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The work covered by this Research Note was conducted by the Computer Sciences
Laboratory (CSL), U.S. Army Engineer Topographic Laboratories ‘ETL) , Fort Belvoir 1

Virgi nia. It is part of an effort being carried ot. t in (‘SL on digital
PREFACE image analy sis under project No. 637Ol~~R32 O2BB2O , Photo-

grammetric Exploitation. Studies were conducted by Michael A.
Crombie with computer programming assistance by Philip Lem.
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DELTA PU LSE CODE MODULATION COMPRESSION
RELAT iVE TO STEI~EO iMAGE MATCHiNG

The growing trend of collecting images in dig ital fo rm and the associated requirem ent
of processing t h e  images in t era ct i v eI ~ mea ls that  compression techniques will l)rOba hl Y

he employed to facili tate image transfer among image sensors and

INTRODUC ’FION 
pL I1I) lltrdl S and to less~n the storage burden on image processors.
This report presents an evaluation of the e ffect of compression on
one image processinr function , namely stereo image matching. ilie

work is a cont inuation of a compression study that  was report ed on in a previous ETL
Research Note . t In that Research Note , there was no information loss in the com-
pression desc ribed , and consequently , there could he no adverse effect  on image
registration.

[)e lta Pulse (‘ode ~Iodu lation (DPCM) with optimum quantization of gray shade
differences was the technique used to compre ss the imagery , and conventional corre-

lation methods were used to determine the e f fect  of compression
GENERAL on image matching. The effect of compression Ofl image match-
METHOD ing was determined by noting the decrease in match precision as

the level of compression increased.

The I 5 digitized stereo scene pairs used in this work were extracted from the Digital
Image Analysis Lab ( D I A L I  system. 2 The scenes are displayed in appendix A along

ssi th specific digitizing information. Each scene was 125 by 125
Expenmental pixels. The scenes are placed in order by RECO I signal power , that
Data is , the signal power of scene I was large r than the signal power
of scene ~~, and so on. RECO I is the DIAL label for the first of the two digitized
stereo images.

Compression was achieved by quantizing the gray shade differences derived from
DP(’M . The differences are derived by predicting a gray shade at the source and then

sending the difference between the actual gray shade and the
Compression predicted value. Differences are generally more independent than

are the gray shades and their band width is less than the gray shade
band width.  As a result , these characteristics provide for more efficient data coding.
The first step then is to determine a worthwhile linear predictor , and the next step
is to derive an efficient quantization rule for an assigned number of bits per pixel.

Linear (;enerally, a specific gra y shade is predicted by a linear combinat ion
Predictor of prior gray shades , or prior gra y shade estimates as in DPCM.

The method of computing trial linear predictors is described in

tMichae I A. Crombie, Erro rf ree Compression of Digital Inl ’rge rI . U.S. Ar my in g incer Topographic La borator ies ,
F ort Itelvoir, VA. 111.0079, November 1976 , AD.A033 272.
2L. Gambino, B. Schrock ‘An Expe rimental Digital Interactive Facility,” Computer, Vol.10, No.8, Aug.19 77 , p.22-28.

4



~
‘1

~~

appendix B. It was assumed that the first line and the firs t column of gray shades of
each scene were stored along with the quantized differences. Since the coefficients of
the several tri al linear predictors were derived by least squares , the mean squared error
wil l be used to evaluat e the predictors.

From the results shown in appendix B, a marked improvement in performance can be
observed for higher order predictors as the scene signal power increases. However there
is not much improvement to be gained in using fourth order predictors over third
order predictors. In fact, there is not much improvement to be gained in using third
order predictors over second order predictors for low signal power. Rather than com-
plicate the work by varying the order of the predictor according to signal power , the
third order predictor was used throughout. Note that  specific third order coefficients
were used for each of the 30 scenes.

Quantization The digitized gray shades for the 30 scenes were represented by
256 levels (8 bits). The quantized gray shade differences were
represented in tu rn by 1 to 6 bits. The numeri cal procedure for

determining the 6 X 30 = 180 quantization rules is described in appendix C. In every
case , the differences were derived by the pertinent third order linear predictor de-
rived in appendix B.

DPCM Assume that  (a 0, 1’) are the third order predictor coefficients.
The quantity g0 ~ 

is defined as the predicted value of g0 ~ 
where

is any on~ of tile gray shades not in the firs t ro~ or first
co lumn.

= a 
~ 

+ ~ * + y *

Regenerated gray shades

(K ,L) : Line and pixel indices
If 

~~ 
IS ti le predicted value of g0 ~ 

then d g0 ~ 
- is the difference and d is

the q~ianti ze d difference. Fina lly, th t ~ regenerated gr~ay shade is 
-

~
‘o ,0 =j o ,o + ~~~

Since the quantized difference d is inexact , the regenerated gray shade ~~~~ 

~ 
will be

in e rror. The amount of error is directly related to the number of bits as’stgned to
represent the true diffe rence d. The error is given b~ the fol lowing equation :

= g
0 0  

-
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Average errors and standard errors of e for six scenes are presented in appendix C.
Both the average errors and the standard errors decrease as the signal power decreases
and as the number of bits assigned to d increases (See tables CS and C6).

It is difficult to determine from the tabulated results of appendix C just what the
adverse effect of a specific quantization rule is on an intended use of the imagery .

Image The object ol’ this work was to de termine the adve rse effec t of
Matching compression on stereo m atching. This objective was accomplished

by comparing compressed match results to 8-bit match results.

A 9 by 9 rectangular grid of points was designated on each of the IS RECO I scenes.
and their corresponding points on the I S RECO2 scenes were determined by conven-
tional correlation methods. The defined points in the RECO I scenes were spaced 10
pixels and 10 lines apart. A match point was estimated on the RECO2 scene, and an
11 by 11 correlation function was generated about the estimate. The line and pixel
location of the correlation maximum was computed and designated as the match point.
Note that the correlation function was computed at integer pixel and line intersections:
wherea :,, the match point was computed to fractions of line and pixel values . This
correla .ion function was calculated for each of the 9 X 9 = 81 defined points. Four
different window sizes were used to generate the correlation functions.

Window Size (Pixels ) Groun d Dimension (Feet )

7 x 7  24 x 24

11 x 11 40 x 40

17 x 17 64 x 64

2 1 x 2 1 80 x 80

Several precautions were taken to decrease the possibility of incorrect matches from
procedure rather than from compre ssion. The precautions along with a summary of
match results are presented in appendix D.

The object of the numeri cal tests was to calculate the et ’fect of one type of data com-
pression , namely DPCM , on a specific ph otogr ammetric function , tha t  is. stereo image

matching. The parameters of DPCM and the parameters of the K-hit
DISCUSSION quantizat ion rule were adapted to local scene characterist ics. Thus.

the process should he near optimum in the type of compression and
in the specifi c imagery .

Four estimates of each of the 81 match points for the I 5 scene pairs were computed
using the six K-bit quantized images and using the full  8-hit images. The four estimates

6
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pert ain to the tour window sizes. Weighted averages of’ the match points were com-
puted ; the procedure is described in appendix D.

X IS K , 
~ISK

I = 1 , 81 points

S = 1 , 15 scene pairs

K = 1 , 6 and 8 bits.

Table I shows the internal p re-
cision of the tou r estimates f or  ~~ Table I .  Inte rn al Precision

of t u e  scenes and for the several
K-bit images. The internal pre-
cision k simp l y the standard ~- - ~ ~~ _L ~.i ii J~
deviation ill pixel spacing of the .7 5  1 .03 . 75 1 .07 1 €~ 4:

individual  estimates (according 1 .42  1. . 47 1.39 1. 43 1 .54
to window size) with respect to
the weighted averages. The fi rst 2 .55 .93 . 73 . 92  1.28 3€

entry is the standard deviation 1.62  1 5 9  .60 19 1 3~ -

in X, and the second is the stan-
dard deviation in V . The scenes 3 .57 1 .13 .81 .96 17 & I - I

were organized according to signal 1 6 0  1 .65  .53 1 .22 1. 12 7 .27
power ; scene I had the largest
signal power and scene 15 , the ~ .55  .9 7 - ~89 1 .27  1 .2 5

least. 15 8  1 5 3  54 1 . 26 1 3 ~

In table 1 , the internal precision S .56 1 .03 .7 1  - Y 1.2 5  -

does not appear to vary as the 1.53 1.62 .54 1 .3 6  1 .21 1 .39
number of hits K increases or as
signal power varies. The tab l e 6 .55 .96 . 76 .85 1 . 23 7 .33

does show that the internal pre— 1. 1 .59 - 1 .18 1 . 25 1 .39

cision in Y is less than ( i . e .  its
standard error is larger ) tile inter- 8 .54 1 .03 .74  .87 1 . 19 1 .2 1

nal preciSion in X. Ib is  is not on- 153 1 .63 .53  1 .16 1 . 22 1 .39
expected since t h e  major parallax
dire L t ion is along ti l e illlage V-axis.
In any ease, the c on s i s t en Cy  of the internal  precision over K and over signal power
prov ided ju s t i f i ca t i on  for comparing the K—hit  weig hted estimates to the s—bit weighted
estimates as a meails fo r  eva lua t ing  the K-bit  compression.

rhe method for c a lcu la t ing  the comparative results is descr ibed ill appendix D , and
result s for sis of ti le see mi es arc presented in table s D3 and 1)4. In table D3 , the DPCM
compression does not introduce a bias between K-bit and 8-hit matc l l  results.

7 
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in table D4, the standard error of the disc repaucies between K-bit and 8-bit match
results decreases as K increases. Also in table 1)4, the standard error of discrepancy
does not vary as signal power varies . Since most of the information used in the corre la-
tion process is derived from tile lower frequenc ies , the com press ion process funct ions
like a low pass filter. For this reason , the results for ti le set of I 5 scenes Were combined
to produce tab le 2.
The units in table 2 are pixel  spa- Take 2. Weighted Average s iA 0 8K

cings . The quant i ty  a is a combined ~~ -

estimate of the standard error of 
0 ~~ - ‘ c . Q 5f4

disc repancy in X and V . 
.

2-8 0. 46’ . - 0. 4 ’€

The entries in table 2 pertai n to 3-8 0 ~65 0 .313  0 .290

standard errors of mismatch between ~~~~ 0 .222  : 169 0 .2 36

K-hit  images and 8-bit images. For 5-8 0 . 17 1  0. 178 0. 1’4
exa mp le , the standard error between 6-8 0. 150 0 49 0 15C
match results of 8-bit images and I-hi t
images is about two thirds of a pixel spacing in each coordinate. The standard error is
reduced to less than one fifth of a pixel spacing as K is increased to 6 bits.

The average number of bits per pixel can be reduced by efficient coding of tile quan-
tized differences , such as in f luf fm an coding. 3 I f the average number of bits per pixel
must be reduced to a small fraction of a bit , then eit iler line and pixel th inning  must he
applied to the image before DPCM or transfo rm coding methods must be employed.
h oweve r , if the image processing facility can accommodate one or two bits per pixel .
then DPCM will provide images that do not create a bias in stereo image matching,  so
that tile standard error of mismatch between original results and results derived from
compressed data is less than two thirds of a pixel in each coordinate.

I .  The third order linear predictors are su fficiently precise for
DPCM when applied to aerial imagery.

CONCLUSIONS 2. The DPCM compression does not introduce a bias in stereo
matching.
3. The standard error of mismatch for images compressed to one bit

per pixel by DPCM compared to fully resolved images is approximately two thirds of
a pixel spacing for each coord inate.

3Michael A. Crombie, Errorfree Compression of Digital Imager y . U.S. Ar my Engineer Topographic L~horatories ,
t ort Relvoir , VA. ETL-0079 , Nov 1976 , AD-A 033 272 .

8



Al ~i~l - \i)lX A. l)I(;ITlzl-.i) S( 1 NI S

I i t  t ee n d ie i t i ied  StL ’ IL ’O scen es were e xtracte d f r o m  t h e  l ) l , -\ I s~ s te in  t o t  t h e  c o i t i .
r cs ’loIt  . i I t . ~ ’~ s i s  Flie I S scene pair s are s t ihsc t s  of a larger scene tha t  ~ as scanned on

m ite  I’l )~~ I U~’ t ) .\ A u t o m a t i c  N l i crod en si to mn et er  sy stem. I Ike p ix el  sl 1ac it1~ a nd t h e  l in e
as 24 i~m I I l l i cr onlet er s) ,  tile p ixel d i amiie ter  was 34 .5 u,jn . and 256 gra s

sh.i~l es t ~ him ~ ~ crc used to represe ilt t h e  illlage densi ty.

The le ft  image is re ferred to as RECO I and the righ t image is ref ’erred to as RL(’02 .
The RE(’O l image scenes given be low a re p hotographic reproductions extracted from
the i)IAL COMTAL display. The central portion of each scelle was used in t h e  com-
pression s tudy .

Figure Al. Te~i Sceie’s 1.2 .3. and 4.

• -

Scene 1 Scene 2

I ~~~~~~~~~~~~ 

-—.
— 

-.

(L
Scpne 3 Scene 4

I Michael A. Crombic , Stere o Analysis of a Sj~ecifie Digital ilo~h’l Sampled fro m .4 erial Imagery , I S .  Army I n i~i
fl eer Topot~r aphic Lahorator ic~. I o n  Belvoir . VA ., I TL-0072 . September 1976 . Al) .A033 567 .
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APPENDIX B, LINEAR PREDICTORS

Assume that the first line of an N digital image is stored along wt th  the first gray
shade of each succeeding tine . The remainin g (N- I ) 2 gray shades will be represen ted by
coded differences. The difference d1. for i and j >1 is the difference between the actu al
gray shade and a predicted value 

~
j.

~
‘
P =

~~~~~ a~ 9k

The subscript p pertains to any one of the 2 ( i j ) cN  locations , and k pertains to one
of the K predictor coefficients. The coefficients ak are chosen so that the mean square
error S is minimized. ~

. _ . 2g~~-a~~g~ )

p
P= l .P= (N-l )2

The least squares solution for theak becomes a function of the digital image auto-
correlation function. Five linear predictors are described next.

The following matrix represents the fifth order normalized autocorrelation function.

1 R~1 R 02 R03 R 1~ R~~
R 10 R 11 R 12 R 13 R 14 R 15

R= R20 R21 R22 R23 R24 R25
R30 R 31 R 32 R33 R~ R 35
R40 R41 R42 R4~ R~~ R 45
R50 R51 R 52 R53 R M R55

The (l ,m) th entry of R rep resen ts the normalized correlation between gray shades
that are lagged (I - 1 )  rows and (m - i )  columns. The nornlalization was acilieved by
dividing each element of the autocorrelation by T~~, where ~S tile image variance.
In what follows, let g0 ~ 

represen t the gray shade in ques tion , i.e. any one of the
(N - 1 ) values to be estimated.

First Order-Row

Assume tha t g 0,0 is to be estima ted by the preceeding gray shade in the same line.

= a

ol

S = 1 - R 2
0 1

L ~~~~~ J.~ -.-~~~~~~“- -— .-~~~~~~~~~-~~~ - .. -- .,~~~~ .- - ..
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The symbol S represents the norm alized th€oretical mean square error. The mean
square error in all cases is

S * T

First Order - Column

Assume that g0 0  is to be estima ted by the preceeding gray shade in the same
column. g 

~ 9-i , o

= R 10

S = 1 -

Second Order

Assume that g
~ ~ 

is to be estima ted by the preceedin g gray shade in the same row
and by the preceeding gray shade in the same column.

= + 
~ 9-i s o

(
~ \ 

(i R 11\”(R01\

\ 
~~J \~~0~ 

1 
) \R 10J

S = 1 - a R
01 

- 
~~ R 1~

Third Order

Assume that g0 
~ 

is to be estima ted by the same gray shades used in the second
order linear predictor , plus the preceeding diagonal gray shade of the previous line.

~o,0 
= a 

~~~~~ 
+ B g_ 1 5 0 + 

~

/cz\ /1 R 31 R10\/~01\( 
~ 

R i-i 1 R01 J(
R10 J

\~/ \R10 R 04 1

S = 1 - a R 0 - ~ R10 - y

14 
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Fourth Order

Assume that is to he estin lated by the same gray shades used in the th ird order
predictor , plu s the succeeding diagonal gray shad e of the previous line. Note that the
last gray shade of each line cannot be estimated with thi s predictor.

= ~ g — 1  
+ 8 g _ . 0 + ~ 9-i , -i  + ~ g_ ~~~1

0,0 0,

f~\ 
/1 Ru R 0

I ~ 
‘LI 

R 11 1 R~
. R~~ 1

~; J ~:~ :;: 
i R

::/~~ :i

S 1 , R ~i R u0~~~~R 11~~~~ R 5

Results from 6 of the I 5 scenes were compiled and are presented in the following
tables. The columns labeled d pt~rtain to the average difference , 0 pertains to the
theoretical variances, and ss pertains to the computed variances of the differences.
A difference is simply d = g0 ~ 

- the difference between the actual gray shade
and the estimated gray shade.
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TABLE b~ Prediction Results of Scene

RECO1
Order of — 

2 2
Predictor a ,,~~~~~ _9_, 

~~~~ _

1st (col ) .81 29 342 333

1st (row) .91 14 181 182

2nd . 28 .69 5 151 126

3rd .47 .77 -.28 € 14’ 93

4t~ .47 .53 -.18 .20 -~2 121 104

Autocorreletior Functior
1 .00 .81 .50 .32 .35 .5C
.91 .77 .50 .34 .36 .52

2 .75 .66 .42 .29 .33 .5’oc 1006 .61 .53 33 .21 .28 .47
.52 .44 .24 .13 .21 .41
.44 .37 .17 .06 .13 .33

RECO2

Order of —
Predictor a e 

~~ i~ !L.
1st (col) .81 32 297 298

1st 
~~~~~~~~ 

.91 15 148 157

2nd .27 .70 5 131 114

3rd .44 .77 -.25 6 122 90

4th 43 .56 — .16 .18 -~2 113 97

Autocorrelation Function

1.00 .81 51 .33 .34 .48
.91 .77 .51 .36 .38 .53

2 .75 .66 .45 .32 .36 .52
‘ 872 .61 54 .36 .25 .30 .47

.50 .43 .25 .15 .21 .40

.41 .35 .17 .06 .12 .32

1.6

_ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ - -
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TABLE 82 Pred ictio n Res u l ts of Scen~ 3_

REC O 1
Ord er of — 

2 2
Predict or a ,~~~~~~ ,j ~., ..~~

1st (col) .81 27 301 39:

1st ( row)  1.~ 169 171

2nd . 3 1  .67 3 133 121

3rd -~~~~ .81 - .4~ 8 10

4th .82 .68 - 42  .12 0 97 78

A~toco’-r~1at~or_ Functi or

1.0 0 .8 1  .53 62 .5 2  . 7~
- .50  . 78 . 49 . 3 8  . 8 1 -

.75 . f ~ . 40 .29 .39 .E

.€S .8: .32 .22 . 3 2  fl

.60 fl .2~ .19 .25 fl
8’ . ST .2~ .1~

RECO2

Order of — . -re~ 1 c to - a e ,.~~ d c~~ 55 ’

1st (co l ) . 7 8  32 33 1 3 2 9

1st (row) .90 1~ 181 1~~’

2nd .26 .71 4 127 130

3rd .54 .81 - .39 € 110 98

4th .54 .70 - .36 .11 1 110 98

Autocorre latlon Function

1.00 .78 .48 .35 .45 .68
.90 .73 .46 .34 .44 .6~

849 .76 .63 .39 .28 .38 .58
.66 .54 .31 .21 .30 .50
.60 .49 .26 .14 .24 .48
.5 7  .46 .22 .10 .19 .4 1

1.7

~1



TABLE 83 Prediction Results of Scene .~
RECO1

Order of 2 2

Predict a ~ __L .i.~ .i._ ~_f__.

1st (co l ) .93 12 10 57

1st (row) .91 16 110 102

2nd .5E .4 1 2 54

3rd .76 .67 - .48 3 43 4?

4th .75 .49 — .39 .i.~ 1 4 3

Autocorre latiOr Fun~ti~ r

1.00 . 93 .82 ,73 ~f 7 .6 3

2 .91 .86 .78 .71 .66 .63
‘
~OC 613 .74 .73 .61 .64 .61 .89

.60 .59 .57 .5f  .54 .53

.49 .49 .45 .41-. .47 .~~

. 42 . 41 . 4’ . 41 .4

RECO2

Orde of — 2 2
Predictor a e .... ~~~..
1st (col ) .91 16 91 51

1st (row) .89 20 111 191

2nd .~ 3 4 61 58

3rd .71 .63 - .37 5 50 43

4th .70 .42 - .30 .18 1 50 44

Au tocorrelation Function

1.00 .91 .76 .66 .59 .55
.86 .83 .72 .64 55 .54

2 .69 .67 .61 .56 ~53 .5 - ~s 507 .52 .51 .49 .47 .45 .4:
.41 .40 .38 .38 .37 .37
.32 .31 .30 .30 .3? .3?

18
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TABLE 54 Prediction Results of Scene 9

RE C O 1
Order of 2 2

i ctor a L x L 1- ~~— 1L
1st (col) .88 23 82

1st (row) 90 19 72 72

2nd 44 .54 5 49 48

3rd . 5 7  .64 - .28 7 45

4~~ . 5 6  . 4 1 - .18  .2 1  1 45 .11

Autoco~re1a t~ or F u n ~~tj ~~r

1 . 00 .81- . 71 . 8 1  .54 .5?
- . 91  .13 . 70 . € :  . 5 .49

~ 376 . 78 . 7 i  fE .58 . 5 3  .41-
.68  . f 4  fl . 5 5  f l  • 47

SE .58  52 51 ~~~

REC O 2

Orde’ of — - -

Predictor

1s t (col ) .79 6 126 1 2

1st (r ow) .1 - 6  29 92 89

2nd .36 .59 9 72 6 1

3rd .so .68 - .24 12 64 89

4th . 49 .57 - .21 .12 6 64 59

Autocorrelation Function

1.00 ,70 .58 . 41 . 43 .4?
2 .86 .73 .57 .48 . 43 . 40

E 340 .68 .62 .52 .46 . 4 2 .39
.56 .53 .47 .44 . 4 1 .35
.49 .47 .43 .42 .40 .35
.46 .44 .42 . 40 .3 1 .38

19
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TABLE Prediction _Results of Scen 3

RECO1
Order of 2 2
Peed Ic tor a a

1st (ccl) .83 29 ~‘3 70

1st (ro~ .81 - 22 5: 55

2nd .39 fl 6 39 4

3rd .54 .6 1 - .27 8 37 ~‘
4th . 8 3  .56 - . 2 4  .12 4 37 3~

A utocorre latior Fur~ t 1~~r

1.00 .83 .61 .54 . 47 .42
2 .88 .77 .64 .54 . 45 .43

• 23 8 .7 1 .66 .5; .52 .47 .43
.63 .57 .54 .50 .46 . .~T
.52 .5 1 .49 . 48 . 46 13

.48 . 48 . P -S

RECO2

Order of — 2 -Predictor e _~_ ~
1st (col) .76 44

1st (row) .80 36 80 83

2nd .40 .54 12 61 59

3rd .50 .61 - .20 15 59 5€

4th .49 .51 - .17 .13 9 57

Autocorrelatlon Function

1.00 .76 .53 .42 .36 .32
2 .80 .67 .51 .41 .35 .30

227 .61 .56 .47 .39 .33 .28
.49 .46 .41 .37 .32 .27
.41 .39 .37 .35 .31 .27
.36 .35 .34 .33 .31 .27

20
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TABLE 1-f Pred ict ior  R~~ult ~ of Scene 15

RECO 1
Order of — 

2 2P~~~~ctor a 55

1st (ccl) .88 27 35 36

1st (row) .86 28 33 33
2nd .46 .50 7 23 21
3rd . 57  .6 2  - .23 9 21 20
4th .56 . 4 ? - .18 .1~ 3 20 2 0

Autocorrelatior_ Fun~tj~ r

1.00  .25 .67 .56 . 4 1-
.86 .78 .6 8  .55 . 49 .44• 129 .6 1 .66 .59 .53 . 21- .45
.54 .54 .52 .49 . 4 7  . 5
.45 .46 .48 .45 . 48 .~~~~.31 30 

~~~ .41 P 3  .42

RECO2

Order of 
—Predicto r a d 2 2

1st (col ) 
52 59 63

1st (row) .78 43 50 49
2nd .40 .52 14 37 37
3rd .52 .6 1 - .22 17 35 35
4th .51 .53 - .21 .10 12 35 34

Autocorrelation Function

1.00 .73  .51 .41 .36 .32
2 .78 .63 .47 .40 .35 .32B 125 .55 .49 .41 .37 .35 .32

.43 .40 .36 .36 .35 .32

.36 .34 .32 .33 .34 .32

.32 .30 .29 .31 .32 .31

21
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APPENDIX C. QUANTIZATJON RULE

Assume tha t  ~ii v one ot the prediction schemes ot appenu ix B produced a set of
differences dj j , ( N - and that  it is required tha t  the set he compresse d
hy quantization methods. The set of dif ferences will be represented h~ a u nite number
of dift ’erence levels q 1 , q~ which will reduce t h e  number  of bits needed to des-
cribe the set and at the same time will allow for a reasonably accurate reconstruction
of the original image. Let d 1, d.~ d 1~ + i  represent the int ei ~’ai boundaries for the
M-t iuant iz ed dift ’erences. Determine the set ol q values and the set of d valu es so that
t he mean squared error oh ’ the qu ant izat ion is i l l if l im i / .ed .

~~ d~+~
S =~~~~ 

J(d 

- q. )
~ 

pr(d)dd

d 1

p r ( d )  is the probability of the occurrence of
difference d.

The solution 1 is given by the following expressions:

d 1 = (q~_ 1 + i = 2 ,3 ,. ..,M

rd.
I 1+1
.1 d pr(d)dd

d
~

— —~~~ — i = 1 ,2,...M
d~~1$ pr (d)dd

d~

‘J . Max . “Quantizing for Minimum Distortion.” !R!f Transactions Information Theory , V. IT-6 . 1960.

I

22 



~~w ~~~ ri ~~ ~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~
—

~~~
.—

An iterative numerical solution described by Rosenfeld2 was used to de termine the
q values and the d values. A sample density function was constructed from the set
of differences, and the trapezoidal rule was used for numerical integration. Note that

° and dn~+ are known ; they are the largest and smallest of the set of differences.

A set of q values , a set of d values , and a set of relative frequency values were esti-
mated for each of the 30 scenes ( 15 stereo pairs) and for bit assignments ranging from
one bit to six bits. Each of the 6 * 30 = 180 quantization rules pertain to differences
derived from third order predictors. The relative frequency data pertains to the proba-
bility density distribution of the differences over the quan tization intervals. A repre-
sentative quantization rule for tile fi rst four bit assignments was derived by averaging
over the 15 scenes. These results are presented below. Note that the pertinent rule was
used in the compression analysis , not the averaged rule. The expected value of 0 is

computed from E QP(Q); note that the quantized differences are positively biased.

TAfl E Cl Ay er a~~~Quart~ 2 a t i on  Rule for 1 Bit

9533 2

- 2 0  -02

4 . 3 3  -:.fl .483: 6 .1 1 -  2 . 3 5

9 . 3 3  . 54 ~~ l3 .~~ . 5858

4 .6: E 1~~) ~ 6 . 6 €

T~~~ E :: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
P.~ ie ~Cr  2 5~ 5c

2

-00 -30

-2.31 — 6 . 4 3  .1253 C. 4 ’  -4 .29 .1225

4.79 1.81 .3613 8.65 5.22 .3445

11.29 7.76 .3753 16, 13  12.07 .36 2-:

+00 14 .81 .1351 +00 2 0 . 16 .1510

E(Q)  4.81 8 (Q )  8.93

2A. Rosenfeld. Digital Picture Processing, Academic Press. New York . San I TancisC o , London, 1976. p~ 
102.
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TABLE ~3 Aver~~~~Qua nt iza t io n  Rule for 3 Bits

RECO1 RE C O 2

9 9
-00 -00

-7.94 -11.61 .0356 -6.48 -10.68 . 0332

-1.92 -4.27 .1086 0.45 -2.29 .0970

2.23 0.42 .1807 5.35 3 .23 1781

5.71 4.03 .2292 9.49 7.56 .2266

9.11 7 ,35 .2079 13.42 11.42 .2 1 7 6

12.92 10.08 .1457 17.81 15.41 . 11-fl

18.24 15.02 .0677 23.91 20.22 .0 7 7 5

+03 21. 47 .0246 +00 27.61 .0208

8(Q) 4 .6~ 8 ( Q )  8.75

24
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TAB ~ E C 4 A v e r a q ~~ Q u a r t i z z a t i o n  Rule for 4 Bi ts

RE C 02

9

-00 -00

-11 .24 -14 .62  .0178 - 1 1 . 0 5  -1 8 .03 .0 119

-5.6 5 -7 .85 .0532 -4 , 5 0  -7 .03  .037 1-

-3 .51  .0942 -0 .29 - 2 . 1 1  - 065€

1.02 -0 .28  .1285 2 .99 1 . 5 ?  .099’

3.46 2.33 .1426 5. 71 4 . 44 .1 155

5.60 4.59 .1369 6 .11 6 .9 1

7 5 2  6.6 2  .1112 10.29 9.24 .1297

9.33 8.45 .0936 12.37 11 .34  .107 1

11.08 10 .22  .0710 14 .3 1 -  13.39 .0886

12.82 11.94 .0517 16.42 15.37 .07 12

14.63 13.69 .0374 16.57 17.47 .0445

16.58 15 .57  .0242 20.86 19.67 .04 36

18.74 17.60 .0 157 23 . 43 22.06 .C3 23

21.31 19.88 .0088 26 . 40 24 .80 . 0 14 0

24 .68 22 . 74 .0060 30.06 2 5 . 01

+00 26.63 .0040 +00 32.11 .0056

8 ( Q )  4 .35 8 ( Q )  8.6 5

25



The quantit ies ~ and ~ ~ in tables ( 5  and ( (  are the average error and sl~nd~rd
error of gray shades regenerdted from t h e  specitic quanti/ation process. i he  first entr~
in each set pertains to RECO I . and the second entry l)ertaifls to Rl~(O2. Result s f rom
6 of the 15 scenes are presented. The errors are defined by the following r e la t ion.

g~~~~~~~ ~
- 

~~~ 
+ + ‘ j 9-

~~,- :  ~~~~~

d . : Quantized difference

.g Regenerated gray shades

Correct gray shade

i = 1 ,6 Q u a n t i z a t i o n  Rules

TABLE C5 Average Quantization Errors

~~~~ne

*13

1 .79 .52 .18 .09 - .05 - .32

.97 .42 . 44 - .01 - .37 - .11

2 .08 .03 - .10 - .03 - .11 - . 13

- .07 - .11 - .12 - .06 - .05 - .05

• 0 3  00 - 0 7 00 ~~05 ~~07



TARGET C6 Standard Error of Quant~ z a t ion~~~r~L~
Scene

1 10.95 8.57 7.78 7.15 6 .3 4  4 .59

10.70 9.43 7.62 8.16 7.05 5.01

2 4.41 3.38 3.26 3.16 3.51 2.40

4.08 4.51 3.05 4.61 4.05 2.66

3 2.20 1.74 1.73 1.78 2.18 1.22

1.98 2.82 1.53 1.64 2.71 1.60

4 1.33 1.07 1. 41 0.93 1.3 1 1.16

1.15 2.1 7 1.08 1.75 2 .27 1.20

5 0.91 1.03 1.68 1.02 2.90 1.06

0.79 2.09 1.02 1.51 2 .02 1.17

6 0.75 0.90 1.27 0.83 1.00 0.90

0.85 1.85 1.00 1.04 1.86 1.07
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APPENDIX I). MATCH RESULT S

Numerical results from the match procedure described in the General Method section
are presented in this appendix . Average match resu lts are presented in tables DI and
1)2 below for six scenes and for 1- to 8-bit images. An a t t empt  was made to match SI
points in each scene using 2 I by 21 , 17 by 17 , I I  by 11 , an d 7 by 7 windows. The
first row of ’ four values in each set are averages of ’ successful match correlation values.
The second row of fou r values i ll each set are averages of a confidence measure that
is defined below. Fina l ly,  the third row of four values in each set are the numbers of
successful matches. Tile tour  values pertain to the four window si/es , namely 21 by
21 , 17 by 17 , I i  by I I , and 7 by 7 . in order.

The confidence measure is the product of tile two partial derivatives of the corr e-
lation function with respect to x and y respecti vely . Both of these values must he
negative for the correlation function to he eoncaved downward. If ei ther of the partial
derivatives were positiv e, the match point was rejected. If a conlputed shift was larger
than one in abloslute value , then that  match point was r ejected. The product of tile
two partial derivatives is regarded as a confidence measure in th at  large values indicate
a narrow , well detined correlition funct ion :  whereas, smal l values indica t e a flatter
less well defined correlation function.

Table Il l  Aoetair Maich K~ ouil s 1 U1417 fl2 %.,era ~r Ma id, Resulls

_ _,_ I_ ,, 9 - 
. I’

~~~ ~~~ 
,, ~ , P ’ 4 ’. _ ) ’, ,’ ,, C C ’ ’ , C - H • C C I  I ’ ll C l  C C ’ ~~~ 1 ~‘ C ~l ’ ’ ’ ’ C f  4 ’  C l m l  ‘ ‘ .4

14 07) 077 04) 44 4’ ’~~ ‘ ‘ 7  0)~ 071 0)4 07 ’ ’ . fIll 074 Cl : .’ .1 ‘ 0)7 . - . .‘ ‘974 O Il 026 7’ , .

7,4 79 7,4 77 ‘~ I’ 
- II’) 80 80 MCI CC 73 - IC) 0 ~ 7)  ‘4 11 74

- - - ‘ - - - - - .~~~~~ 

soz In 8’) ? 4’. ‘46 C C ?  . 717 7 4 ’  C C ’ f  41.) Cl7’) 014) 710 ‘ C  I , ”  C - ’ .’ “ C ’ ’ ”  ‘.117 ‘ I C  - 4)7 440 III 4 7 -

an oia .044 oOC ‘.9 0410 0’) DI .0?? 1131 ,C . I  C7~~7 071  CC ,’~ ICII “ ‘ 071 0)14 03) 07) OlD 0)6 . 029 ‘91)

71. 74 1.’ 7? 70 ICC ‘4 Cl. 0)) 07 ’ , C C ) 73~~~~ 4 0.1 410 IC’ C. 74 74 ~$ ‘4

.92 7 9l0 96) 1454 - ‘ 4 .~~~~~’C, ’ - 71) 149 0 4  97,7 ~ ~~ ‘. U? 1 ) 5  4~~ ) 7’ ’ ,  ‘ 4- SC ! 1.90 ‘.44 447 10’. 4C. .. C C ’ ’

.029 .033 040 C) ’,? C7 ,O 4.1 077 lOS F 020 034 “ .4 C C C  f l”. 0714 7’4 7  (IC ’ 0 )7 ’  170 C C C 4  , i~~, 4 ) ) )  0)7 0 C C  0419 ‘ 7

Cl ’) ~~ o ‘ 80 ~ CO ~ 
C C  C C  i ’ I ’ ’l 40 ‘1. ~ - ‘4 ‘9 7)  77

. 82’, 4714 9474 9514 C47 ill 1)4 7’IC 44130 CO 4)25 17,7 i C C  C C C I  I. -- C C ‘ C , ‘.30 ‘- C U  ‘.15 ‘, C C  44~ 4~ 7 4 ’ CC ‘.4 ’

. 029 flU . 019 .05 7 “CI 0414 0714 CCC ’) 0 4 C C  075 - 1 7 ’ ’ -7 ” ) .  029 0 4 ’  CI  7 ’) ’ . CC ,’)  ‘ C C .  C U  11) 2 0) 7 030 ICC” .

77 76 76 1. 19 76 I’. 140 Ii) 437 79 7’ 7 11 

— 

‘1 7 1 75 74 4 747

824 .822 4149 CI’.U 7’ .C) I C - I  C l ’ , ‘0 ,’ 7491) 01.4 CC C, C ’ 4  7, ,  ‘ C C  4)04 $7 ,~F ,, 7  1.78 ‘. C ~~ ‘.7’ ) III 4 C ’ 7  IC’ ’ ‘ 4 7 ,

029 03 3 9l~ 01.7 , ‘14 .’ 1)41’, 1111 If .0?’) all 0 ” )  0?’ . ,C .~,- C C . ’CI 01? ‘ CC 0)1 .  1.0 ‘3  977 7 7 7  C C I I ,  17)3 “ 7 ’

77 76 75 ‘ 4 -  79 77 76 ~ 00 C C )  CC) ?9~ 
7 , ’ 7’. 76 ‘1 7)) 74 4 77 77 ’  ‘4 74  0

475 819 33 47 86? 7 433  760 77 1 .  70) MIII) ‘9.1 ‘ C C C I  4 ,’ C ’ l ’ ’ .7” I .CC ’ C 4.)7( 5044 1 . ) 7  ‘0’. cc l 44 14 4 . 7  484. 61)

CV’) .03) 1)14 1)5! “C  (911. .074 Ii)) 070 IC) ’ , “.1 0’’  027 0))) C l ’  71.0 ‘ 7 ) ’ , 927 039 - ‘I Dl? 037 (1)7 ‘*7

76 74 (0 76 7’) 7 7 71. 1’. MO RI 90 7 ’  17 71 ‘l~ 1 79 CC ? II ‘4  ‘ 4  . 4  73 ’ C

- 1— - -- - -~~~~~ 
_
~~

_ _ _ _ _ _4  - - - ‘- - .
~~~~~~—-—-- . . ,  - - . . , 

42) 4) 9 9414 C C C ’ ’ ’  744 ‘‘.4 777 19) I CCC. ’ 74 30 ‘C7l ,~ 747 777 694 6IC ’, .C,, 1 . ) ?  ‘- C’ .  ‘.‘.‘. UI III 40)  91.)

0211 C l ) )  III ’) 044 ,4C’ 7 (91(1 C l ?  (7 7)) 0) ’ . (404 (773 7)2 7 0)0 041 1)’’) 1’)) Cl .’)  C C I 7  o7~
, C 1 7  ,- ,~ fl) C 4 1 7

F ~‘ 01 ~~ / 4  19 ‘7 75 7’. 140 333 
~~
‘

C 
~~ ~~ P. ‘

~~ 
‘‘4 44) ‘~ 7’. $0 74 77
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A linear combination of the four or less match point estimates was computed for
each point.

L4

~I ,S = ~j  x IJS
J= I

L4

vI , S = WJ Y
~ J~

LI ~J = i

W = 1
J= 1

I = 1 , 81 points

S = 1 , 15 scenes

J = 1, 4 Window Sizes

Numerical values were assigned to the Wj according to window dimen sion : larger
windows were assigned larger weights. Although the smaller windows usua ly produced
higher correlation values and sh arper peaks than the larger windows , the likelihood of
a false peak is also higher. Suppose , for example , that all fou r estima tes of a particular
point were acceptable. The weights in this case would be

21 x 21 : W 1 = 2 l 2 / p  = 0.49000

17 x 17 : W2 = 172/ P = 0.32112

11 x 11 : W~ = 112/ P  0.13444

7 x 7 : W~ = 72/P = 0.05444

P = 212 + 17’ + 112 + 72 = 900

29 
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The same weigh t definition applies to the four situations where three of the estimates
C are considered successful. Any point with two or fewer successfu l matches was ignored.

The weighted estimates for the 1- to 6-bit images were compare d in tu rn to the 8-
bit image-weighted estimates. The average diffe rence and the standard error of the
diffe rence were calculated for comparison.

£XK8S 
= I - X 158 )

2 1 2
°XK8S L 1  

[ (X 15~< 
_ X 1s8 ) - £ XK 8S ]

i = l

K = 1 , 6 bits

S = 1 , 15 scenes

I = 1 , 81 points

A similar pai r of equations were evaluated for the Y measurements. The value L is
less than or equal to 81: the value is the number of points that are represented by va-
lid estimates from both 8-bit and K-hit matches. Results for six scenes arc presented in
tables D3 and D4. In table D3, DPCM compression does not cause a bias between K-
bit image match results and 8-bit image match results. In table D4 . the standard error
of the discrepancies between K-bit image matches and 8-bit matches decreases as K
increases. Note the units of the tabular entries in both tables are pixel spacings.
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TABLL DO Standard m o ,  o( Duc,~panc.e, Belwceu ~0~B,i Mitch... and 8.8ii Mal ches
5 015€

I
1-8 C 02 0.542 0.15: 0.193 0.50~ C. (ff

0.69 1 .0€ ’ 0. i 5~ 0. 420  0 6 ’ ’  & ‘33

2-8 0 0~t~ C 4E~ 0.101 o.o ;  0.7~ 7 C . 3

0. 1f3 0.4’: 0 0’f~ 0.215 t ’ t C :;

0 043 0 33€ 0 OCt C 43 0 . 320  C .22 ~

C 43€ 0. 02~ C- . 313 0.219 C . -€

4-5 0,014 0.3’: c . :,:: C C.2;f c .cs i .

0 :t: C C

5-8 0.0~4 C 3~~ 0 . 7,3 : 0 117 C.C ’C c : ‘

0.04- c . i o :  C . Ci~ 7, :~. C t~ 0

6—0 0.01€ 0.3:’ a ct : C 0€’ C.269

a d )  C .27 C.34’ 0.04€ o. :o€ C

1A~~LL D4 *744411433* Docvlpan)’o Be~w..en K’BIl MalChes and S.Bsl Maichrs

I Il
1-8 -0. 0 4  -c  131 -0 ,0 17 —0.059 0. 144 C 020

- 0 . 0 5 9  - 132 0.081 -C OOS C.064 0 . 14€

2-f  -0 003 -0 .015  —0 .01 9  0.034 0 ,C~0 -0 320

0.0 15 -C C’! C 053 0.006 — 0 , 024  -0 . 006

3-8 0.080 -0 025 0.0 32 -C 0~ C OOS C. i’’E

0.04: -0 .7111 0.008 0.029 C .024 0- 01!

4-8 0.0 2-3 - 0 . 0 3 0  -C 003 -0. 0 13 c c~o -c oc:
0 .037 .0 05 2 —0 .00 6 0.031 —0. 038 —0 .035

5-8 0.001 -0.025 -0.023 -0 .03 1 0,0 18 -0. 014

-0.001 -0.019 -0.005 —0.003 —0 .04 9 0.049

6-8 0.002 -0.035 .0.008 .0 ,013 0.03 1 0, 037

0.011 — 0.031 0.000 0.006 -0.0 16 -0 .000
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