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ABSTRACT 

T h e  S o f t w a r e  E n ~ i n e e r i n g  L a b o r a t o r y  (SEL)  i s  an o r g a n i z a t i o n  
c r e a t e d  n e a r l y  1 0  y e a r s  a g o  f o r  t h e  p u r p o s e  o f  i d e n t i f y i n g ,  
m e a s u r i n g  and a p p l y i n g  q u a l i t y  s o f t w a r e  e n g i n e e r i n g  t e c h n i q u e s  
i n  a p r o d u c t i o n  e n v i r o n m e n t  ( R e f e r e n c e  1 ) .  T h e  members  o f  t h e  
SEL i n c l u d e  NASA/GSFC ( t h e  s p o n s o r  and o r g a n i z e r ) ,  U n i v e r s i t y  o f  
M a r y l a n d ,  and Computer  S c i e n c e s  C o r p o r a t i o n .  S i n c e  i t s  i n c e p t i o n  
t h e  SEL has c o n d u c t e d  numerous e x p e r i m e n t s ,  and has  e v a l u a t e d  a 
w i d e  r a n g e  o f  s o f t w a r e  t e c h n o l o g i e s ,  T h i s  p a p e r  d e s c r i b e s  
s e v e r a l  o f  t h e  m o r e  r e c e n t  e x p e r i m e n t s  a s  w e l l  a s  some o f  t h e  
g e n e r a l  c o n c l u s i o n s  t o  w h i c h  t h e  SEL has a r r i v e d .  

1.0 Backg round  ( C h a r t  1 )  

O v e r  t h e  p a s t  9 yea rs ,  t h e  SEL has c o n d u c t e d  s t u d i e s  i n  4 m a j o r  
a r e a s  o f  s o f t w a r e  t e c h n o l o g y :  

1. S o f t w a r e  T o o l s  and E n v i r o n m e n t s  
2. Deve lopmen t  Methods  
3 .  Measures  and P r o f i l e s  
4. S o f t w a r e  Mode ls  

M o s t  o f  t h e s e  s t u d i e s  h a v e  been c o n d u c t e d  by  u t i 1  i z i n g  s p e c i f i c  
approaches,  t o o l s  o r  m o d e l s  t o  p r o d u c t i o n  s o f t w a r e  p r o b l e n i s  w i t h i n  
t h e  f l  i g h t  d y n a m i c s  e n v i r o n K e n t  a t  Goddard .  By  e x t r a c t i n g  
d e t a i l e d  i n f o r m a t i o n  p e r t a i n i n g  t o  t h e  p r o b l e m ,  e n v i r o n m e n t ,  
p r o c e s s  and p r o d u c t ,  t h e  SEL h a s  b e e n  a b l e  t o  g a i n  some i n s i g h t  
i n t o  t h e  r e l a t i v e  i m p a c t  t h a t  t h e  v a r i o u s  t e c h n o l o g i e s  may h a v e  
on t h e  q u a l i t y  o f  t h e  s o f t w a r e  b e i n g  deve loped .  

More  d e t a i l e d  d e s c r i p t i o n s  o f  t h e  o v e r a l l  measurement p r o c e s s  as  
w e l l  a s  t h e  SEL s t u d i e s  may b e  f o u n d  i n  R e f e r e n c e s  1, 2, and  3. 
T h i s  b r i e f  p a p e r  w i l l  d e s c r i b e  some o f  t h e  more  r e c e n t ,  s p e c i f i c  
e x p e r i m e n t s  t h a t  h a v e  been c o n d u c t e d  b y / i n  t h e  SEL and j u s t  what  
t y p e s  o f  i n s i g h t  may b e  p r o v i d e d  i n  a r e a s  o f :  

1. T o o l s  and E n v i r o n m e n t s  
2. S o f t w a r e  T e s t i n g  
3.  D e s i g n  Measures  
4. G e n e r a l  T r e n d s  

*The work described i n  th i s  paper has been extracted from reports and studies carried 
out by members o f  the SEL. 
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T Y P E  OF S C I E N T I F I C ,  GROUND-BASED, I N T E R A C T I V E  GRAPHIC,  
SOFTWARE: MODERATE R E L I A B I L I T Y  AND RESPONSE REQUIREMENTS 

LANGUAGES: 85% FORTRAN, 15% ASSEMBLER MACROS 

COMPUTERS: I B M  MAINFRAMES,  BATCH W I T H  TSO 

P R O J E C T  C H A R A C T E R I S T I C S :  AVERAGE H I G H  LOW 

D U R A T I O N  (MONTHS) 16 21 13 

EFFORT ( S T A F F - Y E A R S )  e 24 2 

S I Z E  (1000 L O C I  
DEVELOPED 
D E L  I VERED 

S T A F F  ( F U L L - T I M E  
E Q U I V A L E N T )  

AVERAGE 
PEAK 
I N D I  VUALS 

57 142 22 
62 159 33 

5 11 2 
10 24 4 
14 29 7 

A P P L I C A T I O N  E X P E R I E N C E  
( Y E A R S  1 

MANAGERS 6 7 5 
T E C H N I C A L  S T A F F  4 5 3 

OVERALL E X P E R I E N C E  
( Y E A R S  1 

MANAGERS 
T E C H N I C A L  S T A F F  

10 14 8 
9 11 7 

F I G U R E  1. F L I G H T  D Y N A M I C S  SOFTWARE 
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The F l i g h t  Dynamics  e n v i r o n m e n t  t y p i c a l l y  i s  a FORTRAN e n v i r o n -  
ment  b u i l d i n g  s o f t w a r e  sys tems  r a n g i n g  i n  s i z e  f r o m  10,000 t o  
150,0013 l i n e s  o f  c o d e  - ( s e e  F i g u r e  1 ) .  

2.0 S o f t w a r e  T o o l  s / E n v i  ronmen ts  * ( C h a r t  2 and R e f e r e n c e  4 1 

One o f  t h e  more i n t e r e s t i n g  s t u d i e s  t h a t  was c o n d u c t e d  w i t h i n  t h e  
p a s t  s e v e r a l  y e a r s 0  was o n e  i n  w h i c h  a n  a t t e m p t  was made t o  
measure t h e  i m p a c t  o f  s e v e r a l  d e v e l o p m e n t  app roaches  ( r e 1  a t e d  t o  
e n v i r o n m e n t  s u p p o r t )  on t h e  q u a l i t y  o f  s o f t w a r e  w i t h i n  t h e  f l i g h t  
dynamics  d i s c i p l  ine ,  

The t h r e e  p o i n t s  o f  s t u d y  i n c l u d e :  

1. S o f t w a r e  T o o l s  
2. Computer  S u p p o r t  
3. Number o f  T e r m i n a l s / P r c g r a m m e r  

T h e  q u a l i t y  o f  t h e  p r o d u c t  was m e a s u r e d  u s i n g  4 a t t r i b u t e s  
i n c l  ud i n g :  

month,  
1. P r o d u c t i v i t y  - Number o f  d e v e l o p e d  1 i n e s  o f  code p e r  man 

2. R e l i a b i l i t y  - Nuuiber o f  e r r o r s  r e p o r t e d  p e r  1,000 l i n e s  
o f  code. 

3. E f f o r t  t o  C h a n g e  - ( A v e r a g e  n u m b e r  o f  man h o u r s  
r e q u i r e d  t o  make a s o f t w a r e  m o d i f i c a t i o n ) .  

4. E f f o r t  t o  R e p a i r  ( A v e r a g e  number o f  man h o u r s  r e q u i r e d  t o  
c o r r e c t  an i d e n t i f i e d  e r r o r )  

2.1 E x p e r i m e n t  D e s c r i p t i o n  ( C h a r t  3 )  

I n  c a r r y i n g  o u t  t h e  s t u d y ,  a r e v i e w  o f  a l l  p r o j e c t s  f o r  w h i c h  
d e t a i l e d  p r o j e c t  h i s t o r y  d a t a  was a v a i l a b l e  and  c o m p l e t e  was 
u n d e r t a k e n .  F r o m  t h e  c o m p l e t e d  5 0  p r o j e c t s ,  1 4  w e r e  s e l e c t e d  
because o f  t h e  q u a l i t y  and c o m p l e t e n e s s  o f  t h e  r e l e v a n t  d a t a  and 
m o r e i m p o r t a n t l y  b e c a u s e  o f  t h e  g e n e r a l  s i m i l a r i t y  o f  
c o m p l e x i t y  o f  p r o b l e m s  t h a t  t h e  s o f t w a r e  was a t t e m p t i n g  t o  s o l v e .  

F o u r t e e n  p r o j e c t s  r a n g i n g  i n  s i z e  f r o m  11 ,000  l i n e s  o f  c o d e  t o  
1 3 6 , 0 0 0  l i n e s  o f  c o d e  w e r e  s e l e c t e d .  T h e s e  p r o j e c t s  h a d  
i n f o r n a t i o n  d e s c r i b i n g  t h e  e n v i r o n m e n t  u n d e r  w h i c h  t h e y  w e r e  
d e v e l o p e d  a n d  a d d i t i o n a l  i n f o r m a t i o n  s u c h  a s  t h e  number  a n d  
q u a l  i t y  o f  au tomated  t o o l s  u t i 1  i z e d  and t h e  number o f  i n t e r a c t i v e  
t e r m i n a l s  a v a i l a b l e  t o  t h e  programming s t a f f .  

*Lead inves t iga tors  of  t h i s  work included F. McGarry and J. V a l e t t  of NASA/GSFC 
and D. H a l l  o f  NASA/HQ. 
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The 1 4  p r o j e c t s  s e l e c t e d  a l l  d e a l t  w i t h  t a s k s  i n  s o l v i n g  a t t i t u d e  
d e t e r m i n a t i o n  and c o n t r o l  r e 1  a t e d  p rob lems .  The p r o j e c t s  were 
c o m p l e t e d  be tween t h e  y e a r s  1978 t o  1984. 

The p r o j e c t s  a l s o  had d e t a i l e d  i n f o r m a t i o n  as t o  manhours, s i z e r  
e r r o r  h i s t o r y ,  and  e f f o r t  r e q u i r e d  t o  make a l l  c h a n g e s  a n d  
c o r r e c t i o n s  t o  t h e  s o f t w a r e .  

2.2 P r o j e c t  V a r i a t i o n s  ( C h a r t  4 )  

I n  a t t e m p t i n g  t o  c h a r a c t e r i z e  each o f  t h e  d e v e l  cprr.ent p r o j e c t s ,  
a r a n k i n g  scheme was u s e d  f o r  t h i s  p a r t i c u l a r  s t u d y .  I t  was 
f o u n d  t h a t  t h e  a v a i l a b i l i t y  o f  t e r m i n a l s  r a n g e d  f r o m  a l o w  o f  
l e s s  t h a n  1 p e r  8 p r o g r a m m e r s  t o  a h i g h  o f  b e t t e r  t h a n  1 p e r  2 
p r o 9 r anme r s 

T h e r e  w e r e  a t o t a l  o f  2 1  t o o l s  c o n s i d e r e d  i n  t h i s  s t u d y  t h a t  
w e r e  a p p l i e d  b y  a t  l e a s t  some o f  t h e  p r o j e c t s  s t u d i e d .  S u c h  
t o o l s  as  d o c u m e n t a t i o n  a i d s ,  p r e p r o c e s s o r s ,  t e s t  g e n e r a t o r s  and 
p rog ram o p t i m i z e r s  were among t h e  t o o l s  c o n s i d e r e d .  

I t  was a l s o  f o u n d  t h a t  t h e  d i s t r i b u t i o n  o f  l e v e l  o f  use  f o r  t o o l s  
r a n g e d  f r o m  a low o f  o n l y  1 o r  2 a u t o m a t e d  t o o l s  b e i n g  used,  t o  a 
h i s h  o f  m o r e  t h a n  t? a u t o m a t e d t o o l s  b e i n g  used.  T h e s e  t o o l s  a l s o  
w e r e  r a t e d  a s  f a r  a s  t h e  a c t u a l  u s a g e  b y  t h e  p a r t i c u l a r  p r o j e c t  
and  a l s o  t h e r e  was a r a t i n g  f o r  e a c h  t o o l  o f  t h e  a s s e s s e d  
' q u a l i t y c  o f  t h e  p a r t i c u l a r  t o o l .  Q u a l i t y  h e r e  was r a t e d  f o r  
e a c h  t o o l  o n  a s c a l e  o f  1 t o  5 and  was a s u b j e c t i v e  r a t i n g  
d e t e r m i n e d  b y  t h e  s o f t w a r e  manager. 

T h e r e  were  a t o t a l  o f  11 c h a r a c t e r i s t i c s  t h a t  made up t h e  
compu te r  s u p p o r t  measure.  These 11  i n c l u d e d :  

o T e r m i n a l  A c c e s s i b i l i t y  o O f f l i n e  S t o r a g e  
o T u r n  a r o u n d  t i m e  o I n t e r a c t i v e  A v a i l a b i l i t y  
o C o m p i l e r  Speed o T e r m i n a l s / p r o g r a m m e r s  
o System R e l i a b i l i t y  ( 2  measures)  o Avg. CPU U t i l i z a t i o n  
o D i r e c t  S t o r a g e  o A c c e s s i b i l i t y  o f  a l l  

r e s o u r c e s  

2.3 S t u d y  R e s u l t s  ( C h a r t  5 )  

The r e s u l t s  o f  t h i s  p a r t i c u l a r  s t u d y  were e n c o u r a g i n g  on t h e  one  
hand and q u i t e  p e r p l e x i n g  on t h e  o t h e r .  

2.3.1 T o o l  u s a g e  r e s u l t s  showed  t h a t  a s  t h e  number  and  q u a l  i t y  
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of automated tools increased, there were significant increases in 
3 of the 4 quality measures used in this study: 

1. Productivity increased as tool usage increased 

2. Maintainability (effcrt to change/effort to repair) 
improved as the number and quality of tools increased. 

3. Reliability did not seem to be significantly impacted in 
this one particular study. 

2.3.2 Computer Environment 

Although all of the experiKenters felt that there would be 
significant increases in all qual ity measures as the overal 1 
qual ity of corriputer support increased, none of the measures 
proved to be significant for this one particular study. It could 
not be shown that an improved computer support environment ( a t '  
leastas far as the way the SEL described support environment) 
directly, favorably impacted the four qual ity measures used by 
the SEL. 

This particular study is still undergoing further analysis. 

2.3.3 Terminal Usage 

The most perplexing result of this experiment study was the 
one i n  which the S E L  attempted to assess the impact that 
increased number of terminals would have on the four measures 
described. 

A 1  though the experimenters expected to observe a n  iricrease in  
both productivity and software reliability as the number o f  
terminals made available increased, the study found just the 
opposite. Both productivity and reliability of software 
decrezsed as the ratio of tern:inals available increased. There 
was no significance in the results for maintainability (effort tG 
change/offort for repair). 

Numerous suggestions have been put forth in attempting to explain 
thls phenomena. Some felt that the increased terminal usage 
possibly was not properly accompanied with interactive support 
tools in the particular environment. 

Another idea was that the increased terminal availabil ity wi.thout 
proper training for the programmers led to a less disciplined 
approach by the progranmers. 

F. McGany 
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There are several other possible explanations of the results and 
for that reasonr this particular study has been continuing a n d  
will be attempting to more thoroughly analyze this data as well 
as the additional projects that have been completed in  this 
environment. 

3.0 Software Testing 

A second general set of studies that has been conducted over the 
past several years within the SEL has been directed toward gaining 
insight into approaches to testing software. Since this phase of 
the development life cycle h a d  previously been determined to 
consume at least 30 percent of the development resources 
(Reference 5Ir it was deemed as a critical ly important discipl ine 
to study. Two major experiments were conducted d u r i n g  1984 and 
1985 in an attempt to: 

1. Determine the overal 1 coverage of software in the 
typical testing scenario utilized i n  the flight dynamics 
software devel opment. 

2. Investigate the relative merits of three standard 
testing approaches: 

o functional testing 
o structural testing 
o code reading 

3.1 Test Coverage* (Chart 6 and Reference 6) 

The first experiment on testing was designed to determine the 
extent to which typical testing techniques within the flight 
dynamics environment amp1 y exercised the software that had been 
built. This particular environment util izes functional testing 
during both the system test phase as well as the acceptance test 
phase. 

By instrumenting a major flight dynamics systemr then b y  
executing the series of both system tests and acceptance tests - 
experimenters could first determine the coverage attained in the 
test phases. Next, the experimenters monitored the operational 
execution of this same software over a period of months to 
determine the extent to which portions of the completed software 
were util ized. Final lyr the experimenters analyzed uncovered 
errors in  an attempt to determine if the errors occurred i n  
portions of the system that had not been exercised d u r i n g  the 

*The lead investigator for  t h i s  work was Jim Ramsey of  Univ. o f  MD 
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t e s t  p h a s e  o f  d e v e l o p m e n t .  T h e  s o f t w a r e  s t u d i e d  was a m a j o r  
subsys tem o f  a m i s s i o n  p l a n n i n g  t o o l  and c o n s i s t e d  o f  6 8  n i o d u l e s  
( F o r t r a n  s u b r o u t i n e s )  w i t h  10,000 l i n e s  o f  c o d e .  T h e r e  w e r e  1 0  
f u n c t i o n a l  t e s t s  m a k i n g  up t h e  a c c e p t a n c e  t e s t  p l a n  f o r  t h e  
s u b s y s t e m  a n d  d u r i n g  t h e  o p e r a t i o n a l  p h a s e ,  t h e  e x p e r i m e n t e r s  
m o n i t o r e d  60  o p e r a t i o n a l  e x e c u t i o n  o f  t h e  s o f t w a r e .  

3.1.1 T e s t  Coverage R e s u l t s  ( C h a r t  7) 

The managers o f  t h e  f l  i g h t  dynamics  d e v e l o p m e n t  sys tems  n o t e d  
t h a t  t h e  a p p r o a c h  t o  t e s t i n g  h a d  h i s t o r i c a l l y  b e e n  q u i t e  g o o d  
( r e l a t i v e l y  f e w  e r r o r s  f o u n d  i n  o p e r a t i o n s )  a n d  t h e y  e x p e c t e d  
t h a t  t h e  c o v e r a g e  f o u n d  f o r  t h i s  o n e  e x p e r i m e n t  w o u l d  b e  q u i t e  
h i g h  ( f e w  m o d u l e s  w o u l d  b e  n o t  e x e c u t e d ) .  T h e  r e s u l t s  o f  t h e  
e x p e r i m e n t  showed t h a t  f o r  t h e  1 0  f u n c t i o n a l  t e s t s  execu ted ,  o n l y  
7 5  p e r c e n t  o f  t h e  6 8  m o d u l e s  w e r e  e x e c u t e d  a n d  l e s s  t h a n  6 0  
p e r c e n t  o f  t h e  t o t a l  e x e c u t a b l e  code  was c o v e r e d  i n  t h e  t e s t s .  

A d d i t i o n a l l y ,  t h e  s e r i e s  o f  o p e r a t i o n a l  e x e c u t i o n s  showed t h a t  a 
s l  i g h t l y  h i g h e r  p e r c e n t a g e  o f  b o t h  number o f  m o d u l e s  and 1 i n e s  o f  
code  were e x e c u t e d  f o r  t h i s  s e r i e s  o f  6 0  e x e c u t i o n s .  

F i n a l l y ,  a l l  o f  t h e  e r r o r  r e p o r t s  were  r e v i e w e d  t o  d e t e r m i n e  i n  
w h i c h  p o r t i o n  of t h e  s y s t e m  t h e  e r r o r s  h a d  o c c u r r e d .  I t  was 
f o u n d  t h a t  8 e r r o r s  h a d  b e e n  r e c o r d e d  d u r i n g  t h e  e x t e n d e d  
o p e r a t i o n a l  phase of t h e  s o f t w a r e ,  b u t  i t  was f o u n d  t h a t  none o f  
t h e  r e p o r t e d  e r r o r s  o c c u r r e d  i n  s o f t w a r e  t h a t  h a d  n o t  b e e n  
e x e c u t e d  d u r i n g  t h e  a c c e p t a n c e  t e s t  phase. 

T h i s  i n i t i a l  s t u d y  seemed t o  i n d i c a t e  t h a t  t h e  f u n c t i o n a l  t e s t i n g  
a p p r o a c h  was p r o p e r l y  l e a d i n g  t o  c o r r e c t  p o r t i o n s  o f  t h e  s y s t e m  
b e i n g  e x e c u t e d  a n d  i t  a l s o  was v e r y  r e p r e s e n t a t i v e  o f  t h e  
o p e r a t i o n a l  usage o f  t h e  s o f t w a r e .  

The r e s u l t s  o f  t h i s  s t u d y  i n d i c a t e d  t h a t  f u r t h e r  i n v e s t i g a t i o n s  
i n t o  t h e  v a r i o u s  a p p r o a c h e s  t o  t e s t i n g  may b e  w o r t h w h i l e  t o  
d e t e r m i n e  j u s t  w h i c h  a p p r o a c h e s  were mos t  e f f e c t i v e  i n  u n c o v e r i n g  
e r r o r s  i n  t h e  s o f t w a r e  i t s e l f .  

3.2 S o f t w a r e  T e s t i n g  Techn iques*  ( C h a r t  8 and R e f e r e n c e  7) 

A n o t h e r  s t u d y  was c o n d u c t e d  where t h r e e  p r o g r a f i s  were seeded w i t h  
a number o f  f a u l t s  and 3 2  p r o f e s s i o n a l  programmers f r o m  N A S A / G S F C  
and f r o m  Computer  S c i e n c e s  C o r p o r a t i o n  (CSC)  p a r t i c i p a t e d  i n  an 
e x p e r i m e n t  t o  d e t e r m i n e  w h i c h  t e c h n i q u e s  were e f f e c t i v e  i n  
u n c o v e r i n g  t h e s e  f a u l t s .  

The t h r e e  t e s t i n g  a p p r o a c h e s  i n c l u d e d :  

*The lead invest igator  f o r  this study was Rick Selby of Univ. of MD 
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o Functional Testing 
o Structural Testing 
o Code Reading 

A l l  programmers participated in a p p l y i n g  each of the three 
techniques. 

When performing functional tests, the programmers were required 
to use the functional requirements along with test results to 
isolate faults - they were not to look at the source code itself 
until after testing was completed. 

Those programmers perfcrming structural testing used the source 
code a n d  test results b u t  d i d  not use the functional 
requirements. 

Code reading was carried out with no executions of the software. 
Those performing code reading reviewed the requirements and also 
looked at the source code. 

3.2.1 Testing Technique Results (Charts 9 and 10) 

The-results of this experiment indicated that code reading is the 
most effective of the three testing techniques studied. This 
technique uncovered an average of 61 percent o f  211 seeded faults 
while functional testing uncovered 51 percent and structural 
testing uncovered 38 percent. 

Before the test, most of the managers i n  the S E L  felt that code 
reading would prove to be a very effective testing techniquer 
although they also felt that it would probably be the most costly 
in manhours to apply; but the results of the experiment indicated 
that code reading also was the most cost effective technique (3.3 
faults per marhour vs 1.8 faults permanhour for structural a n d  
for functional testing). It was also noteworthy that, before the 
experiment, less than 1 out of 4 persons participating i n  the 
experiment predicted that code reading would be the most 
effective approach. 

An additional observa.tion that was made after the testing results 
were compiled was that there seemed to be a difference i n  the 
relative effectiveness of each of the testing approaches as the 
size of the software being tested increased. For the smaller 
program, code reading was b y  far the most effective technique, 
but for the larger program, functional testing seemed to be quite 
effective. This observation may indicate that there should be a 
size limit o n  how much code is utilized in a code reading 
exercise. Further tests are planned for these studies. 

F. McGany 
NASA/GSFC 
8 of 37 



4.0 S o f t w a r e  Measures  

O v e r  t h e  p a s t  6 t o  8 y e a r s ,  t h e  S E L  h a s  d e f i n e d ,  s t u d i e d ,  a n d  
e v a l u a t e d  numerous measures  a p p l  i c a b l  e t o  s o f t w a r e  d e v e l o p m e n t  
a n d  management  ( R e f e r e n c e s  8 ,  98 101. Most  o f  t h e s e  m e a s u r e s  
have  f o c u s e d  o n  one phase  o f  t h e  s o f t w a r e  l i f e  c y c l e  - t h e  code/  
u n i t  t e s t  phase .  I n  an  a t t e m p t  t o  d e f i n e  a n d  a p p l y  m e a s u r e s  i n  
e a r l i e r  p h a s e s  o f  t h e  l i f e  c y c l e ,  t h e  S E L  h a s  b e e n  r e v i e w i n g  
s e v e r a l  a p p r o a c h e s  t o  q u a l i f y i n g  o r  m e a s u r i n g  a s p e c t s  o f  t h e  
s o f t w a r e  d u r i n g  t h e  s p e c i f i c a t i o n s  p h a s e  a n d  d u r i n g  t h e  d e s i g n  
phase. Work on  t h e  s p e c i f i c a t i c n  phase was r e p o r t e d  a t  t h e  E i i n t h  
S o f t w a r e  E n g i n e e r i n g  W o r k s h o p a n d  r a y  b e  f o u n d i n r e f e r e n c e  1 1  
and 12. One a d d i t i o n a l  p i e c e  o f  work t h a t  has  been c o n d u c t e d  f o r  
t h e  d e s i g n  phase  w i l l  b e  d i s c u s s e d  here.  

4.1 S o f t w a r e  D e s i g n  Measures*  ( C h a r t s  11 and 12 R e f e r e n c e  
131  1 4 )  

I n  
t o  
f o  

an a t t e m p t  t o  q u a l i f y  s o f t w a r e  d e s i g n s ,  a s t u d y  was c o n d u c t e d  
d e t e r m i n e  if m o d u l e  s t r e n g t h  may b e  u t i 1  i z e d  a s  a g u i d e 1  i n e  

r s o f t w a r e  m o d u l a r i z a t i c n .  A l t h o u g h  t h e  d e f i n i t i o n s  o f  
s t r e n g t h  may b e  w e l l  u n d e r s t o o d # t h e  p a r a m e t e r  may n o t  b e  e a s y  t o  
d e t e r m i n e  based  s o l e l y  on  a s t r u c t u r e  c h a r t  o r  d a t a  f l o w  d i a g r a m  
w h i c h  may b e  p r o d u c e d  d u r i n g  t h e  d e s i g n  p h a s e  o f  s o f t w a r e  
deve lopmen t .  

F o r  t h e  p u r p o s e s  o f  t h i s  S t u d y ,  s t r e n g t h  i s  d e f i n e d  a s  t h e  
( s i n g l e n e s s  o f  p u r p o s e '  t h a t  a s o f t w a r e  m o d u l e  i n h e r e n t l y  
c o n t a i n s .  S i n g l e n e s s  o f  p u r p o s e  i s  a s u b j e c t i v e  p a r a m e t e r  
a s s i g n e d  a t  d e s i g n  t i m e  by  t h e  d e v e l o p e r / m a n a g e r .  From a l i s t  o f  
p o t e n t i a l  f u n c t i o n a l i t y  t h a t  a component  may have  (e.9. computa- 
t i o n a l  , c o n t r o l  , d a t a  p r o c e s s i n g ,  ctc.) t h e  programmer d e t e r m i n e s  
w h i c h  f u n c t i o n s  t h a t  m o d u l e  c o n t a i n s .  H i g h  s t r e n g t h  w o u l d  b e  
a t t r i b u t e d  t o  t h o s e  components  w h i c h  h a v e  b u t  a t i n g l e  f u n c t i o n  
t o  p e r f o r m I  med ium t o  2 a n d  l o w  s t r e n g t h  w o u l d  h a v e  t h r e e  o f  ~ i ~ r e  
f u n c t i o n s  t o  p e r f o r m .  

The s t u d y  examined 450  F o r t r a n  modu les  ( f r o m  4 s y s t e m s )  w h i c h  
were  b u i l t  b y  a p p r o x i m a t e l y  20  d i f f e r e n t  d e v e l o p e r s .  

T y p i c a l  SEL da ta ,  w h i c h  i n c l u d e s  d e t a i l e d  c o s t  and e r r o r  d a t a  f o r  
a l l  m o d u l e s  was a l s o  a v a i l a b l e  f o r  a l l  o f  t h e  modules.  The 450 
m o d u l e s  u s e d  f o r  t h i s  s t u d y  h a d  a f c i r l y  e v e n  d i s t r i b u t i o n  i n  
s i z e  a s  w e l l  a s  i n  d e s i g n  s t r e n g t h .  S m a l l  m o d u l e s  ( 1 0 4  o f  t h e  
450)  were  t h o s e  w i t h  up t o  3 1  e x e c u t a b l e  s t a t e m e n t s ,  medium' ( 1 4 8  
o f  450 )  were  t h o s e  w i t h  up t o  64  e x e c u t a b l e  s t a t e m e n t s  and  t h e r e  
w e r e  1 5 1  l a r g e  m o d u l e s  w h i c h  h a d  m o r e  t h a n  6 4  e x e c u t a b l e  
s t a t e m e n t s .  

*The lead inves t iga tors  f o r  t h i s  study were D. Card and G. Page o f  CSC and 
F. McGarry o f  NASA/GSFC 

F. McGarry 
NASAIGSFC 
9 of 37 



T h e  o b j e c t i v e  o f  t h e  s t u d y  was t o  d e t e r m i n e  i f  s t r e n s t h  o f  
m o d u l e s  a s  d e t e r m i n e d  a t  d e s i g n  t i m e  was r e l a t e d  t o  t h e  c o s t  and 
re1 i a b i l  i t y  o f  t h e  c o m p l e t e d  p r o d u c t .  

4.2 R e s u l t s  o f  t h e  S t u d y  on S t r e n g t h  ( C h a r t s  13, 14, 1 5 )  

T h e  r e s u l t s  o f  t h e  s t u d y  i n  t h e  S E L  i n d i c a t e d  t h a t  m o d u l e  
s t r e n g t h  i s  i n d e e d  a r e a s o n a b l e  c r i t e r i a  f o r  d e f i n i n g  s o f t w a r e  
m o d u l a r i z a t i o n .  When e x a m i n i n g  t h e  r e 1  i a b i l  i t y  o f  t h e  450  
m o d u l e s r  i t  was f o u n d  t h a t  5 0  p e r c e n t  o f  t h e  h i g h  s t r e n g t h  
m o d u l e s  h a d  z e r o  d e f e c t s  w h i l e  f o r  med ium s t r e n g t h  m o d u l e s  3 6  
p e r c e n t  had z e r o  d e f e c t s  and l o w  s t r e n g t h  m o d u l e s  o n l y  1 8  p e r c e n t  
o f  t h e  m o d u l e s  h a d  z e r o  d e f e c t s .  S i m i l  a r  t r e n d s  w e r e  f o u n d  f o r  
t h e  m o d u l e s  o f  m e d i u m  e r r o r  p r o n e n e s s  ( u p  t o  3 e r r o r s  p e r  1 0 0 0  
l i n e s  o f  c o d e )  and  f o r  m o d u l e s  h a v i n g  a h i g h  e r r o r  r a t e  ( o v e r  3 
e r r o r s  p e r  1000 l i n e s  o f  code). 

T h e  d i s t r i b u t i o n  o f  t h e  ' b u g g y '  m o d u l e s  ( o v e r  3 e r r o r s  p e r  1 0 0 0  
l i n e s  o f  c o d e )  was s h o w n  t o  t e n d  m o r e  t o w a r d  l o w  s t r e n g t h  a s  
o p p o s e d  t o  h i g h  s t r e n g t h .  F o r t y - f o u r  p e r c e n t  o f  t h e  b u g g y  
m o d u l e s  h a d  l ow s t r e n g t h  w h i l e  o n l y  2 0  p e r c e n t  o f  t h e  b u g g y  
modu les  were  f o u n d  t o  have  h i g h  s t r e n g t h .  

S e v e r a l  a d d i t i o n a l  o b s e r v a t i o n s  were  made w h i l e  c o n d u c t i n g  t h i s  
p a r t i c u l a r  s t u d y .  When t h e  c h a r a c t e r i s t i c s  o f  t h e  i n d i v i d u a l  
p r o g r a m m e r s  w e r e  r e v i e w e d 8  i t  was f o u n d  t h a t  t h o s e  p r o g r a m m e r s  
who p r o d u c e d  h i g h  q u a l i t y  s o f t w a r e  ( l o w  e r r o r  r a t e  a n d  h i g h  
p r o d u c t i v i t y )  t e n d e d  t o  d e s i g n  m o d u l e s  o f  h i g h  s t r e n g t h  b u t  t h e y  
a l s o  d i d  n o t  show a p r e f e r e n c e  f o r  w r i t i n g  m o d u l e s  o f  a n y  
s p e c i f i c  s i z e .  Good programmers  g e n e r a t e d  m o d u l e s  o f  s i z e  t h a t  
seemed t o  b e s t  s u i t  t h e i r  d e s i g n  a n d  t h e y  d i d  n o t  a r t i f i c i a l l y  
c o n s t r a i n  t h e m s e l v e s  t o  w r i t i n g  s m a l l  modu les .  

5.0 G e n e r a l  T r e n d s  and O b s e r v a t i c n s  

O v e r  t h e  p a s t  s e v e r a l  y e a r s ,  t h e  S E L  h a s  c o n d u c t e d  n u m e r o u s  
s t u d i e s  a n d  e x p e r i m e n t s  i n  a n  a t t e m p t  t o  b e t t e r  u n d e r s t a n d  t h e  
i m p a c t  t h a t  v a r i o u s  s o f t w a r e  t e c h n i q u e s  may h a v e  o n  p r o d u c i n g  
i m p r o v e d  s o f t w a r e .  I n  a d d i t i o n  t o  t h e  s p e c i f i c  s t u d i e s  c o n d u c t e d  
s u c h  a s  t h e  o n e s  b r i e f l y  d i s c u s s e d  i n  s e c t i o n s  2, 3, a n d  4, t h e  
S E L  h a s  o b s e r v e d  g e n e r a l  t r e n d s  i n  t h e  d e v e l o p m e n t  a n d  
measurement  o f  s o f t w a r e .  The o b s e r v a t i o n s  i n c l u d e  s u c h  p o i n t s  as  
t r e n d s  i n  s o f t w a r e  r e u s e ?  t r e n d s  i n  u t i l i z a t i o n  o f  i m p r o v e d  
s o f t w a r e  d e v e l o p m e n t  t e c h n o 1  o g y r  and  t h e  o v e r a l  1 i m p a c t  o f  
i n ; p r o v e d  d e v e l o p e d  t e c h n i q u e s  i n  t h e  c o s t  a n d  r e l i a b i l i t y  o f  
s o f t w a r e  o v e r  a l o n g  p e r i o d  o f  o b s e r v a t i o n  t i m e .  Some o f  t h e s e  
g e n e r a l  o b s e r v a t i o n s  a r e  summar ized here .  
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5.1 T r e n d s  i n  Computer  Use anc' T e c h n o l o g y  A p p l i c a t i o n  ( C h a r t s  
16 ,  1 7 )  

From d a t a  t h a t  has  been c o l l e c t e d  on n e a r l y  60 p r o j e c t s  o v e r  t h e  
p a s t  9 y e a r s ,  o n e  t r e n d  t h a t  h a s  b e e n  n o t e d  i s  t h e  t e n d e n c y  t o  
make h e a v i e r  and h e a v i e r  usage o f  a v a i l a b l e  computer suppor t .  I n  
1977 and 7978, computer  use  a v e r a g e d  a p p r o x i m a t e l y  100 runs  per 
1 0 0 0  l i n e s  o f  d e v e l o p e d  s o u r c e  c o d e  w h i l e  i n  1 9 8 2  and 1 9 8 3  t h e  
a v e r a g e  use i n c r e a s e d  t o  n e a r l y  2 5 0  r u n s  p e r  1 0 0 0  l i n e s  o f  
s o u r c e .  T h i s  t r e n d  c o n t i n u e s  t o  i n c r e a s e  w i t h i n  t h e  f l i g h t  
dynamics envi ronment  be ing  s t u d i e d .  

S i m u l t a n e o u s l y ,  i t  was n o t e d  t h a t  t h e  use o f  more and more 
s t r u c t u r e d  d e v e l  opment p r a c t i c e s ,  i mproved management approaches  
and o v e r a l  1 h i g h e r  q u a l i t y  s o f t w a r e  e n g i n e e r i n g  has  c o n t i n u a l  l y  
i n c r e a s e d .  Each p r o j e c t  h a s  been r a t e d  on i t s  a p p l i c a t i o n  o f  
o v e r  200 s o f t w a r e  techniques  ( s e e  r e f e r e n c e  1 5 )  i n  an a t t e m p t  t o  
q u a n t i f y  t h e  o v e r a l  1 1 e v e 1  of  d e v e l  opment and management tech-  
n o l o g y  u t i l i z e d  f o r  a p r o j e c t .  T h e  a g g r e g a t e  o f t h e  t o t a l  s e t  o f  
t e c h n i q u e s  a p p l i e d  r e s u l t s  i n  a r a t i n g  termed t h e  S o f t w a r e  Tech- 
nology Index. From an a v e r a g e  index  of  l e s s  t h a n  1 0 0  i n  1976 t o  
1978, i t  was found t h a t  t h e  c v e r a l l  deve lopmen t  t e c h n i q u e s  have  
i n c r e a s e d  t o  an a v e r a g e  o f  o v e r  140  i n  t h e  1980's.  T h i s  seems t o  
p o i n t  t o  improved t r a i n i n g ,  b e t t e r  d i s c i p l  ine, improved a c c e s s  t o  
t o o l s  a n d  p o s s i b l y  b e t t e r  informed management p r a c t i c e s .  

A1 t h o u g h  b o t h  p a r a m e t e r s  ( c o m p u t e r  use and s o f t w a r e  t e c h n o 1  ogy 
i n d e x )  seemed t o  g e n e r a l  l y  i n c r e a s e  o v e r  t h e  p a s t  7 o r  8 y e a r s ,  
t h e r e  i s  no obse rved  c o r r e l a t i o n  between t h e s e  two f a c t o r s .  

5 .2  T r e n d s  i n  So f tware  Reuse ( C h a r t  1 8 )  

A n o t h e r  g e n e r a l  o b s e r v a t i o n  t h a t  w a s  made f rom t h e  d e t a i l e d  
d e v e l o p m e n t  d a t a  c o l  l e c t e d  b y  t h e  S E L ,  w a s  t h a t  t h e  r euse  o f  
s o f t w a r e  h a s  shown g e n e r a l  t r e n d s  of  i n c r e a s e .  Typ ica l  s o f t w a r e  
sys t ems  i n  t h e  y e a r s  1 9 7 7 t o  1 9 7 9  a v e r a g e d  a b o u t 1 5  o r  2 0  p e r c e n t  
reused code  w h i l e  i n  t h e  1982 t o  1984 t imeframe t h e  a v e r a g e  reuse 
h a s  i n c r e a s e d  t o  30 t o  35  percent .  

Although t h i s  r e u s e  i s  c e r t a i n l y  t e n d i n g  i n  t h e  r i g h t  d i r e c t i o n ,  
t h e  SEL has  n o t  conducted  d e t a i l e d  s t u d i e s  t o  d e t e r m i n e  what t h e  
d r i v i n g  f a c t o r s  a r e  i n  improving  t h e  p e r c e n t a g e  of  reuse. T h e  
t r e n d s  a r e  p r o b a b l y  i n d i c a t i v e  o f  i m p r o v e m e n t s  i n  d e s i g n  
t e c h n i q u e  a s  w e l l  a s  numerous  o t h e r  f a c t o r s ,  b u t  s t u d i e s  h a v e  
j u s t  r e c e n t l y  b e e n  i n i t i a t e d  i n  t h e  S E L  t o  d e t e r m i n e  how t h e  
t r e n d  can be improved a t  a even f a s t e r  pace.  

I t  h a s  a l s o  been  o b s e r v e d  i n  t h e  S E L  d a t a  t h a t  t h e r e  d o e s  n o t  

F. McGarry 
NASA/GSFC 
11 of 37 



seem t o  b e  a d i r e c t  r e l a t i o n s h i p  between p r o j e c t s  t h a t  a r e  r a t e d  
a s  h a v i n g  a h i s h  s o f t w a r e  t.echno1ogy index  and h a v i n g  a h i g h  r a t e  
o f  s o f t w a r e  reuse .  B u t  t h i s  may n o t  b e  a s u r p r i s e  s i n c e  o n e  
would e x p e c t  t h a t  h i g h  t e c h n o l o g y  usage  would l e a d  t o  f o l l o w  on 
sys t ems  b e i n g  a b l e  t o  p i c k  u p  o r  r e u s e  s o f t w a r e  p r o d u c e d  b y  t h e  
p r o j e c t s  u s i n g  d i s c i p l  i n e d  app roaches  f o r  deve lopmen t  and 
management. 

5.3 Impact  of  Developnient T e c h n o l c g i e s  ( C h a r t  19) 

P r o b a b l y  t h e  m o s t  b a s i c  g o a l  t h a t  t h e  SEL h a s ,  i s  t o  d e t e r m i n e  
t h e  i m p a c t  t h a t  s p e c i f i e d  s o f t w a r e  d e v e l o p m e n t / m a n a g e r ~ e n t  
t e c h n i q u e s  h a v e  on t h e  c o s t  and r e 1  i a b i l  i t y  o f  s o f t w a r e .  With 
n e a r l y  60 p r o j e c t s  h a v i n g  b e e n  c l o s e l y  moni tored  o v e r  t h e  p a s t  8 
o r  9 y e a r s , t h e  SEL a t t e m p t e d  t o  look a t  g e n e r a l  t r e n d s  i n t h e  
r e l i a b i l i t y  and c o s t  o f  t h e s e  p r o j e c t s  a s  measured a g a i n s t  t h e  
s o f t w a r e  t e c h n o l o g y  i n d e x  computed  f o r  e a c h  o f  t h e s e  p r o j e c t s .  
T h e  200 p a r a m e t e r s  f a c t o r e d  i n t o  t h i s  i ndex  r e p r e s e n t  e v e r y t h i n g  
from s t r u c t u r e d  t e c h n i q u e s  t o  d i s c i p l i n e d  management approaches  
t o  c o n f i g u r a t i o n  c o n t r o l  p r o c e d u r e s .  I t  i s  o n e  a t t e m p t  t o  
c h a r a c t e r i z e  each  o f  t h e  p r o j e c t s  w i t h  a s i n g l e  v a l u e .  

T h i s  t e c h n o l o g y  i n d e x  c o r r e l a t e s  v e r y  we1 1 ( r  = . 8 2 ) w i t h  
r e l i a b i l i t y  o f  s o f t w a r e  in  t h e  SEL. Those p r o j e c t s  w i t h  a h i g h e r  
r a t i n g  of  good deve lopmen t  p r a c t i c e s  were t h e  p r o j e c t s  w i th  t h e  
lower  f a u l t  r a t e s  of t h e  prod.uct.  

U n f o r t u n a t e l y ,  t h e  i m p a c t  o f  t h i s  t e c h n o l o g y  i n d e x  on  
p r o d u c t i v i t y  i s  q u i t e  u n c l e a r .  T h e  f i r s t  g e n e r a l  o b s e r v a t i o n  
t h a t  h a s  been m a d e  i s  t h a t  t h e r e  i s  n o t  a c l e a r  f a v o r a b l e  impact  
on d e v e l o p m e n t  c o s t  ( c o s t  per l i n e  o f  c o d e )  w i t h  p r o j e c t s  w i t h  
h i g h e r  v a l u e s  of  t h i s  t e c h n o l o g y  index. S t u d i e s  a r e  c o n t i n u i n g  
i n  an a t t e m p t  t o  more o b j e c t i v e l y  compute t h i s  techncl logy r a t i n g  
s o  t h a t  a m o r e  c o n c l u s i v e  s t a t e m e n t  c a n  b e  m a d e .  Some 
r e s e a r c h e r s  a l s o  have  s u g s e s t e d  t h a t  i t  i s  n o t  t o  b e  unexpec ted  
t h a t  t h e  s p e c f f i c  deve lcp rnen t  c o s t  may n o t  d e c r e a s e  b u t  s i n c e  
t h e  re1 i a b i l  i t y  has  improved and t h e  o v e r a l  1 s o f t w a r e  s t r u c t u r e  
has  improved, t h e  main tenance  a c t i v i t y  w i l l  b e  t h e  b e n e f i c i a r y  of  
t h e  o v e r a l l  c o s t  s a v i n g s ,  n o t  t h e  development  c o s t .  

5 . 4  Can S o f t w a r e  Technology b e  Measured? ( C h a r t  20  and R e f e r e n c e  
3 )  

Another  major  ques t iGn  t h a t  s o f t w a r e  engineers  a d d r e s s  i s  whether 
o r  n o t  sof1,vat.e t e c h n o l o g y  can be measured a t  a l l .  B y  u t i l i z i n g  
r e l i a b i l i t y  a s  o n e  m a j o r  a s p e c t  o f  s o f t w a r e  q u a l i t y ,  t h e  S E L  
atterr ,pted t o  determine t o  w h a t  e x t e n t  s o f t w a r e  deve lopmen t /  
management p r a c t i c e s  c o u l d  b e  m e a s u r e d .  
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T h e r e  a r e  t h r e e  l e v e l s  o f  d e v e l o p m e n t  p r a c t i c e s  w h i c h  t h e  SEL has  
h o p e d  a n d  a t t e m p t e d  t o  rr 'easure.  F i r s t ,  t h e r e  a r e  i n d i v i d u a l  
s p e c i f i c  t e c h n i q u e s  s u c h  a s  t h e  u s e  o f  s t r u c t u r e d  c o d e  o r  c h i e f  
programmer team o r  t h e  u s e  o f  PDL i n  des ign ,  e t c .  

Second,  t h e r e  i s  t h e  u s a g e  o f  a s o f t w a r e  m e t h o d o l o g y  w h i c h  i s  a 
c o m b i n a t i o n  o f  s e v e r a l  methods i n t o  a s i n g l e  d i s c i p l i n e d  
a p p r o a c h .  T h i s  c o u l d -  b e  t h e  s e t  o f  m e t h o d s  k n o w n  a s  s t r u c t u r e d  
t e c h n i q u e s  w h i c h  r e f l e c t  t h e  u s e  o f  6 o r  8 i n d i v i d u a l  p r a c t i c e s  
such  as t o p  down d e v e l o p m e n t ,  s t r u c t u r e d  code, code r e a d i n g  and 
usage o f  U n i t  D e v e l o p m e n t  F o l d e r s  (UDF). 

F i n a l l y ,  t h e  a t t e m p t  h a s  b e e n  made t o  m e a s u r e  t h e  i m p a c t  of t h e  
t o t a l  t e c h n o l o g y  i n d e x  w h i c h  e n c o m p a s s e s  3 1 1  d i s c i p l i n e d  
n ianagement /deve lopment  p r a c t i c e s .  T h i s  s i g n i f i e s  t h e  l e v e l  t o  
w h i c h  t h e  p r o j e c t  h a s  a t t e m p t e d  t o  a p p l y  recommended s o f t w a r e  
deve lopmen t  t e c h n i q u e s .  

The r e s u l t s  o f  t h i s  s t u d y  i n d i c a t e d :  

1. An i n d i v i d u a l  t e c h n i q u e  c a n n o t  b e  e f f e c t i v e l y  measured i n  
a p r o d u c t i o n  e n v i r o n m e n t  s u c h  a s  t h e  o n e  i n  w h i c h  t h e  SEL i s  
c o n d u c t i n g  s t u d i e s .  ( r  = .37  i s  a t y p i c a l  v a l u e  f o u n d  i n  
c o r r e l a t i n g  PDL usage and r e 1  i a b i l  i t y ) .  

2. D i s c i p l i n e d  m e t h o d o l o g i e s  ( c o m b i n i n g  t e c h n i q u e s  i n t o  a 
s i n g l e  d i s c i p l i n e d  a p p r o a c h )  c a n  b e  m e a s u r e d  ( r  = .65 for o n e  
p a r t i c u l a r  s t u d y )  and t h e  approaches  c a l  l e d  Modern Prcgramming 
P r a c t i c e s  (6 t e c h n i q u e s )  has  a s i g n i f i c a n t ,  measurab le ,  f a v o r a b l e  
i m p a c t  on s o f t w a r e  r e 1  i a b i l  i t y .  

3 .  T o t a l  S o f t w a r e  T e c h n o l o g y  c a n  b e  r c e a s u r e d  ( r  = .82 f o r  
t h i s  o n e  s t u d y )  a n d  h i g h e r  l e v e l s  o f  a p p l i e d  t e c h n o l o g y  h a v e  a 
marked f a v o r a b l e  i m p a c t  on  t h e  r e 1  i a b i l  i t y  o f  s o f t w a r e .  

The t r e n d s  and o b s e r v a t i o n s  n o t e d  h e r e  a r e  based on a p p r o x i m a t e l y  
8 y e a r s  o f  d a t a  c o l l e c t i o n  a n d  e x p e r i m e n t a t i o n  w i t h i n  t h e  SEL. 
A p p r o x i m a t e l y  55  p r o j e c t s  h a v e  been s t u d i e d  and t h e  r e s e a r c h  i s  
c o n t i n u i n g  and w i l l  c o n t i n u e  i n  t h e  f u t u r e .  

Many o f  t h e  r e s u l t s  a r e  i n c l u s i v e ,  b u t  w i t h  each e x p e r i e n c e  and 
s t u d y ,  g r e a t e r  i n s i g h t  i s  p r o v i d e d  i n t o  t h e  o v e r a l l  
c h a r a c t e r i s t i c s  o f  t h e  s o f t w a r e  deve lopmen t  p r o c e s s .  
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