E Q U E N C E S 

This research was performed by Dr. Ram Rao, who received the majority of his support from the parent 
grant. He did receive some early support, however, from the predecessor AASERT grant and some 
incidental support from this one. That portion of his research that was supported by the AASERT grants is 
reported here. His complete thesis explored the interaction between audible and visible speech and 
exploited that interaction in two application areas: audio-visual speech recognition and speech-driven facial 
animation. While he received AASERT support, his attention was focussed on tracking facial features, 
particularly mouth position and mouth shape, from video imagery in real time (15 frames per second). His 
approach, however, is valid for tracking the boundaries of any object whose boundary can be parameterized 
and whose shape and position vary slowly as a function of time. 

His specific research sought to measure the height between the upper and lower lips and the width between 
the left and right corners of the mouth directly. The problem was formulated as a tracking problem. Given 
an accurate estimate of the location of the mouth in the first frame of the video sequence, the problem was 
to track the shape of the mouth through the remainder of the sequence. We sought an approach that was 
robust to different speakers and a variety of different environmental conditions. The video used was 
obtained by connecting a Sony VHS camcorder to a PC equipped with an Intel Smart Video Recorder 
capture card. The capture card was capable of digitizing 160 x 120 frames at 30 frames per second. The 
total data rate for the captured video was approximately 5 megabits per second. 

His solution combined the structural characteristics of traditional deformable templates with the statistical 
discriminability of Gaussian classifiers. A deformable template is a surface that can be parameterized and 
that has structural properties that relate to the shape of interest; for tracking mouths that shape was usually 
chosen to be the region bounded above and below by two parabolas. A deformable template also includes 
an energy function that measures how well a candidate template matches the target boundary, so that 
minimizing the energy function finds the best-fit template. The various regions associated with a 
deformable template structure, e.g. the interior and exterior of the region delineated by the template, are 
assumed to have different states governed by different Gaussian mixture densities. The parameters of 
these probability density functions are measured from the initial frame of the video sequence, and a 
likelihood function that represents the probability of the image given the template parameters is evaluated 
and used as the energy function. 

For our specific we use the region bounded by two parabolas to model the shape of the mouth. This is 
controlled by the four parameters that specify the bounding rectangle that surrounds the template. The 
template is constrained to be upright and the contours intersect at the midpoint of the left and right edges of 
the bounding rectangle. The shape of the template determines which pixels belong in the foreground 



(mouth) region and which belong in the background (face) region. The probability density functions that 
govern the distribution of foreground and background pixels are modeled as Gaussian mixtures. Given 
these density functions, under the assumption that the pixels are independent, it follows that the joint 
probability of all the pixels in the image, given a candidate set of parameters can be evaluated. Maximizing 
this probability with respect to the parameters gives the best-fit template. The initial frame is used to 
estimate the parameters of the Gaussian mixture probability density functions. 

Two issues that needed to be addressed for the real-time implementation of the tracking algorithm are the 
rapid evaluation of the energy function for a particular set of parameters and the efficient minimization of 
the energy function over a neighborhood of a particular parameter set. The former problem was addressed 
by rewriting the energy function in a form that involved only the pixels enclosed within the template. The 
probability computation was then speeded up further by replacing many of the numerical evaluations by 
references to look-up tables. Details are available in the thesis [publication 1]. 

Two methods were developed to speed the search for the parameter set that minimized the energy. The 
first of these used a log search patterned on the search for optimal displacement vectors in MPEG-style 
video coders. The second used a downhill simplex-type algorithm. The latter was able to find a lower 
energy value on average, but only at the cost of a considerable increase in computing time. The log-search 
procedure was felt to be the more cost effective for this application. 

3 ADAPTIVE RATE-CONSTRAINED VIDEO CODING 

This research culminated in the completion of the doctoral thesis of Jonathan Su [publication 4], which 
investigated motion-compensated, block-transform digital video compression. Specifically, it addressed 
the problems of estimating the motion (displacement) vectors under a rate constraint and coding the motion 
compensation error, or residual, using block transforms. 

In his approach for coding the motion-compensated residual signal, Dr. Su modeled different groups of 
DCT coefficients in an MPEG-style encoder as independent, memoryless, generalized Gaussian random 
variables. The generalized Gaussian assumption allowed him to adapt his coder efficiently to the changing 
signal statistics that are characteristic of video signals because the functional form of this probability 
density function allowed him to design quantizers and entropy codes that were optimal. Since the pdf of a 
generalized Gaussian is completely specified by its mean, variance, and shape parameter, these three 
parameters are the only ones that need to be transmitted as side information to the decoder. Identical 
decoding tables can be generated from this information at both the transmitter and receiver. Given a rate 
constraint, optimal methods for allocating bits among the transform coefficients were developed. 
Additional adaptation and allocation methods considered the fact that the statistics of the residual signal are 
spatially varying. 

Rate-constrained motion estimation was also investigated. Different dependencies between the motion 
vectors were studied, and these different types of dependencies gave rise to different algorithmic solutions. 
The Viterbi algorithm was applied to motion estimation with causal dependencies, such as are encountered 
with traditional motion compensation, but experiments also suggested that a more efficient greedy 
algorithm was also sufficient for many applications. It is well known that overlapped block motion 
compensation can usually improve the performance of a video coder without increasing the bit rate. When 
overlapped block motion compensation is used, however, it creates non-causal dependencies. This greatly 
complicated the determination of the optimal motion vectors. Both non-iterative and iterative algorithms 
for this problem were reviewed, developed, and tested. Our Experiments encourage the use of a non-
iterative (suboptimal) algorithm that provides good rate-distortion performance and modest computational 
complexity. 

Finally, the residual coding and motion estimation components were combined to build a video coder. The 
coder was used to investigate the performance of the two components in a realistic setting. Cases in which 
rate-constrained motion estimation and overlapped block motion compensation are useful were identified, 



as were cases when these methods provided little benefit. The resulting coder was also compared to an 
MPEG coder. Further details on the performance of this coder are contained in the thesis. 

4 HEXAGONAL WAVELET PROCESSING 

This research, which was conducted by Mr. Jordan Rosenthal, investigated possible methods to combine 
two digital signal processing techniques: wavelets [1] and hexagonally sampled systems [2]. It is hoped 
that a fusion of the two ideas will provide more efficient algorithms for image processing problems than 
currently available. The reason for this expectation is biological. First, biological vision systems use a 
hexagonal arrangement of receptors on the retina and second, there is physiological evidence that visual 
processing is channelized using bandpass channels whose bandwidth increases with the center frequency. 
This is exactly the type of signal processing that can be performed using wavelets. This research is 
continuing. 

4.1 Wavelets 
Wavelet techniques have become an increasingly viable alternative to customary Fourier techniques. The 
reason is that, for the types of signals engineers typically use, wavelet techniques can localize transient 
signal features much better than Fourier techniques. This leads to, amongst other applications, better 
compression and noise reduction algorithms. The wavelet transform's chief advantage lies in the fact that it 
uses different resolutions for different time scales. When examining a long time signal's properties, it is 
usually the low pass or average nature of the signal that is most important. However, when the time scale 
is small, the local properties of the signal such as the presence of discontinuities or spikes are more 
important. The Fourier transform uses the same frequency resolution regardless of scale. The wavelet 
transform, on the other hand, uses a high frequency resolution when the scale is small and the local or high 
frequency information is desired and a lower resolution when the large overall low pass features are 
important. If the number of papers written on a topic per year is any indication of its importance and utility 
then wavelets can be considered to rank high in the hearts of current researchers. 

4.2 Hexagonal Signal Processing 
Processing isotropically band-limited signals has been shown to be more efficient when the image is 
sampled on a hexagonal, rather than a rectangular, lattice. This is because hexagonally sampled signals 
require fewer samples to accurately represent images than are required by rectangular sampling. With the 
lower sampling density, fewer calculations need to be made and thus the processing speed is increased. As 
the dimensionality of the signal goes up, the computational savings increase. Another advantage of 
hexagonal processing is that hexagonal filters can be designed which have a higher degree of symmetry 
than rectangular filters. Symmetry of the filters can then be exploited to produce more efficient algorithms. 
The implicit assumption in these comparisons as stated above is that the signal being processed is 
isotropically band-limited. However, this is not an issue since this condition is typically met in practice. 

While the software to support hexagonal processing may be more efficient, the hardware is unfortunately 
not commonly available. Hardware oriented for rectangular lattices is currently the standard, although 
there is no fundamental difference between that and the hardware that would be required for hexagonal 
systems. It is hoped that research like this project will help further the case for hexagonal sampled signal 
processing. 

4.3 Hexagonally Oriented Filter Banks 
Wavelet techniques are implemented with a signal processing construction called a filter bank whose 
elements consist of filters and downsamplers. The filters break the signal being processed into frequency 
bands. Typically, a 2-band filterbank with a low pass and a high pass filter is used. The downsamplers 
follow the filters to make better use of the bandwidth available after filtering. The low pass channel is then 
split again into another two frequency bands by sending it through a similar filterbank. This process is 
repeated over and over creating a tree structure. A filterbank implemented in this fashion, where the low 



frequency band is repeatedly filtered and downsampled can implement a wavelet decomposition. The 
filterbank's outputs are the wavelet coefficients. The original signal can be reconstructed from the wavelet 
coefficients using a synthesis filter bank that consists of interpolating filters and upsamplers. Figure 1 
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Figure 1 
illustrates this idea. 

Obviously, to create a perfectly reconstructing filter bank the design of the filters is of utmost importance. 
This fact is especially true in multiple dimensions where filter design is more complex due to the lack of a 
factoring theorem on which much of the one-dimensional design theory is based. A wavelet transform, 
however, complicates the picture even more since the filters involved must conform not only to the perfect 
reconstruction property, but to an additional property that regulates the number of zeros at the aliasing 
frequencies associated with the downsamplers. This additional property insures that the filterbank output 
can be interpreted as the coefficients of a wavelet decomposition. 

The two popular filter design techniques for multidimensional filterbanks used in wavelet decompositions 
are the cascade algorithm and the frequency transformation method [1]. The idea behind the cascade 
algorithm is to build a large filter by cascading smaller filters that satisfy the desired properties. Since the 
smaller building block filters satisfy the design constraints, the composite filter will as well. The frequency 
transformation method maps a one-dimensional filter into a multidimensional filter with an appropriate 
change of variables. By making the one-dimensional filter adhere to the given criteria, one forces the 
resulting multidimensional filter to satisfy its constraints. While both these methods are simple to use and 
may be appropriate in many cases, not all filters that satisfy the perfect reconstruction and wavelet 
requirements can be generated with these techniques. Design techniques for filterbanks that implement 
wavelet decompositions is still an open research area. 

The fusion of filterbanks with hexagonally sampled systems leads to the use of a mutlichannel filterbanks. 
A multichannel filterbank is similar to the 2-band filterbank in that a frequency split is performed followed 
by decimation. However, as implied, a multichannel filterbank splits the spectrum into more than just two 
bands. In hexagonal systems, it is natural to use a 4-band split: one low pass channel and three high pass 
channels. Figures 1 and 2 illustrate this idea. The hexagonal wavelet transform is then implemented by 
iterating the low-pass filter. 
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Typically two-dimensional filterbanks are built with separable filters because of programming and 
efficiency issues. A signal's frequency spectrum gets partitioned by the filterbank into low frequency, 
horizontal frequency, vertical frequency, and mixed diagonal frequency bands as shown in Figure 4. 
Comparing the hexagonal frequency partition of Figure 3 to the rectangular frequency partition in Figure 4, 
one can see that a hexagonal filterbank more naturally decomposes an image into directional frequency 
bands. Hopefully, this aspect of the hexagonal filterbank will be exploited as this research project 
continues. 

The authors in [3] have investigated the idea of hexagonal filter banks. They provide an example of a 
perfect reconstruction filterbank whose hexagonal filters were built using a least squares design. The 
frequency partitioning is the same as shown in Figure 3 above. However, their filters, while useful, do not 
satisfy the additional constraint required to make the filterbank implement a wavelet decomposition. 

Their idea can easily be extended by adapting the least squares design to account for the additional 
constraint of zeros at the aliasing frequencies necessary for a wavelet decomposition. Alternatively, one 
can design the filters using the two methods described earlier. The research of this project has thus far 
involved the design of the software support required to implement these ideas. 

4.4 Software Support /Implementation Issues 
Filters were designed using the cascade and the frequency transformation methods described earlier. 
Software to implement a general filterbank decomposition was written for one-dimensional systems, but 
has not been generalized to the hexagonal filterbank because the implementation issues discussed in the 
next paragraph has taken precedence. The one-dimensional system was written from scratch in MATLAB 
instead of using other available software because it was decided that the eventual transition to the 
hexagonal filterbanks would be easier with custom-built software. 


