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G L O S S A R Y  

call stack.  a b lock of  m em or y  that stor es local d ata u sed  f or  calls to f u n ction s.  
A lso called  a “f r am e stack” or  j u st a “stack.” 
ch i ld .  in  a r ooted  tr ee,  the ver tex  on  the sen d in g  en d  of  a p ar ticu lar  ver tex ’ s 
in com in g  ed g e. 
d ata str u ctu r e .  a collection  of  r elated  d ata alon g  w ith the op er ation s that can  b e 
p er f or m ed  w ith the d ata. 
d i g r ap h .  in  g r ap h theor y ,  a g r ap h w hose ed g es have d ir ection .  A lso called  a 
“d ir ected  g r ap h.” 
d i r e cte d  g r ap h .  in  g r ap h theor y ,  a g r ap h w hose ed g es have d ir ection .  A lso 
called  a “d ig r ap h.” 
e d g e .  in  g r ap h theor y ,  a r elation ship  ( either  w ith or  w ithou t d ir ection )  b etw een  
tw o ver tices. 
f r am e  stack.  a b lock of  m em or y  that stor es local d ata u sed  f or  calls to f u n ction s.  
A lso called  a “call stack” or  j u st a “stack.” 
g r ap h .  in  g r ap h theor y ,  a set of  ver tices ( u su ally  lab eled )  an d  a set of  
cor r esp on d in g  ed g es ( som etim es lab eled )  b etw een  the ver tices. 
h e ap .  a lar g e b lock of  m em or y  that is d y n am ically  allocated  as n ecessar y  to stor e 
p r og r am  d ata.  A lso called  a “m em or y  heap .” 
le af .  in  a r ooted  tr ee,  a ver tex  w ith n o child r en  or  w hose child r en  ar e all em p ty  
tr ees. 
m e m o r y  h e ap .  a lar g e b lock of  m em or y  that is d y n am ically  allocated  as 
n ecessar y  to stor e p r og r am  d ata.  A lso called  a “heap .” 
m e m o r y  le ak.  m em or y  allocated  on  the heap  w ithou t a r ef er en ce w ith w hich the 
ow n er  p r og r am  can  access it. 
n o d e .  in  g r ap h theor y ,  an  elem en t of  a g r ap h b etw een  w hich ed g es ar e 
con n ected .  A lso called  a “ver tex .” 
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p ar e n t.  in  a r ooted  tr ee,  the ver tex  on  the r eceivin g  en d  of  a p ar ticu lar  ver tex ’ s 
sin g le ou tg oin g  ed g e. 
p o i n te r .  a p iece of  d ata that p r ovid es access to an other  p iece of  d ata. 
r o o t.  in  g r ap h theor y ,  a sp ecial ver tex —w ith either  n o ou tg oin g  ed g es or  n o 
in com in g  ed g es—that is d esig n ated  to tu r n  a tr ee in to a r ooted  tr ee. 
r o o te d .  in  g r ap h theor y ,  a tr ee is said  to b e r ooted  w hen  ther e is a sin g le 
d istin g u ished  ver tex  ( of ten  lab eled  or  clear ly  in d icated ) ,  called  the r oot,  that has 
n o ou tg oin g  ed g es. 
stack.  in  m em or y  allocation ,  a b lock of  m em or y  that stor es local d ata u sed  f or  
calls to f u n ction s.  A lso called  a “f r am e stack” or  a “call stack.” 
tr e e .  in  g r ap h theor y ,  a con n ected  g r ap h w ith n o cy cles. 
u n d i r e cte d  g r ap h .  in  g r ap h theor y ,  a g r ap h w hose ed g es have n o d ir ection . 
v e r te x .  in  g r ap h theor y ,  an  elem en t of  a g r ap h b etw een  w hich ed g es ar e 
con n ected .  A lso called  a “n od e.” 
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C h a p t e r  1  

CHAPTER 1: I N TRO D U CTI O N  

I nf o r m a t i o n v i su a l i z a t i o n i s a  f i e l d  o f  c o m p u t e r  sc i e nc e  t h a t  d e a l s w i t h  e f f e c t i v e  
m e a ns o f  d i sp l a y i ng  o r  o t h e r w i se  c o m m u ni c a t i ng  d a t a  t o  h u m a n b e i ng s.  
Co m m o nl y ,  t h i s i nv o l v e s d i sp l a y i ng  d a t a  i n a  w a y  t h a t  i s so m e w h a t  u nr e l a t e d  t o  
i t s o r i g i na l  f o r m  i n o r d e r  t o  e nh a nc e  h u m a n a b i l i t y  t o  p a r se  i nf o r m a t i o n.  Th e  
o r g a ni z a t i o n o f  d a t a  i n c o m p u t e r  m e m o r y  i s o f t e n v e r y  d i f f e r e nt  f r o m  t h e  w a y  i t  
i s d i sp l a y e d  t o  h u m a ns,  p a r t i c u l a r l y  b e c a u se  c o m p u t e r  m e m o r y  i s l i m i t e d  b y  i t s 
l i ne a r i t y .  I n a l l  si t u a t i o ns t h a t  i nv o l v e  d i g i t a l  d a t a ,  t h e  si m p l e st  w a y  t o  d i sp l a y  t h e  
d a t a  w o u l d  b e  t o  o u t p u t  t h e  d a t a  a s a  st r e a m  o f  b i t s,  j u st  a s t h e  c o m p u t e r  se e s i t .  
Th i s a p p r o a c h ,  h o w e v e r ,  i s no t  v e r y  h u m a n-f r i e nd l y ,  so  i nf o r m a t i o n v i su a l i z a t i o n 
t e c h ni q u e s a r e  u se d  t o  p r e se nt  d i g i t a l  d a t a  t o  h u m a ns i n a  m o r e  r e a d a b l e  f a sh i o n. 

D a t a  st r u c t u r e  v i su a l i z a t i o n d e a l s w i t h  u nd e r st a nd a b l e  r e p r e se nt a t i o ns o f  
m e m o r y -b a se d  d a t a  st r u c t u r e s.  D a t a  st r u c t u r e s a r e  c o m m o nl y  u se d  w h e n 
i m p l e m e nt i ng  a  so f t w a r e  so l u t i o n t o  a  p r o b l e m ,  a nd  m a ny  c o m p u t e r  sc i e nc e  
st u d e nt s l e a r n a b o u t  d a t a  st r u c t u r e s r e l a t i v e l y  e a r l y  i n t h e  p r o g r a m m i ng  
c u r r i c u l u m .  O ne  p r o b l e m  t h a t  h a m p e r s st u d e nt s t h a t  a r e  ne w  t o  d a t a  st r u c t u r e s 
i s t h e i r  p h y si c a l  i nv i si b i l i t y .  W h e n c o d i ng  u p  t h e  a nsw e r  t o  a  p r o b l e m ,  
p r o g r a m m e r s c a nno t  se e  t h e  a c t u a l  d a t a  st r u c t u r e s—p h y si c a l l y ,  t h e y  a r e  o nl y  
st r e a m s o f  b i t s i n a  c o m p u t e r ’ s m e m o r y ,  i nv i si b l e  t o  t h e  p r o g r a m m e r . 

F o r  y e a r s,  st u d e nt s h a v e  l e a r ne d  h o w  t o  u nd e r st a nd  d a t a  st r u c t u r e s b y  u si ng  
d i a g r a m s t h a t  p r o v i d e  a  v i su a l  r e p r e se nt a t i o n o f  t h e  b i na r y  i nf o r m a t i o n h e l d  i n 
t h e  d a t a  st r u c t u r e s.  F o r  e x a m p l e ,  l i nk e d  l i st s a r e  o f t e n d e sc r i b e d  a s a  se t  o f  b l o c k s 
c o nne c t e d  b y  a r r o w s ( F i g u r e  1) .  Th e se  d i a g r a m m a t i c  r e p r e se nt a t i o ns a r e  e a si e r  t o  
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u nd e r st a nd  a nd  f a c i l i t a t e  t h e  l e a r ni ng  o f  i nd i v i d u a l  d a t a  st r u c t u r e s a s w e l l  a s t h e  
l e a r ni ng  o f  h o w  t o  d e si g n o r i g i na l  d a t a  st r u c t u r e s. 

 Figure 1:  A  d ia gra m  o f  a  l in k ed  l is t  

Th e se  d i a g r a m s c a n se r v e  no t  o nl y  a s t o o l s f o r  l e a r ni ng  t h e  l a y o u t  o f  sp e c i f i c  
c l a sse s o f  d a t a  st r u c t u r e s ( su c h  a s b i na r y  t r e e s,  v e c t o r s,  o r  sk i p  l i st s) ,  b u t  a l so  a s 
u se f u l  w a y s o f  v i su a l i z i ng  p a r t i c u l a r  i nst a nc e s o f  t h e se  t y p e s o f  d a t a  st r u c t u r e s.  
F o r  e x a m p l e ,  t h e  d i a g r a m  i l l u st r a t e d  i n F i g u r e  1 m a y  h a v e  b e e n c o nc o c t e d  f r o m  
t h e  i m a g i na t i o n o f  a n i nst r u c t o r  t o  h e l p  d e sc r i b e  l i nk e d  l i st s a s a  c l a ss o f  d a t a  
st r u c t u r e s.  O n t h e  o t h e r  h a nd ,  p e r h a p s i t  r e p r e se nt s a c t u a l  d a t a  i n a  c o m p u t e r ’ s 
m e m o r y  a t  a  p a r t i c u l a r  p o i nt  i n t i m e .  Th u s,  t h e se  d i a g r a m s a r e  a l so  u se f u l  i n 
v i su a l i z i ng  i nst a nc e s o f  d a t a  st r u c t u r e s d u r i ng  t h e  e x e c u t i o n o f  a  p r o g r a m .  Th e  
d i a g r a m  i n F i g u r e  1 c o u l d  r e p r e se nt  t h e  r e su l t  o f  a d d i ng  t h e  e l e m e nt  l a b e l e d  “ 15”  
t o  t h e  l i st .  S i m i l a r  d i a g r a m s c o u l d  h a v e  b e e n d r a w n t o  d e si g na t e  p o i nt s b e f o r e  
a nd  d u r i ng  t h e  i nse r t i o n,  a nd  t o g e t h e r  t h e  d i a g r a m s w o u l d  h e l p  t o  d e m o nst r a t e  
t h e  o p e r a t i o n o f  i nse r t i ng  a  ne w  e l e m e nt  i nt o  a  l i nk e d  l i st . 

U su a l l y ,  t h e se  d i a g r a m s a r e  e i t h e r  h a nd -d r a w n o r  d e si g ne d  w i t h  g e ne r a l  
d i a g r a m m i ng  so f t w a r e .  I nst r u c t o r s m a y  d e si g n t h e m  o n t h e  f l y ,  r e f e r e nc i ng  a n 
i m a g i na r y  l i st  o f  e l e m e nt s t h a t  d o e s no t  r e a l l y  e x i st  i n a ny  c o m p u t e r ’ s m e m o r y .  
Ad d i t i o na l l y ,  p r o g r a m m e r s m a y  d r a w  su c h  d i a g r a m s w h e n t h e y  a r e  d e si g ni ng  a nd  
i m p l e m e nt i ng  c o m p l e x  d a t a  st r u c t u r e s,  a g a i n w i t h o u t  r e f e r e nc e  t o  a c t u a l  d a t a .  
F i na l l y ,  p r o g r a m m e r s m a y  a l so  u se  d i a g r a m m a t i c  r e p r e se nt a t i o ns w h i l e  t h e y  a r e  
d e b u g g i ng  a  p r o g r a m  t h a t  u se s c o m p l e x  d a t a  st r u c t u r e s;  i n t h i s c a se ,  t h e  d i a g r a m s 
r e p r e se nt  d a t a  a s i t  i s st o r e d  i n a  c o m p u t e r ’ s m e m o r y . 

24 15 7 13 
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I t  w o u l d  b e  u se f u l  i f  d i a g r a m s c o u l d  b e  g e ne r a t e d  a u t o m a t i c a l l y  t o  a ssi st  
d e v e l o p e r s b y  p r o v i d i ng  a  h u m a nl y  u nd e r st a nd a b l e  d i sp l a y  o f  w h a t  t h e  d a t a  
st r u c t u r e s i n t h e i r  p r o g r a m s l o o k  l i k e .  Th e se  v i su a l i z a t i o ns c o u l d  b e  u p d a t e d  
d y na m i c a l l y  a s t h e  d e b u g g e d  p r o g r a m  p r o c e e d s;  i n t h i s w a y ,  p r o g r a m m e r s c a n 
v i su a l l y  se e  h o w  t h e  d a t a  st r u c t u r e s i n t h e i r  p r o g r a m  a r e  d e v e l o p i ng .  Th e y  c a n 
t h e n u se  t h a t  v i su a l  i nf o r m a t i o n t o  m a k e  d e c i si o ns t o  i m p r o v e  t h e  p r o g r a m .  F o r  
e x a m p l e ,  i f  a  p r o g r a m m e r  i s h a v i ng  t r o u b l e  i m p l e m e nt i ng  i nse r t i o n o f  a  ne w  
e l e m e nt  i nt o  a  l i nk e d  l i st ,  t h e n t h e  se t  o f  a u t o m a t i c a l l y  g e ne r a t e d  d i a g r a m s m i g h t  
b e  si m i l a r  t o  t h e  d i a g r a m s d i sc u sse d  i n r e f e r e nc e  t o  F i g u r e  1.  Th e  p r o g r a m m e r  
c a n u se  t h e  d i a g r a m s t o  q u i c k l y  f i nd  t h e  p r o b l e m  a nd  i m p l e m e nt  a  so l u t i o n.   

Th e  g o a l  o f  t h e  V i su a l  D e b u g g e r  i s t o  p r o v i d e  v i su a l l y  u nd e r st a nd a b l e  
r e p r e se nt a t i o ns o f  d a t a  st r u c t u r e s d u r i ng  r u nt i m e ,  so  t h a t  d e v e l o p e r s c a n b e t t e r  
u nd e r st a nd  t h e  a c t u a l  l a y o u t s o f  t h e i r  d a t a  st r u c t u r e s a nd  r e sp o nd  a c c o r d i ng l y  t o  
i m p r o v e  t h e  p r o g r a m m a t i c  m a na g e m e nt  o f  t h o se  d a t a  st r u c t u r e s. 

Th e  g e ne r a l  so l u t i o n t o  t h e  p r o b l e m  o f  v i su a l i z i ng  d a t a  st r u c t u r e s l i e s i s g r a p h s.  
M o st  d a t a  st r u c t u r e s u se  a  m e t h o d  o f  r e f e r e nc i ng  t o  o r g a ni z e  p o c k e t s o f  d a t a .  
F o r  e x a m p l e ,  i n a  l i nk e d  l i st ,  e a c h  o f  t h e  “ p o c k e t s”  i s a n e l e m e nt  o f  t h e  l i st ,  a nd  
e a c h  e l e m e nt  c o nt a i ns a  r e f e r e nc e  t o  t h e  ne x t  i t e m  i n t h e  l i st .  Th i s c r e a t e s a  
d i r e c t i o na l  r e l a t i o nsh i p  b e t w e e n a d j a c e nt  e l e m e nt s i n a  l i nk e d  l i st .  Ea c h  e l e m e nt  
i s r e l a t e d  t o  t h e  ne x t  e l e m e nt  i n t h e  l i st  b y  t h e  r e f e r e nc e  t h a t  t h e  f o r m e r  h o l d s t o  
t h e  l a t t e r .  Th e se  r e f e r e nc e s c a n c o nst i t u t e  e d g e s o f  a  g r a p h ,  a nd  t h e  v e r t i c e s o f  
t h e  g r a p h  c a n r e p r e se nt  p o c k e t s o f  d a t a .  Th e  p r o b l e m  t h e n r e d u c e s t o  o ne  o f  
p r o p e r l y  l a y i ng  o u t  t h e  g r a p h  i n a  h u m a nl y  u nd e r st a nd a b l e  f o r m . 

Th e r e  a r e  se v e r a l  a l g o r i t h m s f o r  l a y i ng  o u t  d i r e c t e d  a nd  u nd i r e c t e d  g r a p h s i n 
g e ne r a l ,  b u t  t h e y  a r e  no t  ne c e ssa r i l y  u ni v e r sa l l y  a p p r o p r i a t e  f o r  d a t a  st r u c t u r e s.  I n 
a d d i t i o n,  m o st  c l a sse s o f  d a t a  st r u c t u r e s h a v e  a  g e ne r a l l y  a c c e p t e d  w a y  o f  b e i ng  
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d r a w n ( i .e . l i nk e d  l i st s a s a  l i ne a r  r o w  o f  b l o c k s a nd  a r r o w s) ;  t h e r e  sh o u l d  b e  a  w a y  
t o  u t i l i z e  t h e se  st a nd a r d s w h e n g e ne r a t i ng  d r a w i ng s o f  d a t a  st r u c t u r e s.  Th i s 
i m p l i e s a d v a nc e  k no w l e d g e  o f  t h e  t y p e  o f  d a t a  st r u c t u r e s i n t h e  p r o g r a m  t h a t  i s 
b e i ng  d e b u g g e d .  I t  m a y  b e  p o ssi b l e  t o  d e t e r m i ne  t h e  c l a ss o f  d a t a  st r u c t u r e  
a u t o m a t i c a l l y ,  o r  a t  w o r st  i t  c a n b e  q u e r i e d  f r o m  t h e  u se r  w i t h o u t  e x c e ssi v e  
t r o u b l e . 

I n a d d i t i o n t o  b e i ng  a b l e  t o  d e si g n t h e  l a y o u t  o f  d i a g r a m s,  i t  i s i m p o r t a nt  t h a t  t h e  
d i a g r a m s d i sp l a y  a s m u c h  p e r t i ne nt  i nf o r m a t i o n a s p o ssi b l e  a b o u t  t h e  e l e m e nt s i n 
t h e  d a t a  st r u c t u r e .  W h e n g i v e n m o r e  i nf o r m a t i o n,  t h e  d e v e l o p e r  c a n m a k e  b e t t e r  
c o nc l u si o ns r e g a r d i ng  t h e  r e l i a b i l i t y  o f  t h e  p r o g r a m ,  a nd  t h e  a d d i t i o na l  
i nf o r m a t i o n i s a l so  u se f u l  i n d e t e r m i ni ng  t h e  so u r c e s o f  b u g s a nd  t h e i r  r e su l t i ng  
so l u t i o ns.  To o  m u c h  i nf o r m a t i o n,  h o w e v e r ,  w a st e s sp a c e  a nd  c a n i nt e r f e r e  w i t h  a  
p r o g r a m m e r ’ s a b i l i t y  t o  q u i c k l y  a c c e ss t h e  i nf o r m a t i o n t h a t  h e  o r  sh e  w a nt s.  A 
h e a l t h y  b a l a nc e  m u st  b e  m a i nt a i ne d  t o  p r o v i d e  t h e  p r o g r a m m e r  w i t h  a s m u c h  
i nf o r m a t i o n a s i s ne e d e d  t o  so l v e  t h e  p r o b l e m ,  b u t  no  m o r e  o r  l e ss. 

Th e  d i a g r a m  sh o u l d  a l so  b e  a b l e  t o  t i e  t h e  d a t a  st r u c t u r e  a s a  w h o l e  t o  t h e  r e st  o f  
t h e  p r o g r a m .  A d i a g r a m  o f  a  p a r t i c u l a r  i nst a nc e  o f  d a t a  st r u c t u r e  i s u se l e ss u nl e ss 
t h e  p r o g r a m m e r  k no w s w h a t  p a r t  o f  t h e  p r o g r a m  i s b e i ng  e x a m i ne d . 

Cu r r e nt  v i su a l  d e b u g g i ng  t e c h no l o g y  i s a l r e a d y  a d v a nc i ng  t o w a r d  t h e  g o a l  o f  
p r o v i d i ng  p r o g r a m m e r s w i t h  v i su a l  r e p r e se nt a t i o ns o f  d a t a  st r u c t u r e s,  b u t  t h e r e  
a r e  st i l l  p r o b l e m s t h a t  ne e d  so l v i ng .  Th e  V i su a l  D e b u g g e r  i s a  so f t w a r e  p r o j e c t  
t h a t  i s b e i ng  d e v e l o p e d  i n r e sp o nse  t o  t h e  p r o b l e m s t h a t  h a v e  b e e n i d e nt i f i e d  i n 
t o d a y ’ s v i su a l  d e b u g g i ng  so l u t i o ns.  I t  i s st i l l  i n a n i nf a nt  st a t e ,  b u t  i t  i s m a k i ng  
st r i d e s t o w a r d  so l v i ng  se v e r a l  o f  t h e  p r o b l e m s t h a t  no  o t h e r  v i su a l  d e b u g g e r  h a s 
a t t e m p t e d  t o  so l v e . 
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C h a p t e r  2  

CHAPTER 2: B ACK G RO U N D  I N F O RM ATI O N  

2.1  I n f o r m a t i o n  V i s u a l i z a t i o n  

Th e  f i e l d  o f  i nf o r m a t i o n v i su a l i z a t i o n i s p r i m a r i l y  c o nc e r ne d  w i t h  r e p r e se nt i ng  
d a t a  f o r  i nt e r p r e t a t i o n b y  h u m a ns.  Th e r e  a r e  u su a l l y  m a ny  d i f f e r e nt  w a y s t o  
r e p r e se nt  d a t a ,  a nd  so m e  o f  t h e m  c a n e a si l y  b e  e x p r e sse d  v i su a l l y  ( i .e . o n p a p e r  o r  
a  c o m p u t e r  sc r e e n) .  I t  i s t h e  g o a l  o f  i nf o r m a t i o n v i su a l i z a t i o n r e se a r c h  t o  f o c u s 
o n m a x i m i z i ng  t h e  e f f i c i e nc y  o f  v i su a l  r e a l  e st a t e  so  t h a t  a s m u c h  i nf o r m a t i o n i s 
r e p r e se nt e d  i n a s l i t t l e  sp a c e  a s p o ssi b l e ,  w h i l e  st i l l  m a i nt a i ni ng  u nd e r st a nd a b i l i t y . 

Th e  t a sk  o f  d e c i d i ng  h o w  t o  o r g a ni z e  i nf o r m a t i o n i s a  l o t  a b o u t  p sy c h o l o g y ,  a nd  
t h e r e  a r e  c o u nt l e ss p sy c h o l o g i c a l  st u d i e s a b o u t  h o w  m u c h  i nf o r m a t i o n t h e  
h u m a n b r a i n c a n a b so r b  a t  o nc e  a nd  a b o u t  w h a t  so r t s o f  d a t a  o r g a ni z a t i o ns a r e  
b e t t e r  su i t e d  f o r  h u m a n p a r si ng .  W i t h  r e sp e c t  t o  t h e  l a t t e r ,  f o r  e x a m p l e ,  m o st  
l a ng u a g e s r e a d  f r o m  l e f t  t o  r i g h t  a nd  f r o m  t o p  t o  b o t t o m ,  so  a s a  r e su l t ,  a n 
o r d e r e d  l i st  o f  nu m b e r s m a y  b e st  b e  “ v i su a l i z e d ”  si m p l y  a s a  c o m m a -d e l i m i t e d  
o u t p u t  o f  t h e  d a t a  v a l u e s,  o r d e r e d  f r o m  l e f t  t o  r i g h t : { 4,  7,  25,  14,  20 } .  F o r  
so m e t h i ng  a s si m p l y  a s a  v e c t o r  o f  nu m b e r s,  t h i s si m p l e  a p p r o a c h  m a y  w o r k  
b e a u t i f u l l y .  I f  t h e  v e c t o r  w e r e  o f  m o r e  c o m p l e x  st r u c t u r e s,  h o w e v e r ,  su c h  a n 
a p p r o a c h  b e c o m e s l e ss f e a si b l e  i n t e r m s o f  h u m a n i nt e r p r e t a b i l i t y .  S u p p o se  e a c h  
v e c t o r  i t e m  i s i t se l f  a  v e c t o r  o f  nu m b e r s.  U si ng  t h e  a f o r e m e nt i o ne d  v i su a l i z a t i o n 
a p p r o a c h  o n su c h  a n e x a m p l e  w o u l d  r e su l t  i n t h e  f o l l o w i ng  c r y p t i c  
r e p r e se nt a t i o n: {  { 4,  7,  25,  14,  20 } ,  { 10 ,  20 ,  -5,  3} ,  { 2} ,  { 0, 1, 2, 3, 4, 5, 6, 7} }.  
T h i s  s e t o f  c h a r a c te r s  c e r ta i n l y  c o n ta i n s  th e  d e s i r e d  i n f o r m a ti o n , a n d  i t c a n  b e  
e a s i l y  p a r s e d  b y  a  c o m p u te r , a n d  w h i l e  i t i s  i n te r p r e ta b l e  b y  h u m a n s , i t i s  n o t 
n e c e s s a r i l y  th e  m o s t a p p r o p r i a te  a n d  m o s t e y e -a p p e a l i n g  w a y  to  p r e s e n t a  v e c to r  
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o f  v e c to r s .  P e r h a p s  d i s p l a y i n g  e a c h  v e c to r  o n  a  s e p a r a te  l i n e  ( F i g u r e  2) w o u l d  b e  
m o r e  e f f e c ti v e . 

 Figure 2:  A  v ec t o r o f  v ec t o rs  

N o w , e a c h  i n d i v i d u a l  v e c to r  o f  n u m b e r s  i n  th e  e n c o m p a s s i n g  v e c to r  o f  v e c to r s  i s  
m o r e  a p p a r e n t.  O b v i o u s l y , th e r e  a r e  s ti l l -b e tte r  w a y s  to  d i s p l a y  a  v e c to r  o f  
v e c to r s  ( f o r  s ta r te r s , th e  b r a c e s  a n d  c o m m a s  c o u l d  b e  r e p l a c e d  w i th  s o m e th i n g  
m o r e  a p p e a l i n g , l i k e  ta b  c h a r a c te r s ), a n d  i n f o r m a ti o n  v i s u a l i z a ti o n  s c i e n ti s ts  s tr i v e  
to  f i n d  th e  b e s t v i s u a l i z a ti o n  s o l u ti o n s  f o r  e a c h  p r o b l e m  d o m a i n  a n d  a p p l i c a ti o n . 

A  n e a r l y  c o n s ta n t c o m p a n i o n  to  th e  p r o b l e m  o f  h u m a n  i n te r p r e ta b i l i ty  i s  th a t o f  
p a c k i n g  a s  m u c h  i n f o r m a ti o n  i n to  a s  l i ttl e  s p a c e  w i th o u t o v e r l o a d i n g  h u m a n  b r a i n  
c a p a c i ty .  S o m e  m e th o d s  o f  v i s u a l i z a ti o n  a r e  m o r e  s u i ta b l e  th a n  o th e r s  f o r  
d i s p l a y i n g  l a r g e  a m o u n ts  o f  i n f o r m a ti o n .  F o r  e x a m p l e , c o n s i d e r  a  l a r g e  m a tr i x  o f  
i n te g e r s  th a t a l l  f a l l  w i th i n  a  f i n i te  r a n g e .  F o r  s i m p l i c i ty , l e t u s  c o n s i d e r  a  10x 10 
m a tr i x .  T h e  m o s t o b v i o u s  m e th o d  o f  d i s p l a y i n g  th e  m a tr i x  w o u l d  b e  to  l i s t a l l  
th e  v a l u e s  i n  a  ta b l e  ( F i g u r e  3). 

{ 
{4, 7, 25, 14, 20} 
{10, 20, -5, 3} 
{2} 
{0, 1, 2, 3, 4, 5, 6, 7} 
} 
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0 1 1 2 4 5 3 2 1 0
1 3 4 5 5 5 4 4 3 2
1 4 5 6 7 7 6 4 3 1
1 3 5 7 8 7 7 5 3 0
0 2 4 6 7 6 5 4 2 0
2 4 6 8 9 9 8 6 4 3
4 5 7 9 9 9 8 7 6 4
5 6 8 9 8 9 8 7 5 3
5 7 8 8 7 8 8 6 4 2
3 6 7 7 5 6 7 5 4 3  Figure 3:  A  1 0 x 1 0  m a t rix  

T h e  d a ta  i ts e l f  i s  r a th e r  c o n c i s e ;  i t o c c u p i e s  a  s q u a r e  o n l y  tw o  i n c h e s  o n  e a c h  s i d e .  
A t f i r s t g l a n c e , h o w e v e r , l i ttl e  c a n  b e  g a th e r e d .  I t ta k e s  a  b i t o f  i n s p e c ti o n  to  
i n te r p r e t th e  d a ta .  T h i s  i s  p a r tl y  d u e  to  th e  l a c k  o f  r e l a ti v i ty  b e tw e e n  th e  s h a p e s  
o f  th e  g l y p h s  th a t r e p r e s e n t e a c h  v a l u e .  I f  y o u  l o o k  a t th e  m a tr i x  f r o m  a  d i s ta n c e , 
y o u  m i g h t b e  a b l e  to  p i c k  o u t p a tc h e s  o f  c e l l s  w h o s e  v a l u e s  a r e  7;  th e  s h a p e  o f  th e  
d i g i t “ 7”  i s  r e l a ti v e l y  u n i q u e  w h e n  c o m p a r e d  to  th e  r e s t o f  th e  d i g i ts .  T h e  
a d v a n ta g e  to  th i s  ta b u l a r  r e p r e s e n ta ti o n  i s  th a t y o u  k n o w  th e  e x a c t v a l u e s  o f  a l l  o f  
th e  i te m s  i n  th e  m a tr i x  s i m p l y  b y  l o o k i n g  a t i ts  p o s i ti o n  i n  th e  ta b l e . 

I n  th i s  e x a m p l e , n e i g h b o r i n g  v a l u e s  a r e  g e n e r a l l y  c l o s e  i n  v a l u e , a n d  th e r e  s h o u l d  
b e  a  w a y  to  r e p r e s e n t th e  m a tr i x  i n  o r d e r  to  ta k e  a d v a n ta g e  o f  th a t r e l a ti o n s h i p .  
C o n s i d e r  u s i n g  s h a d e s  o f  g r a y  to  r e p r e s e n t v a l u e s  ( F i g u r e  4).  P u r e  w h i te  c o u l d  
r e p r e s e n t 0 ( th e  s m a l l e s t v a l u e  i n  th e  m a tr i x ), a n d  p u r e  b l a c k  c o u l d  r e p r e s e n t 9 
( th e  l a r g e s t v a l u e  i n  th e  m a tr i x ), w h i l e  s h a d e s  o f  g r a y  i n  b e tw e e n  c o u l d  r e p r e s e n t 
th e  v a l u e s  1 th r o u g h  8, w h e r e  l i g h te r  g r a y s  h a v e  s m a l l e r  v a l u e  th a n  d a r k e r  g r a y s . 
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 Figure 4:  A  gra y s c a l e 1 0 x 1 0  m a t rix  

T h e  tw o  d i f f e r e n t r e p r e s e n ta ti o n s  a r e  r o u g h l y  th e  s a m e  s i z e , b u t th e  g r a y s c a l e  
v e r s i o n  h a s  s o m e  a d v a n ta g e s  o v e r  th e  s i m p l e  ta b u l a r  v i e w .  F i r s t, i t i s  v e r y  e a s y  to  
s e e  r e l a ti o n s h i p s  b e tw e e n  p a r ti c u l a r  c e l l s ;  d a r k e r  c e l l s  h a v e  h i g h e r  v a l u e s  th a n  
l i g h te r  c e l l s .  I t i s  g e n e r a l l y  m o r e  e f f i c i e n t f o r  th e  h u m a n  e y e  to  d i s ti n g u i s h  
b e tw e e n  tw o  s h a d e s  o f  g r a y  th a n  to  d i s ti n g u i s h  b e tw e e n  tw o  s e p a r a te  g l y p h s .  A  
q u i c k  g l a n c e  r e v e a l s  th a t th e  c e l l s  g e n e r a l l y  i n c r e a s e  i n  v a l u e  a s  th e y  a p p r o a c h  th e  
c e n te r  o f  th e  m a tr i x .  I t ta k e s  s l i g h tl y  m o r e  th a n  a  q u i c k  g l a n c e  to  n o ti c e  th e  s a m e  
c h a r a c te r i s ti c  i n  th e  ta b u l a r  f o r m .  B y  th a t s a m e  to k e n , p a tc h e s  o f  e q u i v a l e n t c e l l s  
a r e  m o r e  e a s i l y  n o ti c e a b l e  th a n  th e y  a r e  i n  th e  ta b l e . 

A n o th e r  d i s ti n c t a d v a n ta g e  o f  u s i n g  s h a d e s  o f  g r a y  i n s te a d  o f  d i g i ts  i n v o l v e s  
p h y s i c a l  s p a c e  c o n s tr a i n ts .  D i g i t g l y p h s  c a n  o n l y  g e t s o  s m a l l  b e f o r e  th e y  s ta r t 
b e c o m i n g  u n i n te l l i g i b l e  to  th e  h u m a n  e y e  ( o r  u n p r i n ta b l e  b y  m o d e r n  l a s e r  
p r i n te r s ).  E a c h  s h a d e d  b o x  o f  g r a y , h o w e v e r , c a n  b e  r e d u c e d  to  a  s i n g l e  p i x e l , s o  
th a t m a n y  m o r e  c e l l s  c a n  b e  d i s p l a y e d  a t o n c e .  W e  c a n  u s e  th i s  p r o p e r ty  e i th e r  to  
d e c r e a s e  th e  s i z e  o f  th e  v i s u a l i z a ti o n  ( F i g u r e  5) o r  to  i n c r e a s e  r e s o l u ti o n  b y  
s h o w i n g  m o r e  c e l l s  o r  a  l a r g e r  r a n g e  o f  v a l u e s  ( F i g u r e  6). 
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 Figure 5:  A  s m a l l er gra y s c a l e 1 0 x 1 0  m a t rix   Figure 6:  A  h igh er res o l ut io n  gra y s c a l e m a t rix  

M u c h  o f  th e  d e ta i l  th a t w a s  n o ti c e a b l e  i n  th e  o r i g i n a l  10x 10 m a tr i x  i s  s ti l l  
a p p a r e n t i n  th e  s m a l l e r  v e r s i o n  ( F i g u r e  5), y e t i t u s e s  99%  l e s s  a r e a  o f  th e  p a p e r  
th a n  i ts  r e l a ti v e l y  s i z e a b l e  p r e d e c e s s o r s .  T h e  h i g h e r  r e s o l u ti o n  v e r s i o n  ( F i g u r e  6) 
i s  th e  s a m e  s i z e  a s  th e  ta b l e  a n d  th e  o r i g i n a l  g r a y s c a l e  v e r s i o n , b u t i t s h o w s  a  
m a tr i x  w i th  m a n y  m o r e  c e l l s , u ti l i z i n g  a  l a r g e r  r a n g e  o f  v a l u e s . 

T h e  d i s a d v a n ta g e  to  th e  g r a y s c a l e  v e r s i o n  i s  th a t i t i s  m o r e  d i f f i c u l t to  a s c e r ta i n  
th e  e x a c t v a l u e  o f  a  p a r ti c u l a r  c e l l .  I n  f a c t, w i th o u t a  c o r r e s p o n d i n g  k e y  th a t 
i n d i c a te s  w h i c h  s h a d e s  o f  g r a y  r e l a te  to  w h i c h  v a l u e s , i t i s  i m p o s s i b l e  to  d i s c o v e r  
th e  v a l u e s  o f  p a r ti c u l a r  c e l l s , th o u g h  th e  p r e s e n c e  o f  a  k e y  d o e s  n o t p r o v i d e  m u c h  
a s s i s ta n c e  w h e n  th e  s i z e  o f  e a c h  c e l l  b e c o m e s  v e r y  s m a l l  ( F i g u r e  5) o r  w h e n  th e  
r a n g e  o f  v a l u e s  b e c o m e s  v e r y  l a r g e  ( F i g u r e  6).  O n l y  r e l a ti v e  v a l u e s  c a n  b e  j u d g e d , 
a n d  w i th o u t a  k e y , a l l  j u d g m e n ts  a r e  m e r e l y  a s s u m p ti o n s  ( th e  a s s u m p ti o n , i n  th i s  
c a s e , i s  th a t l i g h te r  c o l o r s  h a v e  s m a l l e r  v a l u e  th a n  d a r k e r  c o l o r s ). 

D e p e n d i n g  o n  th e  a p p l i c a ti o n , e v e n  w h e n  u s i n g  th e  s a m e  d a ta , e i th e r  th e  ta b u l a r  
v i e w  o r  th e  g r a y s c a l e  v i e w  m a y  b e  m o r e  b e n e f i c i a l .  I f  e x a c t v a l u e s  o f  p a r ti c u l a r  
c e l l s  n e e d  to  b e  a c c e s s e d  i n  a s  l i ttl e  ti m e  a s  p o s s i b l e , th e n  th e  ta b l e  i s  th e  b e s t b e t. 
S u c h  ta b l e s  a r e  q u i te  c o m m o n  i n  th e  a p p e n d i c e s  o f  m a th e m a ti c s  b o o k s , w h e r e  
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v a l u e s  o f  f u n c ti o n s  a t p a r ti c u l a r  i n p u ts  c a n  e a s i l y  b e  l o o k e d  u p .  I f , h o w e v e r , 
b e i n g  a b l e  to  q u i c k l y  s e e  r e l a ti v e  v a l u e s  o f  c e l l s  ( p a r ti c u l a r l y  a m o n g  n e i g h b o r i n g  
c e l l s ) i s  m o r e  i m p o r ta n t, th e n  th e  g r a y s c a l e  p i c tu r e  o f  th e  m a tr i x  c a n  b e  
i n te r p r e te d  m u c h  f a s te r .  A n  e x a m p l e  o f  s u c h  a  r e p r e s e n ta ti o n  w o u l d  b e  a  th e r m a l  
m a p  th a t u s e s  c o l o r s  to  i l l u s tr a te  c u r r e n t te m p e r a tu r e s  i n  a  g e o g r a p h i c a l  r e g i o n . 

T h e  g o a l  o f  i n f o r m a ti o n  v i s u a l i z a ti o n , th e n , i s  to  m a x i m i z e  th e  a m o u n t o f  
i n f o r m a ti o n  th a t c a n  b e  d i s p l a y e d  i n  a  s i n g l e  a r e a  ( i .e . a  c o m p u te r  m o n i to r ) w h i l e  
m i n i m i z i n g  th e  a m o u n t o f  e f f o r t r e q u i r e d  b y  th e  h u m a n  b e i n g s  th a t n e e d  to  
i n te r p r e t th e  d a ta . 

2.2  G r a p h  T h e o r y  

A  g r a p h  i s  a  s e t o f  vertices (usually labeled;  so m et i m es c alled n o d es) an d a set  
o f  c o r r esp o n di n g  ed g es (so m et i m es labeled) bet w een  t h e v er t i c es [ 5] .  A g r ap h  
m ay be d irected  (F i g ur e 7),  m ean i n g  t h at  i t s edg es h av e di r ec t i o n ,  o r  a g r ap h  m ay 
be u n d irected  (F i g ur e 8),  m ean i n g  t h at  i t s edg es h av e n o  di r ec t i o n . 

 Figure 7:  A  s im p l e d irec t ed  gra p h    Figure 8:  A  s im p l e un d irec t ed  gra p h  

F i g ur e 7 i llust r at es sev er al i m p o r t an t  c h ar ac t er i st i c s o f  g r ap h s (p ar t i c ular ly,  o f  
di r ec t ed g r ap h s).  I n  t h i s p ar t i c ular  g r ap h ,  eac h  v er t ex  i s r ep r esen t ed by a c i r c le 
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an d labeled w i t h  a let t er ,  an d eac h  edg e i s r ep r esen t ed by an  ar r o w  an d i s labeled 
w i t h  a n um ber .  P o si t i o n  o f  t h e v er t i c es do es n o t  af f ec t  t h e g r ap h ;  t h at  i s,  t h e X -Y  
c o o r di n at es o f  v er t i c es dr aw n  o n  a p i ec e o f  p ap er  do  n o t  m at t er ,  as lo n g  as t h e 
edg es st i ll c o n n ec t  t h e sam e v er t i c es.  T h e ac t ual sh ap e o f  t h e v er t i c es an d t h e 
m et h o d o f  labeli n g  v er t i c es an d edg es ar e also  un i m p o r t an t .  S q uar es c an  be used 
i n st ead o f  c i r c les,  o r  t h e v er t i c es c an  be labeled “ L uc y, ”  “ R i c k y, ”  “ F r ed, ”  an d 
“ E t h el.”   W h at  is i m p o r t an t  i s t h e w ay t h at  edg es ar e dr aw n . 

I n  a di r ec t ed g r ap h  (also  c alled a d ig ra p h ),  edg es f lo w  f r o m  o n e v er t ex  t o  
an o t h er  v er t ex  an d ar e r ep r esen t ed by ar r o w s (F i g ur e 7).  T h er e i s n o  r est r i c t i o n  
o n  t h e n um ber  o f  edg es t h at  c an  f lo w  f r o m  an y v er t ex  t o  an o t h er  v er t ex ,  so  so m e 
edg es m ay f lo w  i n  t h e sam e di r ec t i o n  bet w een  t h e sam e t w o  v er t i c es (F i g ur e 7:  
edg es 3 an d 4).  Also ,  edg es ar e allo w ed t o  f lo w  f r o m  a v er t ex  bac k  t o  i t self  
(F i g ur e 7:  edg e 7). 

I n  an  un di r ec t ed g r ap h ,  edg es h av e n o  di r ec t i o n  an d ar e dr aw n  as li n es i n st ead o f  
ar r o w s (F i g ur e 8).  Ag ai n ,  t h er e ar e n o  li m i t at i o n s o n  t h e n um ber  o f  edg es t h at  
c an  c o n n ec t  an y t w o  v er t i c es (F i g ur e 8:  edg es 2,  3,  an d 4),  an d edg es c an  st i ll 
c o n n ec t  a si n g le v er t ex  t o  i t self  (F i g ur e 8:  edg e 7).  T h e o n ly di f f er en c e bet w een  a 
di r ec t ed g r ap h  an d an  un di r ec t ed g r ap h  i s t h at  t h e edg es i n  t h e f o r m er  h av e 
di r ec t i o n .  I n  all o t h er  r esp ec t s,  t h e t w o  t yp es o f  g r ap h s beh av e i den t i c ally.  I n  
f ac t ,  an y un di r ec t ed g r ap h  c an  be ap p r o p r i at ely r ep r esen t ed by a di r ec t ed g r ap h  
w i t h  t w i c e t h e n um ber  o f  edg es by usi n g  a di r ec t ed edg e i n  eac h  di r ec t i o n  i n  p lac e 
o f  eac h  un di r ec t ed edg e.  O f t en ,  di g r ap h s w h er e all edg es ar e bi di r ec t i o n al (f lo w  
f r o m  v er t ex  A t o  v er t ex  B i m p li es f lo w  f r o m  v er t ex  B t o  v er t ex  A,  an d v i c e v er sa) 
ar e dr aw n  i n  t h e sam e w ay as un di r ec t ed g r ap h s,  w i t h  li n es i n st ead o f  ar r o w s.  
G r ap h s o f  c o m p ut er  n et w o r k s,  f o r  ex am p le,  o f t en  f all i n t o  t h i s c at eg o r y. 
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T h er e ar e m an y sp ec i f i c  t yp es o f  g en er al g r ap h s t h at  ar e i m p o r t an t  en o ug h  t o  
w ar r an t  t h ei r  o w n  n am e.  I n  c o m p ut er  sc i en c e,  t h e m o st  i m p o r t an t  o f  t h o se i s t h e 
tree ,  w h i c h  i s def i n ed as a c o n n ec t ed g r ap h  w i t h o ut  c yc les (F i g ur e 1). 

 

 Figure 9:  A  s im p l e t ree  Figure 1 0 :  T h e s a m e t ree,  b ut  ro o t ed  

 
T r ees c an  be ei t h er  di r ec t ed o r  un di r ec t ed.  W h en  t h ey ar e di r ec t ed (an d esp ec i ally 
w h en  t h e t r ee i s ro o ted ),  t h ey ar e v er y o f t en  dr aw n  i n  a w ay suc h  t h at  all t h e 
edg es p o i n t  up w ar d (so m et i m es suc h  t h at  t h ey all p o i n t  do w n w ar d),  an d i n  t h i s 
c ase t h ey m ay be dr aw n  w i t h o ut  ar r o w h eads,  w i t h  t h e ro o t (i f  o n e ex i st s) at  t h e 
t o p  (F i g ur e 10 ).  I n  a r o o t ed t r ee,  suc h  as t h e o n e i n  F i g ur e 10 ,  ev er y v er t ex  
ex c ep t  f o r  t h e r o o t  (F i g ur e 10 :  v er t ex  E ) h as ex ac t ly o n e o ut g o i n g  edg e t o w ar d i t s 
p a ren t.  Co n v er sely,  eac h  v er t ex  c an  h av e an y n um ber  o f  i n c o m i n g  edg es f r o m  
i t s ch il d ren .  A v er t ex  w i t h  n o  c h i ldr en  i s c alled a l ea f  (F i g ur e 10 :  v er t i c es A,  C,  
D,  H ,  I ,  an d J ). 

I n  addi t i o n  t o  sp ec i al g r ap h s c alled t r ees,  t h er e ar e sp ec i al t r ees c alled n-n a r y  
t r e e s .  An n-ar y  t r e e  i s d e f i ne d  as e i t h e r  an e m p t y  t r e e  o r  a r o o t e d  t r e e  w i t h  
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e x ac t l y  n c h i l d r e n,  e ac h  o f  w h i c h  i s an n-ar y  t r e e .  T h e  t r e e  i n Fi g u r e  1 0  f i t s t h e  
d e f i ni t i o n o f  a 4-ar y  t r e e  b e c au se  e v e r y  p ar e nt —w h i c h ,  b y  t h i s d e f i ni t i o n,  al so  
i nc l u d e s t h e  l e av e s—h as e x ac t l y  f o u r  4-ar y  t r e e s.  Eac h  l e af  h as e x ac t l y  f o u r  
e m p t y  4-ar y  t r e e s.  T h e  m o st  c o m m o n n-ar y  t r e e  i s t h e  b i nar y  t r e e ,  w h e r e  e ac h  
p ar e nt  h as e x ac t l y  t w o  c h i l d r e n. 

Ho w  ar e  g r ap h s u se f u l  f o r  i nf o r m at i o n v i su al i z at i o n?   Gr ap h s ar e  e x t r e m e l y  
c o nv e ni e nt  and  u nd e r st and ab l e  w ay s t o  r e p r e se nt  m any  r e al  w o r l d  i d e as.  Fo r  
e x am p l e ,  r o ad  m ap s c an b e  r e p r e se nt e d  as g r ap h s,  w h e r e  e ac h  v e r t e x  i s an 
i nt e r se c t i o n and  e ac h  e d g e  i s a r o ad .  Gr ap h s ar e  al so  t h e  p r e f e r r e d  m e t h o d  o f  
d i sp l ay i ng  c o m p u t e r  ne t w o r k s,  w h e r e  e ac h  v e r t e x  i s a c o m p u t e r ,  and  e ac h  e d g e  i s 
a ne t w o r k  c o nne c t i o n b e t w e e n t w o  c o m p u t e r s. 

Gr ap h s,  t h e r e f o r e ,  ar e  an i m p o r t ant  m e t h o d  o f  v i su al i z i ng  c e r t ai n k i nd s o f  d at a,  
p ar t i c u l ar l y  w h e r e  c e r t ai n t h i ng s ar e  so m e h o w  r e l a t e d  t o  o t h e r  t h i ng s.  In t h e  c ase  
o f  c o m p u t e r  ne t w o r k s,  t h e  “ t h i ng s”  ar e  c o m p u t e r s,  and  t h e y  ar e  “ r e l at e d ”  b y  
b e i ng  c o nne c t e d  v i a h ar d w ar e .  Gr ap h s ar e  b y  no  m e ans l i m i t e d  t o  p h y si c al  t h i ng s 
and  p h y si c al  r e l at i o ns;  t h e y  ar e  u se d  i n al l  so r t s o f  ap p l i c at i o ns,  su c h  as 
h i e r ar c h i c al  o r  r e l at i o nal  d at ab ase s,  i nt r am o l e c u l ar  d y nam i c s,  and  e v e n p r o g r am  
d at a f l o w .  In t h e  c o nt e x t  o f  d at a st r u c t u r e s,  g r ap h s w i l l  b e  u se d  t o  v i su al i z e  t h e  
r e l at i o nsh i p s b e t w e e n p ar t i c u l ar  p i e c e s o f  i nf o r m at i o n. 

2 . 3   D a t a  S t r u c t u r e s  

A d a t a  s t r u c t u r e  i s a c o l l e c t i o n o f  r e l at e d  d at a al o ng  w i t h  t h e  o p e r at i o ns t h at  c an 
b e  p e r f o r m e d  w i t h  t h e  d at a.  T h e  k e y  w o r d  i n t h i s d e f i ni t i o n i s r e l a t e d —al r e ad y ,  
t h at  sh o u l d  i m p l y  t h e  p o ssi b i l i t y  o f  u si ng  g r ap h s t o  r e p r e se nt  t h e m . 

Dat a st r u c t u r e s ar e  r am p ant  i n c o m p u t e r  sc i e nc e .  S i nc e  t h e  ad v e nt  o f  c o m p u t e r s,  
p r o g r am m e r s h av e  ne e d e d  si m p l e  w ay s t o  o r g ani z e  c o m p l e x  i nf o r m at i o n.  T h e  
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l i ne ar ,  b i nar y  f o r m at  o f  m e m o r y  d o e s no t  o f t e n f ac i l i t at e  t h i s o r g ani z at i o n.  T h e  
c o nc e p t  o f  a p o i n t e r  w as i nv e nt e d  t o  al l o w  m o r e  c o m p l e x  r e l at i o nsh i p s b e t w e e n 
p i e c e s o f  d at a.  A p o i nt e r ,  i n t h e  g e ne r al  se nse ,  i s a p i e c e  o f  d at a t h at  p r o v i d e s 
ac c e ss t o  ano t h e r  p i e c e  o f  d at a.  S p e c i f i c  e x am p l e s o f  p o i nt e r s i nc l u d e  m e m o r y  
ad d r e sse s and  i nd i c e s i nt o  ar r ay s. 

P o i nt e r s al l o w  p i e c e s o f  d at a t o  h o l d  i nf o r m at i o n ab o u t  r e l at e d  p i e c e s o f  d at a 
( nam e l y ,  h o w  t o  ac c e ss t h e m ) .  Fo r  e x am p l e ,  i n a d o u b l y  l i nk e d  l i st ,  e ac h  e l e m e nt  
i n t h e  l i st  c o nt ai ns p o i nt e r s t o  t h e  ne x t  and  p r e v i o u s e l e m e nt s i n t h e  l i st .  W h i l e  
l i st s o f  d at a c an b e  i m p l e m e nt e d  u si ng  l i ne ar  m e m o r y  i n t h e  f o r m  o f  ar r ay s 
( w h i c h ,  i nc i d e nt al l y ,  u se  p o i nt e r s—ar r ay  i nd i c e s—t h at  ar e  e x t e r nal  t o  t h e  d at a) ,  
l i nk e d  l i st s h av e  c e r t ai n ad v ant ag e s o v e r  ar r ay s,  p ar t i c u l ar l y  w i t h  r e sp e c t  t o  
i nse r t i o n and  d e l e t i o n o f  l i st  e l e m e nt s. 

P o i nt e r s al so  f ac i l i t at e  t h e  o r g ani z at i o n o f  m any  o t h e r  k i nd s o f  d at a st r u c t u r e s,  
su c h  as l i st s o f  l i st s,  t r e e s,  and  g r ap h s.  Fo r  t h i s r e aso n,  p o i nt e r s ar e  v e r y  o f t e n 
u se d  t o  o r g ani z e  d at a,  so  t h e y  t e nd  t o  b e  a c o m m o n d e no m i nat o r  w h e n i t  c o m e s 
t o  anal y z i ng  d at a st r u c t u r e s.  In f ac t ,  t h e  t e r m  “ d at a st r u c t u r e ”  c an b e  su c c i nc t l y  
d e f i ne d  ( e x c l u d i ng  ar r ay s)  as a c o l l e c t i o n o f  d at a e l e m e nt s c o nne c t e d  b y  p o i nt e r s 
[ 3 ] . 

2 . 4   M e m o r y  M a n a g e m e n t  

Fr o m  t h e  v i e w p o i nt  o f  a p r o g r am ,  o p e r at i ng  sy st e m s g e ne r al l y  d i v i d e  m e m o r y  
i nt o  t w o  al l o c at ab l e  t y p e s [ 1 ] .  T h e  f r a m e  s t a c k  ( al so  ab b r e v i at e d  as t h e  “ st ac k ” )  
h o l d s t e m p o r ar y  l o c al  v ar i ab l e s f o r  al l  t h e  f u nc t i o n c al l s i n a p r o g r am  t h at  h av e  
no t  y e t  c o m p l e t e d .  T h e  f r am e  st ac k  o c c u p i e s a f i x e d  am o u nt  o f  sp ac e  t h at  i s 
su b j e c t  t o  o v e r f l o w ,  and  h e nc e  i s u nsu i t ab l e  f o r  st o r ag e  o f  l ar g e  d at a st r u c t u r e s.  
T h e  m e m o r y  h e a p  ( al so  ab b r e v i at e d  as t h e  “ h e ap ” ) ,  o n t h e  o t h e r  h and ,  i s a l ar g e  
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b l o c k  o f  m e m o r y  t h at  i s d y nam i c al l y  al l o c at e d  as ne c e ssar y ;  i t  i s m u c h  m o r e  
su i t ab l e  f o r  st o r i ng  l ar g e  d at a st r u c t u r e s.   

Ap p r o p r i at e  p r o g r am  d e si g n c al l s f o r  u si ng  t h e  f r am e  st ac k  t o  st o r e  sm al l ,  
t e m p o r ar y  p i e c e s o f  d at a,  su c h  as i nt e g e r s u se d  t o  i t e r at e  t h r o u g h  ar r ay s.  L ar g e r  
o r  d y nam i c al l y  si z e d  d at a st r u c t u r e s,  su c h  as l ar g e  ar r ay s o r  l i nk e d  l i st s,  sh o u l d  b e  
al l o c at e d  o n t h e  h e ap .  Dat a o n t h e  h e ap  i s r e f e r e nc e d  v i a p o i nt e r s,  w h i c h  c an b e  
st o r e d  o n e i t h e r  t h e  f r am e  st ac k  o r  t h e  h e ap .  P r o g r am s h av e  d i r e c t  ac c e ss o nl y  t o  
d at a o n t h e  f r am e  st ac k .  As a r e su l t ,  t h e r e  i s a st r o ng  r e l at i o nsh i p  b e t w e e n t h e  
st ac k  and  t h e  h e ap .  Dat a o n t h e  h e ap  m u st  so m e h o w  b e  r e f e r e nc e d  b y  at  l e ast  
o ne  p i e c e  o f  d at a o n t h e  f r am e  st ac k .  Any  d at a t h at  i s no t  r e f e r e nc e d  b y  a p o i nt e r  
o n t h e  f r am e  st ac k  b e c o m e s u nr e ac h ab l e  t o  t h e  p r o g r am ,  so  t h e  m e m o r y  t h at  t h e  
d at a o c c u p i e s b e c o m e s u se l e ss,  si nc e  t h e  o p e r at i ng  sy st e m  st i l l  c o nsi d e r s t h e  
m e m o r y  as al l o c at e d .  T h e  r e su l t  i s a m e m o r y  l e a k . 
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C h a p t e r  3  

CHAPTER 3: S TATE O F  THE ART I N  D ATA S TRU CTU RE 
V I S U AL I Z ATI O N  

3.1  G r a p h i n g  A l g o r i t h m s  

G ra p h  t h eo ry  i s  a  v ery  i m p o rt a n t  f i el d  o f  s t u d y  i n  w h i c h  c o u n t l es s  m a n -h o u rs  o f  
res ea rc h  ef f o rt s  h a v e b een  s p en t .   G ra p h s  a re i n c red i b l y  u s ef u l  c o n s t ru c t s ,  a n d  
s i n c e t h ey  a re m o s t  u n d ers t a n d a b l e a s  v i s u a l  en t i t i es ,  t h ey  a re m o s t  c o m m o n l y  
s een  i n  a  v i s u a l  f o rm a t .   S o m e g ra p h s  h a v e t h e p o t en t i a l  o f  b ec o m i n g  v ery  l a rg e i n  
s i z e,  a n d  t h e d es i re t o  d ra w  s u c h  g ra p h s  h a s  m o t i v a t ed  res ea rc h  i n t o  p o s s i b l e 
w a y s  t o  g en era l i z e t h e p ro c es s  o f  d ra w i n g  g ra p h s ,  w i t h  h o p e t h a t  s u c h  a  
g en era l i z a t i o n  c o u l d  b e rea l i z ed  i n  a n  a l g o ri t h m  t h a t  c o u l d  b e i m p l em en t ed  o n  a  
c o m p u t er,  a u t o m a t i n g  t h e a c t u a l  p ro c es s  o f  d ra w i n g  g ra p h s .  

M a n y  g rea t  s t ri d es  h a v e b een  m a d e t o w a rd  s u c h  a n  en d ,  a n d  s o m e o f  t h e m o re 
i m p o rt a n t  c l a s s es  o f  a l g o ri t h m s  f o r d ra w i n g  g ra p h s  a re w o rt h  d et a i l ed  m en t i o n .   
Th e c i rc u l a r l a y o u t  [ 6 ]  m et h o d  i s  p erh a p s  t h e s i m p l es t ,  a n d  i t  c a n  b e a p p l i ed  t o  
b o t h  d i rec t ed  a n d  u n d i rec t ed  g ra p h s .   Th e l a y eri n g  m et h o d  [ 7 ] ,  h o w ev er,  f o c u s es  
m o re o n  d i rec t ed  g ra p h s ,  w h i l e t h e p h y s i c a l  m o d el i n g  c l a s s  o f  a l g o ri t h m s  [ 7 ]  
w o rk s  b es t  w i t h  u n d i rec t ed  g ra p h s .  

3.1.1  C i r c u l a r  L a y o u t  

Th e s i m p l es t  a l g o ri t h m  p l a c es  a l l  o f  t h e v ert i c es  o n  t h e p eri m et er o f  a  c i rc l e,  
w h ere ea c h  v ert ex  i s  eq u a l l y  d i s t a n t  f ro m  i t s  n ei g h b o rs ,  a n d  t h en  c o n n ec t s  
v ert i c es  w i t h  l i n es  o r a rro w s  a s  a p p ro p ri a t e ( F i g u re 1 1 ) .   Th i s  a l g o ri t h m ’ s  
s t ren g t h s  a re i n  i t s  s i m p l i c i t y ,  i t s  s p eed ,  a n d  t h a t  i t  c a n  b e u s ed  f o r b o t h  d i rec t ed  
a n d  u n d i rec t ed  g ra p h s .   I t s  b i g g es t  w ea k n es s  i s  t h a t  t h e res u l t i n g  g ra p h s  c a n  



 

 1 7  

q u i c k l y  b ec o m e a  s p a g h et t i  b o w l  o f  n o n s en s e a s  t h e n u m b er o f  ed g es  o r t h e 
n u m b er o f  v ert i c es  i n c rea s es .  

 Figure 1 1 :  A  c irc ul a r d irec t ed  gra p h  l a y o ut  

3.1.2  The L a y er i n g  M et ho d  

A more sophisticated algorithm f or draw in g directed graphs is called the lay erin g 
method.  T he lay erin g method assign s v ertices to lay ers in  su ch a w ay  that as 
man y  edges poin t u pw ard as possib le.  Edges are on ly  allow ed to con n ect v ertices 
at adj acen t lay ers,  so con n ectin g tw o v ertices that are f u rther than  on e lay er apart 
req u ires creation  of  on e or more “ du mmy ”  v ertices throu gh w hich the algorithm 
con n ects the tw o actu al v ertices.  Figu re 1 2  show s on e possib le resu lt of  apply in g 
the lay erin g method to the graph f rom Figu re 1 1 .  T he gray ,  u n lab eled circles 
represen t du mmy  v ertices,  an d there is on ly  on e edge that poin ts dow n w ard ( the 
edge f rom E to D) . 
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 Figure 1 2 :  A  l a y ered  d irec t ed  gra p h  l a y o ut  

T he lay erin g method is v ery  popu lar f or directed graphs b ecau se it creates 
reason ab ly  aesthetic graphs in  an  acceptab le amou n t of  compu ter processin g 
time.  I t can  realistically  han dle graphs w ith u p to a thou san ds v ertices an d edges.  
P rob lems arise,  how ev er,  w hen  try in g to draw  graphs w ith more than  a f ew  
cy cles.  T he lay erin g method is rather hierarchical b y  its v ery  n atu re,  so the 
algorithm perf orms q u ite w ell on  graphs that con f orm w ell to a hierarchy .  As the 
n u mb er of  cy cles in creases,  how ev er,  the mostly -u pw ard characteristic of  the 
ou tpu t b ecomes a hin dran ce to aestheticism.  T his relian ce on  hierarchy  also 
mak es the lay erin g method a poor choice f or u n directed graphs. 

An other complain t again st the lay erin g method is its u se of  b en din g edges.  I t is 
gen erally  agreed that the most aesthetically  pleasin g draw in gs of  graphs are the 
on es that rely  on ly  on  straight edges [ 7 ] .  An y  b en din g or cu rv in g can  mislead an  
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in terpretation  of  the graph,  so the lay erin g method’ s du mmy  v ertices create a 
prob lem in  that respect. 

3.1.3  P hy s i c a l  M o d el i n g  

Fin ally ,  an other class of  algorithms seek s to solv e the prob lem of  draw in g 
u n directed graphs.  I t u ses phy sics to model the v ertices as masses that repel 
again st each other,  an d the edges are lik e sprin gs that cau se adj acen t v ertices to b e 
attracted to each other.  T he repu lsiv e f orces of  the v ertices serv e to main tain  an  
appropriate distan ce b etw een  the v ertices,  so that they  are n ot all b u n ched 
together in  a pile.  T he sprin gs b rin g con n ected v ertices closer together.  
R epeated optimiz ation  resu lts in  a relativ ely  aesthetic graph w hose v ertices try  to 
remain  as close as possib le to their adj acen t n eighb ors an d as f ar as possib le f rom 
v ertices that are graph-theoretically  f u rther. 

T he adv an tage of  this phy sical approach is that,  ev en tu ally ,  the v ertices seem to 
j u st place themselv es accordin g to the law s of  phy sics in to a state of  least en ergy ,  
mu ch in  the w ay  that most of  n atu re w ork s.  I t is v ery  ef f ectiv e an d can  produ ce 
aesthetically  appealin g represen tation s of  some of  the most complex  graphs.  T he 
dow n side of  this approach is that it ign ores crossin g edges.  Edges that cross can  
b e a b othersome property  in  a draw in g of  a graph,  sin ce it can  cau se con f u sion  
ab ou t w hich v ertices an  edge actu ally  con n ects,  so the optimal solu tion  w ou ld 
av oid in tersectin g edges at all costs. 

3. 2   Data Structure Visualization Software 

It is widely admitted that one of the most time-c onsu ming  par ts of pr og r amming  
is finding  b u g s and fix ing  them.  T his r ealiz ation has led to pr ac tic ally u nlimited 
inter est in r edu c ing  the possib ility of er r or s and in ex pediting  the pr oc ess of 
deb u g g ing .  T ools su c h as those inc lu ded in M ic r osoft’ s V isu al S tu dio su ite of 
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softwar e dev elopment env ir onments ar e a r esu lt of this ong oing  effor t.  O ne 
thing  that most deb u g g er s lac k ,  howev er ,  is v isu aliz ation. 

T her e ar e,  howev er ,  many softwar e pr oj ec ts that wer e or  still ar e b eing  dev eloped 
with data v isu aliz ation in mind.  A  v er y pr omising  pr oj ec t c alled D eet [ 2 ]  u ses a 
c ommon g r aph-dr awing  tool c alled D otty [ 4 ]  to pr ov ide v isu al r epr esentations of 
data str u c tu r es.  V D B X  [ 4 ]  is another  D otty-power ed v isu al deb u g g ing  pr oj ec t.  
A  lar g er  pr oj ec t c alled the G N U  V isu al D eb u g g er  has a v er sion that c ompiles on 
thr ee differ ent platfor ms.  B y far ,  howev er ,  the D ata D isplay D eb u g g er  ( b etter  
k nown as D D D )  [ 9 ]  is the most well-k nown and lar g est of the v isu al deb u g g er s,  
and has b een u nder  ac tiv e dev elopment sinc e 1 9 9 3 . 

3.2.1  D o t t y  

D otty [ 4 ]  is a g ener al-pu r pose g r aph u tility.  It c an b e u sed to edit and dr aw 
g ener al dir ec ted or  u ndir ec ted g r aphs.  T hou g h it c an r u n standalone as a g r aph 
editor ,  it is mor e impor tant to the ar t of v isu al deb u g g ing  as a fr ont-end tool for  
v isu al deb u g g ing  tools su c h as D eet and V D B X . 

 Figure 1 3 :  A  gra p h  d is p l a y ed  w it h  D o t  
( t a k en ,  un ed it ed ,  f ro m  [ 4 ] ) 

 Figure 1 4 :  A  gra p h  d is p l a y ed  w it h  N ea t o  
( t a k en ,  un ed it ed ,  f ro m  [ 4 ] ) 
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Dotty is partitioned into two sections: a programmable viewer, called Lefty; and 
graph  layou t generators, implemented with  Dot ( F igu re 1 3 ) and N eato ( F igu re 
1 4 ).  Dot generates layou ts for directed graph s and is based on th e layering 
meth od described earlier in th is ch apter.  N eato generates layou ts for u ndirected 
graph s and u ses ph ysical modeling as described earlier in th is ch apter.  T ogeth er, 
Dotty provides advanced capabilities to programmers th at wou ld oth erwise be 
forced to implement th em manu ally.  B y u sing Dotty, visu al debu gging software 
need not worry abou t proper display of th e graph s th ey constru ct. 

3.2.2  De e t  

Deet [ 2 ]  stands for Desk top E rror E limination T ool, and its name is a good 
indicator of its goal.  I t attempts to address th e sh ortcomings of large, complex  
debu ggers, so it is a very small sh ell program th at does a su rprisingly large amou nt 
of work  in only 1 5 0 0  lines of sh ell.  W ritten in tk sh , a variant of th e K orn sh ell, it 
is mach ine-independent, bu t it relies on th e concept of a “ nu b,”  a small set of 
mach ine-dependent fu nctions th at mu st be embedded in th e debu gged program 
to allow Deet to collect th e necessary data from th e program th at is being 
debu gged.  T h u s, Deet req u ires a sligh t bit of ex tra effort on th e part of th e 
programmer in order to provide h im or h er with  debu gging capabilities. 

F igu re 1 5  sh ows a sample debu gging session th at u ses Deet.  T h e graph ical 
representation of a data stru ctu re appears in th e lower righ t corner, in a window 
labeled “ Dotty.”  
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 Figure 1 5 :  D eet  
( t a k en ,  un ed it ed ,  f ro m  [ 2 ] ) 

F eatu res of Deet inclu de capability for browsing sou rce files, setting break points 
and watch  variables, and visu aliz ing data stru ctu res via Dotty, a separate program 
th at relieves Deet of th e complex  responsibility of drawing graph s.  Deet’ s 
creators fou nd problems in larger debu ggers su ch  as G DB —wh ich  is abou t 
1 5 0 ,0 0 0  lines of C  code.  Large programs are inh erently bu ggy th emselves, and 
Deet’ s conciseness avoids th at and oth er problems th at go along with  siz e and 
complex ity.  Large debu ggers are also not very ex tendable, and one of Deet’ s 
most attractive featu res is its ex tensibility.  B ecau se it is so small, it is easier to 
u nderstand, mak ing it easier to modify and ex tend.  
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3.2.3  V DB X  

V DB X  [ 4 ]  is anoth er small visu al debu gging proj ect th at delegates to Dotty th e 
complex  task  of drawing graph s in an aesth etically pleasing organiz ation.  U nlik e 
Deet, h owever, V DB X  is u nintru sive in th at it adds noth ing to th e program being 
debu gged.  I nstead, it u ses DB X , an ex isting debu gging tool, to gath er th e 
req u ired information from th e debu gged program. 

F igu re 1 6  sh ows V DB X  in action. A  visu al representation of a data stru ctu re 
( generated by Dotty) dominates th e u pper h alf of th e screen. 

 Figure 1 6 :  V D B X  
( t a k en ,  un ed it ed ,  f ro m  [ 4 ] ) 
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B ecau se it u ses an ex ternal debu gger to provide debu gging capabilities, it is tied to 
th at debu gger in both  positive and negative ways.  I t inh erits all th e featu res of 
DB X , giving it more capabilities th an Deet’ s smaller nu b, bu t with  it comes th e 
limitations of DB X .  Developers th at wish  to u se V DB X  mu st first be familiar 
with  DB X  in order to u se its featu res.  V DB X  wou ld be more u ser-friendly if th e 
developer cou ld u se h is or h er own favorite debu gger.   B ecau se th e developers 
of V DB X  saved th emselves th e effort of designing th eir own debu gger, h owever, 
th ey were able to focu s more on th e visu aliz ation of data stru ctu res, centering 
more on th e u se of Dotty to display data stru ctu res graph ically, contrary to Deet, 
wh ere Dotty plays a role less significant th an Deet’ s oth er featu res. 

3.2.4   G N U  V i s u a l  De b u g g e r  

T h e G N U  V isu al Debu gger ( G V D) [ 1 0 ]  is an ongoing visu al debu gging software 
proj ect, developed by A C T -E u rope.  I t is very robu st, implementing many u sefu l 
debu gging featu res.  Lik e V DB X , it u ses a tex t-based debu gger to carry ou t th e 
actu al debu gging necessities, and it u ses th e ou tpu t to display it on-screen in a 
u ser-friendly format.  U nlik e V DB X , wh ich  restricts its u sers to DB X  or 
debu ggers th at u se th e DB X  syntax  for C  stru cts, it can be configu red to u se 
nearly any debu gger th at th e programmer wish es to u se.  I t h as native su pport for 
G DB , V x W ork s, Lynx O S , J V M , and oth ers, bu t if a favorite debu gger is not 
su pported natively, G V D can easily be ex tended to u se th at particu lar debu gger.  
G V D even su pports u sing mu ltiple debu ggers simu ltaneou sly. 

F igu re 1 7  sh ows th e main window of th e G N U  V isu al Debu gger.  T h e “ C anvas”  
at th e top of th e screen is of most concern.  I t displays data nodes as box es th at 
lists all th e fields of th e data node, and arrows connect nodes th at are related to 
each  oth er via pointers. 
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 Figure 1 7 :  T h e G N U  V is ua l  D eb ugger 
( t a k en ,  un ed it ed ,  f ro m  [ 1 0 ] ) 

I n addition to flex ibility with  debu ggers, it is written in A da u sing a h igh ly 
platform-independent G U I  toolk it called G tk A da, so it can be compiled on 
virtu ally any modern operating system, inclu ding M icrosoft W indows, 
G N U / Linu x , and S olaris.  A s long as th e system h as a tex t-based debu gger th at 
G V D can u se, th en th e system can u se it as a powerfu l visu al debu gger. 

A mong its nu merou s featu res, it sports th e capability to graph ically depict data 
stru ctu res, th ou gh  th is featu re is downplayed somewh at in comparison to its h igh  
flex ibility with  respect to debu ggers and platform-independence.  S till, its 
visu aliz ation of data stru ctu res is su fficient enou gh  for simple debu gging 
pu rposes. 
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3.2.5   Da t a  Di s p l a y  De b u g g e r  

T h e Data Display Debu gger ( DDD) [ 9 ]  is a long-establish ed visu al debu gging 
program th at serves as a graph ical front end to th e G N U  Debu gger ( G DB ).  I t 
was created as a free alternative to commercial debu ggers th at were bu ndled with  
proprietary integrated development environments and compilers. 

T h e proj ect started in 1 9 9 3  as a simple front end to G DB .  I t inh erited G DB ’ s 
advanced debu gging capabilities and added graph ical representation of data 
stru ctu res, mu ch  in th e same way th at G V D does, with  box es representing nodes 
and arrows representing pointers.  S ince th en, it h as evolved to inclu de h u ndreds 
of new featu res, inclu ding su pport for many more command-line debu ggers, 
inclu ding DB X , W DB , Ladebu g, J DB , X DB , th e P erl debu gger, and th e P yth on 
debu gger.  I n addition to standard graph  representations of data, it also inclu des 
su pport for mu ltidimensional plots of data, a novel approach  to visu al debu gging. 

 Figure 18:  T h e  D a t a  D i s p l a y  D e b u g g e r  
( t a k e n ,  u n e d i t e d ,  f r o m  [ 8] ) 
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F i g u r e  1 8  s h o w s  a  D a t a  D i s p l a y  D e b u g g e r  s e s s i o n .   L i k e  G V D ,  i t ’ s  “ D a t a  
W i n do w ”  i s  a t  t h e  t o p  o f  t h e  w i n do w .   D D D  t a k e s  t h e  g r a p h  o n e  s t e p  f u r t h e r ,  
h o w e v e r ,  b y  p r o v i di n g  a  m e t h o d o f  l a y i n g  o u t  a  D a t a  W i n do w .   F i g u r e  1 9  s h o w s  
a  t y p e  o f  t r e e  da t a  s t r u c t u r e  a f t e r  a p p l y i n g  o n e  o f  D D D ’ s  a u t o m a t i c  l a y o u t  
a l g o r i t h m s .  

 F i g u r e  19 :  A  t r e e ,  u s i n g  D D D ’ s  a u t o m a t i c  l a y o u t  a l g o r i t h m  
( t a k e n ,  u n e d i t e d ,  f r o m  [ 8] ) 
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C h a p t e r  4  

C H A P T E R  4 :  T H E  D A T A  S T R U C T U R E  V IS U A L IZ A T IO N  P R O B L E M  

T h e  p r o b l e m  i s  t o  p r o v i de  ( f o r  p u r p o s e s  o f  de b u g g i n g  a  p r o g r a m )  a n  a u t o m a t i c  
s o l u t i o n  f o r  g e n e r a t i n g  a n  a e s t h e t i c  a n d u n de r s t a n da b l e  g r a p h i c a l  r e p r e s e n t a t i o n  
o f  da t a  s t r u c t u r e s  a s  t h e y  a r e  de v e l o p i n g  i n  a  r u n n i n g  p r o g r a m .   T h e  m a i n  
p u r p o s e  o f  t h e  s o l u t i o n  s h o u l d b e  t o  de b u g .   T h e r e f o r e ,  t h e  t a r g e t e d da t a  
s t r u c t u r e s  w i l l  b e  dy n a m i c ,  c h a n g i n g  c o n s t a n t l y  i n  t h e  de b u g g e d p r o g r a m  a s  i t  
r u n s .   A l s o ,  g e n e r i c  g r a p h -dr a w i n g  a l g o r i t h m s  m a y  s u f f i c e  f o r  s o m e  t y p e s  o f  da t a  
s t r u c t u r e s ,  b u t  i n  g e n e r a l ,  c o m p u t e r  s c i e n t i s t s  o f t e n  v i s u a l i z e  c e r t a i n  t y p e s  o f  da t a  
s t r u c t u r e s  i n  c e r t a i n  w a y s .  

T h e  o p t i m a l  s o l u t i o n  w i l l  s t r i v e  s i m p l y  t o  b e  t h e  m o s t  u s e f u l  a n d t h e  m o s t  h e l p f u l  
v i s u a l  de b u g g e r ,  p r o v i di n g  t h e  m o s t  e f f e c t i v e  a n d i n f o r m a t i v e  da t a  s t r u c t u r e  
v i s u a l i z a t i o n s .   It  n e e d n o t  c o n c e r n  i t s e l f  w i t h  g r a p h -t h e o r e t i c  o r  da t a  
o r g a n i z a t i o n a l  p r o b l e m s  t h a t  a r e  o f  n o  c o n c e r n  t o  t h e  de b u g g i n g  p r o g r a m m e r .   
T h e  n e e ds  o f  a l l  de v e l o p e r s ,  h o w e v e r ,  c a n  b e  di f f i c u l t  t o  j u dg e  a h e a d o f  t i m e .  

T h e r e  a r e  t h r e e  u s a g e  s c e n a r i o s  t h a t  p r o f e s s o r s  m a y  e n c o u n t e r  du r i n g  t h e  c o u r s e  
o f  t e a c h i n g  t h e i r  s t u de n t s  a b o u t  da t a  s t r u c t u r e s  a n d t h e i r  i m p l e m e n t a t i o n s .   
F i r s t l y ,  s t u de n t s  m a y  w i s h  t o  de s i g n  a n d b u i l d a n  i m p l e m e n t a t i o n  o f  a  da t a  
s t r u c t u r e  a n d s e e  t h e  r e s u l t s  o f  t h e i r  c o de .   A  g o o d v i s u a l  de b u g g e r  w i l l  p r o v i de  
e x a c t l y  t h i s  c a p a b i l i t y :  v i s u a l  di s p l a y  o f  u s e r -de f i n e d da t a  s t r u c t u r e s .   S e c o n dl y ,  
s t u de n t s  o f t e n  m a k e  m i s t a k e s  w i t h  dy n a m i c  m e m o r y  a l l o c a t i o n ,  a n d a  v i s u a l  
de b u g g e r  s h o u l d p r o v i de  f e e db a c k  w i t h  r e s p e c t  t o  a t t e m p t i n g  t o  de r e f e r e n c e  
a n d/ o r  m o di f y  t h e  c o n t e n t s  o f  a  p o i n t e r ’ s  m e m o r y  b e f o r e  i t  i s  a c t u a l l y  a l l o c a t e d.   
F i n a l l y ,  v i s u a l  de b u g g e r s  m a y  b e  a b l e  t o  p r o v i de  g r e a t e r  f e e db a c k  a b o u t  r e c u r s i o n ,  
s p e c i f i c a l l y  w i t h  i n f o r m a t i o n  a b o u t  t h e  p r o g r a m  s t a c k  a n d r e c u r s i v e  h i s t o r y .  
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O f  t h e  de b u g g e r s  di s c u s s e d i n  C h a p t e r  3 ,  m a n y  o f  t h e m  p r o v i de  v i s u a l  
c a p a b i l i t i e s  t h a t  c a u s e  t h e m  t o  s t a n d o u t  f r o m  o t h e r ,  n o n -v i s u a l  de b u g g e r s .   E a c h  
o f  t h e m  f a i l s ,  h o w e v e r ,  i n  s e v e r a l  w a y s .  

D e e t  p r o v i de s  i t s  o w n  de b u g g i n g  f a c i l i t i e s  w i t h o u t  r e l i a n c e  o n  a n o t h e r  de b u g g e r  
( s u c h  a s  G D B  o r  D B X ) ,  b u t  a t  a  c o s t .   It  r e q u i r e s  t h a t  t h e  u s e r  e m b e d t h e  
a p p r o p r i a t e  n u b  i n t o  t h e  de b u g g e d p r o g r a m .   T h i s  i s  a dde d e f f o r t  t h a t  t h e  o t h e r  
de b u g g e r s  do  n o t  de m a n d.   D e e t ’ s  s t r e n g t h s  a r e  i n  i t s  s m a l l  s i z e  a n d i t s  
e x t e n s i b i l i t y .   D e e t ’ s  s i m p l e  n u b ,  h o w e v e r ,  do e s  n o t  s u p p o r t  m a n y  o f  t h e  
c a p a b i l i t i e s  i n h e r e n t  i n  o t h e r  de b u g g e r s  [ 2 ] ,  s u c h  a s  e x a m i n i n g  c o r e  du m p s ,  
e v a l u a t i n g  e x p r e s s i o n s ,  a n d a s s e m b l y -l e v e l  de b u g g i n g .   A l s o ,  du e  t o  i t s  s i m p l i c i t y  
a n d i t s  r e l i a n c e  o n  D o t t y ,  i t  do e s  n o t  p r o v i de  m u c h  f l e x i b i l i t y  i n  i t s  da t a  s t r u c t u r e  
v i s u a l i z a t i o n .   It  u s e s  t h e  s a m e  a l g o r i t h m  t o  dr a w  a l l  da t a  s t r u c t u r e s ,  a n d w h i l e  i t  i s  
v e r y  e f f e c t i v e  a t  dr a w i n g  t r e e s  a n d l i n k e d l i s t s ,  i t  f a i l s  s o m e w h a t  i n  c o n v e y i n g  t h e  
i m p o r t a n t  c h a r a c t e r i s t i c s  o f  o t h e r ,  m o r e  c o m p l e x  da t a  s t r u c t u r e s  l i k e  g e n e r a l  
g r a p h s .  

V D B X  s u f f e r s  f r o m  t h e  s a m e  a i l m e n t s  t h a t  a r e  a s s o c i a t e d w i t h  u s i n g  D o t t y  t o  
dr a w  i t s  da t a  s t r u c t u r e s :  t h e  i n a b i l i t y  t o  a da p t  g r a p h s  t o  t h e  t y p e s  o f  da t a  
s t r u c t u r e s  t h a t  t h e y  a r e  t o  r e p r e s e n t .   It  dr a w s  t r e e s ,  l i n k e d l i s t s ,  a n d g e n e r a l  
g r a p h s  i n  t h e  s a m e  w a y ,  n o  m a t t e r  h o w  i n a p p r o p r i a t e .  

A n o t h e r  p r o b l e m  c o m m o n  t o  D o t t y  i s  t h a t  o f  s t a b i l i t y  i n  i n c r e m e n t a l  l a y o u t s  [ 4 ] .   
D o t t y  c a n n o t  p e r f o r m  s i m p l e  a ddi t i o n s  t o  i t s  g r a p h s ;  i t  dr a w s  g r a p h s  f r o m  
s c r a t c h  e a c h  t i m e .   G r a p h s  t h a t  a r e  s l i g h t l y  di f f e r e n t  m a y  b e  dr a w n  b y  D o t t y  i n  
q u i t e  a  di f f e r e n t  m a n n e r .   In  a  de b u g g i n g  a t m o s p h e r e ,  w h e r e  da t a  s t r u c t u r e s  a r e  
c o n s t a n t l y  a n d g r a du a l l y  c h a n g i n g ,  t h e  m o s t  e f f e c t i v e  g r a p h -dr a w i n g  a l g o r i t h m  
w i l l  b e  s t a b l e  w i t h  r e s p e c t  t o  s l i g h t  c h a n g e s  i n  t h e  da t a .   U n f o r t u n a t e l y ,  D o t t y ’ s  
a l g o r i t h m  do e s  n o t  s u p p o r t  t h i s ,  a n d b o t h  D e e t  a n d V D B X  s u f f e r  a s  a  r e s u l t .  
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G V D  a v o i ds  t h i s  p r o b l e m  i n  a  s u b -o p t i m a l  w a y :  i t  do e s  n o t  e m p l o y  a n  a l g o r i t h m  
t o  l a y o u t  g r a p h s .   It  p l a c e s  v e r t i c e s  o n  t h e  dr a w i n g  a r e a  a n d e x p e c t s  t h e  u s e r  t o  
o r g a n i z e  t h e  v e r t i c e s  i n  t h e  w a y  t h e y  s e e  f i t .   T h e  o b v i o u s  di s a dv a n t a g e  i s  t h a t  i t  
r e q u i r e s  m o r e  o f  t h e  p r o g r a m m e r  t h a n  i f  t h e  g r a p h  w e r e  dr a w n  a u t o m a t i c a l l y .   
T h e  a dv a n t a g e s  i n c l u de  s p e e d a n d s t a b i l i t y .   N o t  h a v i n g  t o  w o r r y  a b o u t  l a y o u t s  
m e a n s  t h a t  G V D  do e s  n o t  h a v e  t o  s p e n d t i m e  f i g u r i n g  o u t  h o w  t o  a p p r o p r i a t e l y  
l a y o u t  t h e  g r a p h .   It  a l s o  m e a n s  t h a t  t h e  g r a p h  i s  n o t  r e dr a w n  a t  e v e r y  i n t e r v a l .   
T h i s  i s  a  v e r y  i m p o r t a n t  p r o p e r t y  t h a t  p r o v i de s  b o t h  s p e e d a n d s t a b i l i t y ,  t h e  l a t t e r  
o f  w h i c h  w a s  t h e  b i g g e s t  p r o b l e m  w i t h  D o t t y .   S t i l l ,  p r o v i di n g  a u t o m a t i c  l a y o u t  
w o u l d g r e a t l y  a l l e v i a t e  t h e  du t i e s  t h a t  t h e  de v e l o p e r  w o u l d o t h e r w i s e  p e r f o r m ,  
a n d l e s s  w o r k  r e s u l t s  i n  m o r e  t i m e  t o  de b u g  a n d i m p r o v e  a  s o f t w a r e  p r o j e c t .  

D D D  a l s o  i m p l e m e n t s  i t s  o w n  g r a p h -dr a w i n g  a l g o r i t h m ,  b u t  o n l y  a s  s p e c i f i e d b y  
t h e  u s e r  [ 8 ] .   T h e  de f a u l t  p a r a l l e l s  G V D  b y  s i m p l y  p l a c i n g  da t a  o n  t h e  dr a w i n g  
a r e a  a s  n e e de d.   U p o n  r e q u e s t ,  h o w e v e r ,  D D D  w i l l  l a y o u t  t h e  da t a  s t r u c t u r e  w i t h  
o n e  o f  t w o  a l g o r i t h m s .   T h e  de f a u l t  a l g o r i t h m  u s e s  a  t r e e  f o r m a t ,  w h i l e  t h e  
s e c o n d a l g o r i t h m  dr a w s  g r a p h s  i n  a  m o r e  c o m p a c t  f o r m .   L i k e  D o t t y ,  h o w e v e r ,  
t h e  a l g o r i t h m s  do  n o t  a da p t  t o  t h e  t y p e  o f  da t a  s t r u c t u r e ,  s o  t h e  l a y o u t s  a r e  n o t  
a l w a y s  m e a n i n g f u l .  

T h e r e  a r e  t w o  o t h e r  p r o b l e m s  t h a t  a r e  c o m m o n  t o  a l l  o f  t h e s e  v i s u a l  de b u g g e r s .   
T h e  f i r s t  i s  t h a t  n o n e  o f  t h e m  p r o v i de  a  m e a n s  f o r  t h e  p r o g r a m m e r  t o  s e l e c t  
w h i c h  f i e l ds  o f  a  s t r u c t u r e  s h o u l d b e  di s p l a y e d.   E v e r y  o n e  o f  t h e m  di s p l a y s  a l l  o f  
t h e  f i e l ds ,  n o  m a t t e r  h o w  i n s i g n i f i c a n t  a n y  o f  t h e m  m a y  b e .   T h i s  i s  a  
di s a p p o i n t m e n t  t o  m a n y  p r o g r a m m e r s ,  b e c a u s e  i n  p r a c t i c e ,  m o s t  da t a  s t r u c t u r e s  
i n c l u de  m a n y  f i e l ds ,  s o m e  o f  w h i c h  a r e  u n i m p o r t a n t  f o r  a l l  de b u g g i n g  t a s k s ,  a n d 
s o m e  o f  w h i c h  a r e  a t  l e a s t  u n i m p o r t a n t  f o r  some debugging tasks.  None of the 
c ur r ent v isual  debugger s p r ov ides for  the fl ex ibil ity  to hide fiel ds as desir ed by  the 
user .  D D D  offer s the abil ity  to c om p r ess fiel ds that ar e them sel v es data 
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str uc tur es,  w her e they  c an be ex p anded as desir ed by  the user ,  but the fiel d stil l  
uses sp ac e,  no m atter  how  usel ess it m ay  be to the p r ogr am m er .  T he r esul t is an 
ex tr em el y  l ar ge w aste of sp ac e in v isual iz ations of data str uc tur es that c ontain 
m any  fiel ds. 

T he sec ond p r obl em  that is c om m on to the disc ussed debugger s is their  l ac k of 
r esp ec t for  the r el ationship  betw een the fr am e stac k and the m em or y  heap .  M ost 
debugger s keep  the tw o total l y  sep ar ate,  dr aw ing no c l ear  c onnec tions betw een 
the tw o.  D D D  and G D B  do p er hap s the best j ob of c onnec ting the tw o by  
dr aw ing stac k v ar iabl es on the dr aw ing ar ea as if they  w er e in the sam e c ategor y  
as heap  data.  T heir  sol ution,  how ev er ,  fail s to em p hasiz e the differ enc e betw een 
stac k and heap  data.  W hil e it is tr ue that v ar iabl es ar e stor ed in the sam e w ay  on 
both the stac k and the heap ,  c l ar ify ing the sep ar ateness of stac k and heap  data 
m ay  assist p r ogr am m er s in finding and sol v ing bugs.  Al l  of today ’ s debugger s,  
then,  fail  by  either  sep ar ating too m uc h the stac k fr om  the heap  or  by  
disr egar ding that sep ar ation entir el y .  T he ideal  sol ution w oul d both sep ar ate the 
stac k and the heap  and il l ustr ate the nec essar y  c onnec tions betw een the tw o. 

Anal y sis of the state of the ar t of v isual  debugging r esul ts in no c l ear -c ut sol ution 
to the p r obl em  of v isual iz ing data str uc tur es.  T he p r obl em  m ay  r em ain unsol v ed 
in p r ac tic e,  but in the v er y  l east,  new  standar ds hav e been r ev eal ed that m ay  hel p  
to l ead to the op tim al  v isual  debugging tool . 
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C h a p t e r  5  

C H AP T E R  5 :  T H E  D AT A S T R U C T U R E  VI S U AL I Z AT I O N S O L U T I O N 

5.1  G u i d e l i n e s  

T he task of p r op er l y  v isual iz ing data str uc tur es is not a sim p l e one.  W ith it ar e 
diffic ul ties in q uantify ing the aesthetic ism  of a p ar tic ul ar  dr aw ing of a data 
str uc tur e.  T he disc ussion of the state of the ar t of v isual  debugging,  how ev er ,  
l eads to sev er al  guidel ines that c an be taken into ac c ount w hen anal y z ing how  
m uc h m or e or  l ess effec tiv e one dr aw ing is w hen c om p ar ed to another . 

1 . I t is im p or tant that the v isual  foc us of the debugger  not inter fer e w ith the 
standar d q ual ities that hav e c om e to be ex p ec ted fr om  a debugger .  T hat is,  a 
v isual  debugger  shoul d at l east al l ow  standar d debugging tasks ( i.e. setting 
br eakp oints,  w atc hing v al ues,  etc .)  if it does not ex p l ic itl y  im p l em ent them .  
F or  ex am p l e,  both G VD  and D D D  use an ex ter nal  tool  to p r ov ide standar d 
debugging tasks,  ex tending these tasks in a gr ap hic al  m anner . 

2 . A v isual  debugger  shoul d str iv e to be as unintr usiv e to the dev el op er ’ s 
p r ogr am  as p ossibl e.  I n the ideal  c ase,  the onl y  thing a p r ogr am m er  needs to 
do is star t the debugging p r ogr am .  Any  additional  w or k,  suc h as l inking a 
nub or  c om p il ing additional  c ode,  shoul d be av oided. 

3 . I t seem s m ost ap p r op r iate to use gr ap hs to r ep r esent data str uc tur es,  sinc e 
ther e ar e v er y  fine definitions in this p r obl em  dom ain for  v er tic es ( p oc kets of 
data,  w hic h c an be thought of as str uc tur es)  and edges ( p ointer s fr om  one 
p oc ket of data to another  p oc ket of data) .  T her efor e,  ac c ur ate gr ap h 
c onstr uc tion is a m ust. 
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4 . A c or r ec t gr ap h r ep r esentation of data,  how ev er ,  is not enough.  T he gr ap h 
m ust be p r esented to the user  in an under standabl e and aesthetic  for m .  S inc e 
data str uc tur e gr ap hs ar e inher entl y  gener al  dir ec ted gr ap hs,  an al gor ithm  
designed tow ar d dr aw ing these kinds of gr ap hs w il l  m ost l ikel y  be the m ost 
ap p r op r iate sol ution.  G r ap h r ep r esentations of m any  data str uc tur es w il l  
hav e c y c l es in them ;  a doubl y -l inked l ist,  for  ex am p l e,  is ful l  of them .  A 
satisfac tor y  sol ution,  ther efor e,  shoul d take c y c l es into ac c ount w hen dr aw ing 
gr ap hs. 

5 . W hil e under standabl e and aesthetic  dr aw ings of gr ap hs ar e useful  in 
debugging,  ther e ar e m any  differ ent w ay s to dr aw  aesthetic  gr ap hs.  S om e 
gr ap h l ay outs ar e m or e ap p r op r iate than other s.  F or  ex am p l e,  a l inked l ist is 
best dr aw n in a l inear  for m ,  em p hasiz ing the l inear ity  of the l ist.  R ooted 
tr ees,  on the other  hand,  ar e m ost effec tiv el y  dr aw n w ith the r oot v er tex  on 
one side of the gr ap h,  w ith al l  ar r ow s dr aw n in the sam e gener al  dir ec tion.  
T he m ost c om m on for m at for  dr aw ing r ooted tr ees p l ac es the r oot v er tex  at 
the top  and dr aw s al l  ar r ow s in the up w ar d dir ec tion.  T he gr ap h shoul d be 
dr aw n in the m ost effec tiv e for m  as is ap p r op r iate for  the data str uc tur e that 
it r ep r esents.  T his m ay  r eq uir e asking user s for  m or e detail s about their  data 
str uc tur es,  but the best debugger  w oul d be abl e to autom atic al l y  disc ov er  the 
ty p es of the data str uc tur es. 

6 . I t is im p or tant that a v isual  debugger  p r ov ide infor m ation about sp ec ific  
v al ues of the data.  F or  ex am p l e,  v er tic es m ay  r ep r esent str uc tur es in w hic h 
ther e ar e sev er al  fiel ds.  Any  of those fiel ds m ay  be r el ev ant to the 
p r ogr am m er ;  on the other  hand,  any  of those fiel ds m ay  be usel ess to the 
p r ogr am m er ,  w asting p r ec ious sc r een r eal  estate.  T he op tim al  v isual  
debugger  w oul d al l ow  the p r ogr am m er  to c ustom iz e w hic h fiel ds of any  
p ar tic ul ar  data str uc tur e shoul d be disp l ay ed. 
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7 . F inal l y ,  m ost p r ogr am m ing l anguages and op er ating sy stem s distinguish 
betw een m em or y  al l oc ation to the fr am e stac k and to the heap .  F or  ex am p l e,  
in the C  p r ogr am m ing l anguage,  m em or y  is al l oc ated to the heap  by  c al l ing 
m al l oc ( ) .  S inc e al l  m em or y  on the heap  shoul d be r ooted v ia a p ointer  to 
som ew her e in the stac k ( other w ise,  ther e w oul d be no w ay  for  the p r ogr am  to 
ac c ess the heap -al l oc ated m em or y ) ,  ther e is a c l ear  and distinc t r el ationship  
betw een p iec es of data on the stac k ( p ointer s)  and p iec es of data on the heap  
( the data str uc tur es) .  T his r el ationship  shoul d be intuitiv el y  disp l ay ed to the 
dev el op er ,  and the ideal  v isual  debugger  w il l  p r ov ide suc h a disp l ay . 

None of these guidel ines ar e str ic t r eq uir em ents for  a v isual  debugger ,  but they  
hel p  m ake a v isual  debugger  m or e useful  to its user  base of p r ogr am m er s.  M any  
of today ’ s c ur r ent v isual  debugging softw ar e sol utions c onfor m  to sev er al  of the 
guidel ines,  but none of them  p r op er l y  adher es to al l  of them .  T he op tim al  v isual  
debugging sol ution w il l  do that and p r obabl y  m or e. 

5.2   Current Progress 

The software that is currently being developed as a response to the findings 
earlier in this chapter is called the V isual D ebugger.  M ore inform ation about it 
can be found at http: / / infovis.cs.vt.edu/ datastruct/ ,  the official V isual D ebugger 
website.  A s of M arch 2 0 0 2 ,  it is in a very infant state,  operating m ore as a 
work ing prototype than a true software solution,  and it im plem ents very few of 
the q ualities that have been deem ed necessary for an optim al visual debugger,  but 
it is on its way and hopefully will one day realiz e optim ality as defined earlier in 
this chapter. 

C urrently,  the V isual D ebugger is written m ostly in M icrosoft V isual B asic and 
inherits its debugging capabilities from  the M icrosoft V isual C + +  D ebugger.  A s 
such,  it req uires that the developer use the M icrosoft V isual C + +  I ntegrated 
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D evelopm ent E nvironm ent,  at least for debugging.  This req uirem ent provides 
the standard debugging capability of the V isual C + +  D ebugger,  but—lik e D eet 
or V D B X —im poses the lim itations of supporting a single debugger.  I deally,  the 
V isual D ebugger should either im plem ent its own debugging facilities,  or it 
should be able to support m ultiple debuggers. 

D espite being built on top of the V isual C + +  D ebugger,  there is a sm all bit of 
C + +  code that m ust be included in the target program  in order for the V isual 
D ebugger to track  data allocated on the heap.  I deally,  the V isual D ebugger 
should be non-intrusive. 

The current capabilities of the V isual D ebugger shall be dem onstrated through a 
sam ple run-through with a very sim ple binary search tree proj ect ( see A ppendix  
A  for the code) . 

 Figure 2 0 : T h e V is ua l  D eb ugger I n it ia l  S c reen  
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F igure 2 0  shows a screenshot of the first screen that appears upon program  
ex ecution.  I f the V isual C + +  proj ect that needs debugging is already open,  then 
the title bar will indicate that the V isual D ebugger has connected to the V isual 
C + +  proj ect.  O therwise,  the user can sim ply connect after opening the proj ect in 
V isual C + + .  I n this case,  the user has already opened the D em oTree proj ect,  and 
the V isual D ebugger indicates that it has connected to that proj ect. 

D uring debugging,  the left half of the m ain window will contain inform ation 
about data on the stack ,  while the right half of the m ain window will contain 
inform ation about data on the heap.  C urrently,  the program m er m ust m anually 
specify which stack  variables he or she would lik e to watch,  as well as the 
specifics of the user-defined data types in the program .  The latter req uirem ent,  
though a nuisance to the program m er,  has the desired advantage of being able to 
specify only those fields that are of im portance to him  or her. 

There is only one stack  variable in this proj ect that absolutely needs to be defined 
in order to be able to watch anything useful:  tree ,  which is a pointer to an 
instance of type  T ree.  F igure 2 1  shows that the user can add a stack  variable to 
be watched using standard C  declaration syntax .  Tabs and sem i-colons can be 
included as desired,  so the user can sim ply copy and paste the declaration line. 

 Figure 2 1 : A d d in g tree it to the stack list 
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W h e n  t h e  u s e r  p r e s s e s  t h e  E n t e r  k e y  o r  p u s h e s  t h e  A d d  b u t t o n ,  t h e  V i s u a l  
D e b u g g e r  r e a l i z e s  t h a t  t h e  d a t a  t y p e  Tree h a s  n o t  y e t  b e e n  d e f i n e d ,  s o  i t  b r i n g s  
u p  t h e  “ D e f i n e  C l a s s ”  d i a l o g  b o x  ( F i g u r e  2 2 ).  T h e  u s e r  e n t e r s  t h e  f i e l d s  t h a t  h e  
o r  s h e  w i s h e s  t o  w a t c h ,  d i s r e g a r d i n g  t h e  e x t r a n e o u s  f i e l d s  t h a t  h e  o r  s h e  d o e s  n o t  
w a n t  t o  w a t c h .  T h e r e  a r e  t h r e e  f i e l d s  i n  t h e  Tree c l a s s  ( N o d e*  ro o t ,  i n t  
t reeC o u n t ,  a n d  i n t  n o d eC o u n t ),  b u t  f o r  t h e  s a k e  o f  d e m o n s t r a t i n g  t h e  a b i l i t y  
t o  i g n o r e  c e r t a i n  f i e l d s ,  t h e  u s e r  d e c i d e s  t h a t  t h e  n u m b e r  o f  t r e e s  i s  u n i m p o r t a n t  
f o r  t h i s  d e b u g g i n g  s e s s i o n  ( i t  c a n  b e  a d d e d  a t  a n y  t i m e ,  s h o u l d  t h e  u s e r  s o  d e s i r e ).  
F i g u r e  2 3  s h o w s  t h e  “ D e f i n e  C l a s s ”  d i a l o g  b o x  a f t e r  h a v i n g  a d d e d  n o d eC o u n t  
a n d  j u s t  b e f o r e  t h e  u s e r  a d d s  ro o t . 

F ig u r e 2 2 :  T he “ D ef in e C lass”  d ialog  b ox  F ig u r e 2 3 :  A b ou t to en ter  N od e*  r oot as a f ield  

T h e  N o d e  c l a s s  h a s  n o t  y e t  b e e n  d e f i n e d ,  s o  a n o t h e r  “ D e f i n e  C l a s s ”  d i a l o g  b o x  i s  
b r o u g h t  u p  t o  a l l o w  t h e  u s e r  t o  d e f i n e  i t  ( F i g u r e  2 4 ).  T h e r e  a r e  t h r e e  f i e l d s  i n  t h e  
N o d e c l a s s  ( i n t  v a l u e,  N o d e*  l ef t ,  a n d  N o d e*  ri g h t ),  a n d  a l l  o f  t h e m  a r e  o f  
r e l e v a n c e  t o  t h e  u s e r ,  s o  h e  o r  s h e  a d d s  t h e m  a l l  t o  t h e  d e f i n i t i o n  o f  N o d e. 
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 F ig u r e 2 4 :  T he com p leted  d ef in ition  of  N o d e 

I n  t h e  V i s u a l  D e b u g g e r ,  t h e r e  a r e  t w o  v i s u a l  m o d e s  t h a t  t h e  u s e r  c a n  d y n a m i c a l l y  
s w i t c h  b e t w e e n .  T h e  f i r s t  i s  “ Z o o m e d  I n ”  m o d e .  I n  t h i s  m o d e ,  a l l  o f  t h e  d e f i n e d  
f i e l d s —i n  a d d i t i o n  t o  t h e  a d d r e s s  i n  m e m o r y —f o r  e v e r y  i n s t a n c e  o f  e v e r y  c l a s s  
a r e  d i s p l a y e d  i n  t h e  d r a w i n g  a r e a .  B e c a u s e  t h e  p r o g r a m m e r  c a n  s e l e c t  w h i c h  
f i e l d s  a r e  i m p o r t a n t  e n o u g h  t o  d i s p l a y ,  t h i s  i s  o f t e n  t h e  d i s p l a y  m o d e  o f  c h o i c e .  
S h o u l d  t h e  d i s p l a y  b e g i n  t o  g e t  e x c e s s i v e l y  c r o w d e d ,  h o w e v e r ,  t h e  V i s u a l  
D e b u g g e r  o f f e r s  a n  a l t e r n a t i v e  m o d e ,  c a l l e d  “ Z o o m e d  O u t ”  m o d e .  I n  t h i s  m o d e ,  
o n l y  o n e  f i e l d  f r o m  e a c h  i n s t a n c e  i s  d i s p l a y e d .  T h i s  f i e l d  i s  c h o s e n  b y  t h e  u s e r  i n  
t h e  “ D e f i n e  C l a s s ”  d i a l o g  b o x ,  a n d  c a n  b e  c h a n g e d  a t  a n y  t i m e .  T h e  u s e r  s e l e c t s  
t h i s  i m p o r t a n t  f i e l d  b y  p u t t i n g  a  c h e c k  n e x t  t o  i t  i n  t h e  l i s t  o f  f i e l d s .  T h e  u s e r  c a n  
s e l e c t  n o  f i e l d  t o  i n d i c a t e  t h a t  t h e  o b j e c t ’ s  a d d r e s s  i n  m e m o r y  b e  d i s p l a y e d  i n  
“ Z o o m e d  O u t ”  m o d e .  I n  t h i s  e x a m p l e ,  t h e  u s e r  h a s  s e l e c t e d  v a l u e a s  t h e  m o s t  
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s i g n i f i c a n t  f i e l d  i n  t h e  N o d e  c l a s s  ( F i g u r e  2 4 ).  T h e r e f o r e ,  w h e n  t h e  u s e r  c h o o s e s  
“ Z o o m e d  O u t ”  m o d e ,  e v e r y  i n s t a n c e  o f  N o d e s h a l l  b e  d e n o t e d  b y  t h a t  f i e l d ,  
v a l u e. 

A f t e r  c l o s i n g  t h e  “ D e f i n e  C l a s s ”  d i a l o g  a s s o c i a t e d  w i t h  t h e  N o d e c l a s s ,  t h e  u s e r  
r e s u m e s  d e f i n i n g  t h e  Tree c l a s s .  F o r  t h e  Tree c l a s s ,  t h e  u s e r  h a s  s p e c i f i e d  t h a t  
n o d eC o u n t  b e  t h e  f i e l d  d i s p l a y e d  i n  “ Z o o m e d  O u t ”  m o d e  ( F i g u r e  2 5 ). 

 F ig u r e 2 5 :  T he com p leted  d ef in ition  of  Tree 

After confirming the d efinition of T ree b y  p res s ing the O K  b u tton,  the u s er ha s  
comp l eted  d efining the neces s a ry  cl a s s es  for this  s imp l e s oftw a re p roj ect (F igu re 
2 6 ).   T he in-d ep th ex p l a na tion might imp l y  tha t cl a s s  d efinition,  ev en for this  
triv ia l  ex a mp l e,  is  a  l ong a nd  a rd u ou s  p roces s ;  a fter a  l ittl e ex p erience,  how ev er,  
the p roces s  is  v ery  q u ick  (a b ou t one minu te for this  ex a mp l e).   T o p rev ent this  
s tep  in fu tu re D emoT ree d eb u gging s es s ions ,  how ev er,  the u s er ma y  choos e to 
s a v e the cu rrent w ork s p a ce d efinitions  to a  fil e.   Al l  cl a s s  d efinitions  a nd  s ta ck  
v a ria b l es  a re s a v ed  s o tha t they  ca n b e retriev ed  l a ter.  
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 Figure 2 6 :  A f t er a d d in g t ree t o  t h e s t a c k  l is t  

T he u s er ca n mod ify  a ny  of the d efined  cl a s s es  v ia  the “ C l a s s es ”  d ia l og b ox  
(F igu re 2 7 ).   Al l  of the cu rrentl y  d efined  cl a s s es  a re l is ted ,  a nd  s el ecting a ny  of 
them p rod u ces  the s a me “ D efine C l a s s ”  d ia l og tha t w a s  u s ed  for d efining 
u nk now n s ta ck  v a ria b l e cl a s s es .   T he u s er ma y  a l s o a d d  new  or remov e ol d  
cl a s s es  w ith the “ C l a s s es ”  d ia l og b ox .  

 Figure 2 7 :  T h e “ C l a s s es ”  d ia l o g b o x  

W hen the u s er is  rea d y  to s ta rt d eb u gging,  he or s he ca n ru n the p rogra m in 
d eb u g mod e b y  u s ing the D eb u g menu  or the tool b a r,  in the s a me w a y  tha t it is  
d one in V is u a l  C + + .   U s ers  ma y  s et u p  b rea k p oints  in V is u a l  C + +  to s top  
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ex ecu tion a t d es ired  interv a l s ,  or they  ma y  s tep  throu gh their p rogra m l ine b y  l ine.   
I n either ca s e,  the V is u a l  D eb u gger’ s  d is p l a y  is  u p d a ted  a t ea ch s top  p oint.    

As  el ements  a re a l l oca ted  onto the hea p ,  they  a p p ea r a s  nod es  in the hea p  
w ind ow  (F igu re 2 8 ).   N ew l y  a l l oca ted  nod es  a re highl ighted  in green.   An a rrow  
l ea d s  from tree to the nod e to w hich it p oints .   A b l u e a rrow  mea ns  tha t the 
a rrow  p oints  from a  p ointer on the s ta ck .   I ns ta nces  of ty p e T ree initia l iz e a s  a n 
emp ty  tree,  therefore the ro o t fiel d  of tree is  nu l l .  

 Figure 2 8 :  T h e t ree v a ria b l e h a s  b een  in it ia l iz ed  

F igu re 2 9  s how s  the V is u a l  D eb u gger’ s  d ep iction of the tree a fter the firs t ins ert.   
B y  d efa u l t,  new  nod es  a re p l a ced  nex t to their p a rents ,  b u t the u s er is  free to 
mov e nod es  to a ny  l oca tion they  w is h.   S crol l b a rs  a re p rov id ed  to rea ch non-
v is ib l e a rea s  of the d ra w ing ca nv a s .   T he s iz e of the ca nv a s  is ,  for a l l  intents  a nd  
p u rp os es ,  u nl imited .  

 Figure 2 9 :  T h e t ree n o w  h a s  o n e n o d e.  

T he new  nod e is  green to ind ica te tha t it is  a  new l y  a l l oca ted  nod e.   T he ra nd om 
nu mb er genera tor,  w hich feed s  the b ina ry  s ea rch tree v a l u es  b etw een 0  a nd  9 9 ,  
ha s  s el ected  8  for the firs t nod e.   N od es  tha t ha v e cha nged  s ince the l a s t s top p ing 
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p oint a re highl ighted  in p u rp l e.   T he tree ob j ect is  p u rp l e b eca u s e b oth 
n o d eC o u n t a nd  ro o t ha v e cha nged  w ith the a d d ition of the firs t nu mb er in the 
tree.  

F igu re 3 0  s how s  the V is u a l  D eb u gger’ s  d ep iction of the tree a fter a l l  eight of the 
ra nd om nu mb ers  ha v e b een ins erted  into the tree,  a fter s ome orga niz ing b y  the 
u s er.   T he nod e w ith the v a l u e 9 0  w a s  the l a s t to b e ins erted ,  s o it is  green.   T he 
nod e w ith the v a l u e 9 8  ha d  its  l ef t p ointer cha nged  from nu l l ,  a nd  the tree 
ob j ect’ s  n o d eC o u n t increa s ed  from 7  to 8 ,  s o they  a re b oth p u rp l e.  

 Figure 3 0 :  T h e t ree w it h  eigh t  n o d es  

A u s er ca n s el ect a  nod e b y  cl ick ing on it (F igu re 3 1 ).   W hen a  nod e is  s el ected ,  it 
is  highl ighted  y el l ow  s o tha t the u s er k now s  w hich nod e ha s  b een s el ected .   Al l  
nod es  tha t either p oint to the s el ected  nod e or a re p ointed  to b y  the s el ected  nod e 
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a re highl ighted  in a  l ighter s ha d e of y el l ow ,  a nd  the a s s ocia ted  a rrow s  a re col ored  
ora nge.   I n p a rent nod es ,  the s p ecific p ointer tha t p oints  to the s el ected  nod e is  
highl ighted  in gra y .   T here a re nu merou s  other col ors  tha t d es igna te d ifferent 
things .   F or ex a mp l e,  s el ecting a n ind iv id u a l  p ointer in the s el ected  nod e 
highl ights  in a  d a rk er s ha d e of y el l ow  the nod e to w hich tha t p ointer p oints .   
T hes e col ored  hints  a re v ery  hel p fu l  for d eb u gging,  es p ecia l l y  w hen the nu mb er 
of nod es  a nd  ed ges  b egins  to grow  l a rge.   

 Figure 3 1 :  S el ec t in g a  n o d e 

After eight ra nd om nu mb ers  a re ins erted  into the tree,  the u s er’ s  cod e s emi-
ra nd oml y  remov es  nod es  from the l is t.   T he firs t nod e s el ected  for remov a l  is  the 
nod e w ith the v a l u e 6 3  (F igu re 3 2 ).   After the nod e is  remov ed ,  it is  d el eted  from 
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memory ,  b u t it s til l  p ers is ts  in the V is u a l  D eb u gger a s  a  “ d ea d ”  nod e,  highl ighted  
red .   B oth its  p a rent p ointers  a nd  the tree ob j ect a re p u rp l e d u e to the d el etion.  

 Figure 3 2 : Deletion of a node from the tree 

Eventually, the code deletes all the nodes from the tree and leaves the tree object 
alone as the only li vi ng  object left on the heap  ( F i g ure 3 3 ) .  The dead nodes are 
sti ll vi si ble to the user, allow i ng  hi m or her to check  on thei r last k now n values 
before they w ere deleted from memory.  The code, how ever, calls for the creati on 
of a second, larg er bi nary search tree, so the user w i ll p robably w ant to mak e 
room by movi ng  the dead nodes out of the w ay. 
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 F ig u re 3 3 : A fter all the nodes  hav e b een remov ed from the tree 

The nex t seg ment of the user’ s code creates a new  tree, called tree2.  The user 
di d not add tree2 as a stack  vari able before runni ng  the p rog ram, but thi s i s not 
a p roblem, si nce the user can si mp ly add i t now .  I ts values w i ll be up dated to 
reflect the new  addi ti on w i thout req ui ri ng  the user to restart the debug g ed 
p rog ram. 

Ei g ht nodes fi lled a medi um-si z ed draw i ng  canvas relati vely q ui ck ly, p rovi di ng  
moti vati on for the “ Z oomed O ut”  mode.  The tree2 object w i ll contai n 
ni neteen nodes, so the user may w i sh to sw i tch to the “ Z oomed O ut”  mode vi a 
ei ther the menu or the toolbar to better ex ami ne the structure of the tree. 

I n “ Z oomed O ut”  mode, only one fi eld i s i ncluded i n a node’ s di sp layed box , and 
i t i s not labeled.  Thi s saves a lot of sp ace on the draw i ng  canvas, allow i ng  for 
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many more nodes to be p ack ed i nto a smaller sp ace.  F i g ure 3 4  show s how  
ni neteen nodes i n “ Z oomed O ut”  mode can be p ack ed i nto a smaller sp ace than 
the ori g i nal ei g ht nodes i n “ Z oomed I n”  mode. 

 F ig u re 3 4 : A  tree w ith nineteen nodes  

The tw o objects of typ e T ree are both p oi nted to by thei r resp ecti ve stack  
p oi nter vari ables, and they are each rep resented by a si ng le i nteg er.  I nci dentally, 
tree2 i s the selected object, w hi ch causes i ts si ng le chi ld ( the root of the tree)  to 
hi g hli g ht yellow  and i ts p arent ( a stack  vari able)  to hi g hli g ht g ray.   

W hen defi ni ng  the T ree class, the user selected n o d eC o u n t to be the fi eld 
di sp layed duri ng  “ Z oomed O ut”  mode, so the i nteg ers refer to the number of 
nodes i n the tree.  The N o d e objects, how ever, are rep resented by the v a l u e fi eld. 

“ Z oomed O ut”  mode i s very effecti ve i n conservi ng  screen real estate.  I t i s most 
effecti ve w hen there i s a si ng le fi eld i n a class that can be si ng led out as the most 
i mp ortant.  S hould there be more than one i mp ortant fi eld, how ever, i t i s not 
di ffi cult to edi t the class to di sp lay only those tw o fi elds i n “ Z oomed I n”  mode. 



 

 4 7  

W i th resp ect to the g ui deli nes di scussed earli er i n thi s chap ter, the V i sual 
D ebug g er outdoes i ts p redecessors w i th tw o of the p rop erti es that they all 
overlook ed.  The V i sual D ebug g er clearly draw s a li ne betw een data that i s on the 
stack  and data that i s on the heap , but si multaneously i llustrates ap p rop ri ate 
relati onshi p s betw een the tw o typ es of data.  A lso, by offeri ng  the p rog rammer 
the abi li ty to select w hi ch fi elds of a data structure are i mp ortant, and by 
i mp lementi ng  a second, more comp act vi ew i ng  mode ( “ Z oomed O ut” )  the 
V i sual D ebug g er eli mi nates a lot of unnecessari ly w asted sp ace and i s able to 
di sp lay much larg er data structures than i ts p redecessors. 

The V i sual D ebug g er i s sti ll very early i n i ts develop ment, how ever, and i s lack i ng  
most of the g ui deli nes that the other debug g ers i mp lemented.  The V i sual 
D ebug g er i s i ntrusi ve to the p rog rammer, req ui ri ng  hi m to comp i le code i nto hi s 
p rog ram to help  moni tor the heap , w hi le all but one of the other vi sual debug g ers 
( D eet)  use sep arate debug g i ng  p rog rams that are uni ntrusi ve.  The V i sual 
D ebug g er models data structures as g rap hs, but uses a very p ri mi ti ve layout 
scheme that i s i nferi or even to D D D ’ s si mp le layout alg ori thms and that does not 
adap t to the k i nd of data structure bei ng  draw n.  A ll of these i nadeq uaci es must 
be ap p roached and resolved before the V i sual D ebug g er can even beg i n to 
ap p roach op ti mali ty. 

I n the very least, the V i sual D ebug g er has demonstrated the p ossi bi li ty of 
i mp rovi ng  vi sual debug g i ng  effecti veness throug h fi eld-selecti on and i llustrati on 
of the relati onshi p  betw een the stack  and the heap .  Thi s show s that all of the 
g ui deli nes that w ere g i ven earli er i n thi s chap ter are, i n fact, p ossi ble, ex cep t for 
one:  data-structure-dep endent g rap h layout. 
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5 .2.1  Implementation 

The M i crosoft V i sual S tudi o 6  D ebug g er does not p rovi de a lot of assi stance i n 
i ts A P I  for collecti ng  i nformati on about data vari ables i n a user’ s p rog ram.  There 
i s no w ay to retri eve the names of the classes i n a V i sual C + +  p roject or any of 
i ts data members or methods.  Thi s w as not too larg e an obstacle, for i t had been 
deci ded to g i ve the user flex i bi li ty w i th defi ni ng  classes as they w ant them to be 
vi ew ed i n the debug g er ( hence the C lass Edi tor) , so the V i sual C + +  D ebug g er’ s 
i nabi li ti es i n that resp ect w ere si mp ly i g nored.  M ore i mp ortantly, the debug g er 
p rovi des no accessi ble i nformati on reg ardi ng  data on the heap , p osi ng  a seri ous 
p roblem i n tryi ng  to map  and di sp lay the heap  i n the V i sual D ebug g er. 

To solve the heap  p roblem, a si ng le fi le must be i ncluded by the user’ s source 
code before comp i lati on.  The fi le contai ns overloaded versi ons of the n ew  and 
d el ete op erators.  These overloaded op erators k eep  track  of all data that i s 
allocated to the heap  vi a n ew .  U nfortunately, the V i sual D ebug g er i s unable to 
track  allocati ons made usi ng  malloc(). 

T r a c k e d  a l l o c a t i o n s  a r e  s t o r e d  a s  s t r i n g s  i n  a  d a t a  s t r u c t u r e  w i t h  k n o w n ,  h a r d -
c o d e d  v a r i a b l e  n a m e s .  T h i s  a l l o w s  t h e  V i s u a l  D e b u g g e r  t o  q u e r y  t h e  V i s u a l  C + +  
D e b u g g e r  f o r  t h e  v a l u e s  s t o r e d  i n  t h e  v a r i a b l e s  r e f e r e n c e d  b y  t h e s e  k n o w n  
v a r i a b l e  n a m e s .  T h e  V i s u a l  D e b u g g e r  t h e n  d e c o d e s  t h e  r e t u r n e d  s t r i n g s  i n t o  
i n f o r m a t i o n  r e g a r d i n g  a l l  o f  t h e  d a t a  s t o r e d  o n t o  t h e  h e a p  w i t h  t h e  u s e r ’ s  
p r o g r a m .  T h e  V i s u a l  D e b u g g e r  a n a l y z e s  t h e  d a t a  i n  o r d e r  t o  m a n i p u l a t e  t h e  
r e p r e s e n t a t i v e  g r a p h . 

A t  t h e  b e g i n n i n g  o f  t h e  d e b u g g i n g  s e s s i o n ,  t h e  V i s u a l  D e b u g g e r  c o n t a i n s  o n l y  a n  
e m p t y  g r a p h ,  b u t  a s  t h e  d e b u g g e d  p r o g r a m  p r o c e e d s ,  m o d i f i c a t i o n s  a r e  m a d e  t o  
t h e  g r a p h  t o  c o r r e s p o n d  t o  c h a n g e s  i n  t h e  u s e r ’ s  d a t a  s t r u c t u r e s .  C u r r e n t l y ,  n o d e s  
a r e  n o t  a u t o m a t i c a l l y  m o v e d  a r o u n d  t o  m a k e  r o o m  f o r  n e w  n o d e s .  T h i s  p r o v i d e s  
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t h e  s t a b i l i t y  t h a t  i s  a b s e n t  i n  t h e  d e b u g g e r s  t h a t  u s e  D o t t y  t o  l a y o u t  t h e i r  g r a p h s ,  
b u t  i t  r e q u i r e s  t h e  u s e r  t o  m a n u a l l y  m o v e  o b j e c t s  a r o u n d  t h e  d r a w i n g  a r e a  i f  t h e y  
a r e  e x p e c t i n g  m a n y  m o r e  n o d e s  t o  b e  c r e a t e d . 
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C h a p t e r  6  

C H A P T E R  6 :  C O N C L U S I O N S  A N D  F U T U R E  W O R K  

6.1  C o n c l u s i o n s  

1 . T h e r e  n o w  e x i s t  g u i d e l i n e s  f o r  a  s o l u t i o n  t o  t h e  p r o b l e m  s t a t e d  i n  C h a p t e r  4 ,  
a s  e n u m e r a t e d  i n  C h a p t e r  5 ,  f o r  p r o v i d i n g  a  v i s u a l  d e b u g g i n g  t o o l  t h a t  
p r o v i d e s  o p t i m a l  u s a b i l i t y  t o  d e b u g g i n g  p r o g r a m m e r s .  T h e s e  g u i d e l i n e s  
s h o u l d  n o t  b e  c o n s i d e r e d  a s  s u f f i c i e n t  c o n d i t i o n s ,  b u t  r a t h e r  a s  necessary 
c o n d i t i o n s ,  f o r  a n  i d e a l  s o l u t i o n .  

2 .  Im p l e m e n t a t i o n  o f  a l l  b u t  o n e  o f  t h e  a f o r e m e n t i o n e d  g u i d e l i n e s  h a s  b e e n  
s h o w n  t o  b e  p o s s i b l e .   T h e  V i s u a l  D e b u g g e r  i m p l e m e n t s  t h o s e  g u i d e l i n e s  t h a t  
h a v e  n o t  b e e n  i m p l e m e n t e d  b y  o t h e r  d e b u g g e r s ,  e x c e p t  f o r  d a t a -s t r u c t u r e -
d e p e n d e n t  g r a p h  l a y o u t .  

3 .  T o d a y ’ s  f i n e s t  v i s u a l  d e b u g g i n g  t o o l s  a r e  s t i l l  l a c k i n g  i n  t h r e e  a r e a s :  a l l o w i n g  
t h e  p r o g r a m m e r  t o  s e l e c t  w h i c h  f i e l d s  o f  a  d a t a  s t r u c t u r e  a r e  i m p o r t a n t ;  
p r o v i d i n g  g r a p h  l a y o u t s  t h a t  a r e  s p e c i f i c  t o  t h e  t y p e  o f  d a t a  s t r u c t u r e  t h a t  t h e  
g r a p h  r e p r e s e n t s ;  a n d  i l l u s t r a t i n g  t h e  r e l a t i o n s h i p  b e t w e e n  d a t a  o n  t h e  s t a c k  
a n d  d a t a  o n  t h e  h e a p .  

4 .  T h e  V i s u a l  D e b u g g e r ,  t h o u g h  e a r l y  i n  i t s  d e v e l o p m e n t ,  h a s  m a d e  s t r i d e s  
t o w a r d  r e s o l v i n g  t w o  o f  t h e  t h r e e  p r o b l e m s  c o m m o n  t o  i t s  v i s u a l  d e b u g g i n g  
p r e d e c e s s o r s ,  a n d  i t  c a n  b e  u s e d  a s  a  m o d e l  i n  s o m e  r e s p e c t s  f o r  a  m o r e  i d e a l  
d a t a  s t r u c t u r e  v i s u a l i z a t i o n  t o o l ,  b u t  i t  n e e d s  m u c h  m o r e  w o r k  b e f o r e  i t  c a n  
b e  c o n s i d e r e d  a s  a  c o m p e t i t i v e  v i s u a l  d e b u g g i n g  u t i l i t y .  
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6.2  S u m m a r y  o f  C o n t r i b u t i o n s  

1 .  G u i d e l i n e s  f o r  a  s o l u t i o n  t o  t h e  p r o b l e m  s t a t e d  i n  C h a p t e r  4  h a v e  b e e n  
e n u m e r a t e d  f o r  p r o v i d i n g  a  v i s u a l  d e b u g g i n g  t o o l  t h a t ,  w h i l e  p e r h a p s  n o t  
o p t i m a l ,  i s  a t  l e a s t  b e t t e r  t h a n  t o d a y ’ s  v i s u a l  d e b u g g i n g  s o l u t i o n s .  

2 .  A  v i s u a l  d e b u g g i n g  t o o l  h a s  b e e n  c r e a t e d  t h a t  d e m o n s t r a t e s  t h e  p o s s i b i l i t y  o f  
i m p l e m e n t i n g  t w o  o f  t h e  t h r e e  g u i d e l i n e s  t h a t  h a v e  y e t  t o  b e  r e a l i z e d .  

6.3   F u t u r e  R e s e a r c h  

1 .  It  s t i l l  r e m a i n s  t o  b e  p r o v e n  t h a t  i t  i s  p o s s i b l e  f o r  a  v i s u a l  d e b u g g e r  t o  c r e a t e  
g r a p h  l a y o u t s  a s  a p p r o p r i a t e  w i t h  r e s p e c t  t o  t h e  t y p e  o f  d a t a  s t r u c t u r e  t h e  
g r a p h  r e p r e s e n t s .   T h e r e  a r e  t w o  k n o w n  s u g g e s t i o n s  f o r  i m p l e m e n t i n g  t h i s  
f e a t u r e  i n  t h e  V i s u a l  D e b u g g e r .   T h e  f i r s t  a s k s  t h e  u s e r  f o r  t h e  t y p e  o f  d a t a  
s t r u c t u r e  t h a t  s h o u l d  b e  d e p i c t e d  i n  t h e  d r a w i n g  a r e a .   T h e  s e c o n d  s u g g e s t i o n  
i s  t o  a u t o m a t i c a l l y  i n f e r  t h e  d a t a  t y p e  f r o m  t h e  d e f i n i t i o n  o f  t h e  u s e r  d a t a  
t y p e s .   T h e  l a t t e r  w o u l d  b e  e x c e e d i n g l y  m o r e  d i f f i c u l t  t o  i m p l e m e n t ,  b u t  i t  
m a y  b e  w o r t h  t h e  e f f o r t  i n  o r d e r  t o  r e l i e v e  w o r k  f r o m  t h e  u s e r .   T h e  b u l k  o f  
c u r r e n t  r e s e a r c h  f o r  t h e  V i s u a l  D e b u g g e r  i s  f o c u s e d  o n  t h i s  m o s t  i m p o r t a n t  
a s p e c t  o f  v i s u a l  d e b u g g i n g :  p r o p e r  l a y o u t  o f  t h e  r e p r e s e n t a t i v e  g r a p h .  

2 .  T h e  V i s u a l  D e b u g g e r  m a i n t a i n s  g r a p h  s t a b i l i t y  b y  n o t  a u t o m a t i c a l l y  m o v i n g  
n o d e s  a t  e a c h  u p d a t e ,  e v e n  w h e n  t h e r e  i s  v e r y  l i t t l e  r o o m  f o r  i n s e r t i n g  n e w l y  
c r e a t e d  n o d e s .   It  w o u l d  b e  c o n v e n i e n t  i f  a  g r a p h  l a y o u t  a l g o r i t h m  c o u l d  
a u t o m a t i c a l l y  s h u f f l e  n o d e s  t o  m a k e  r o o m  f o r  n e w  n o d e s ,  w h i l e  s t i l l  
m a i n t a i n i n g  a  d e c e n t  a m o u n t  o f  s t a b i l i t y .   A n i m a t i o n  m a y  p r o v e  u s e f u l  i n  
e x p l i c i t l y  i n d i c a t i n g  t o  t h e  u s e r  w h e n  a n d  h o w  s u c h  s h u f f l i n g  o c c u r s .  
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3 .  T h e  V i s u a l  D e b u g g e r  c u r r e n t l y  e m p l o y s  a n  i n t r u s i v e  m e t h o d  f o r  m o n i t o r i n g  
t h e  h e a p .   Id e a l l y ,  t h e  V i s u a l  D e b u g g e r  s h o u l d  n o t  b e  i n t r u s i v e ,  a n d  r e s e a r c h  
i s  c u r r e n t l y  u n d e r w a y  t o  r e a l i z e  t h i s  g o a l .  

4 .  T h e  V i s u a l  D e b u g g e r  i s  v e r y  p l a t f o r m - a n d  l a n g u a g e -d e p e n d e n t .   It  i s  
c o m p i l e d  i n  V i s u a l  B a s i c ,  s o  i t  c a n  r u n  o n l y  o n  a  W i n d o w s  o p e r a t i n g  s y s t e m ,  
a n d  i t  t a r g e t s  o n l y  t h e  V i s u a l  C + +  In t e g r a t e d  D e v e l o p m e n t  E n v i r o n m e n t .   
P r o g r a m m e r s  w i s h i n g  t o  u s e  t h e  V i s u a l  D e b u g g e r  m u s t  u s e  t h e  V i s u a l  C + +  
D e b u g g e r .   T h i s  i s  a  h u g e  d r a w b a c k  t h a t  m u s t  b e  r e m e d i e d  b e f o r e  t h e  V i s u a l  
D e b u g g e r  c a n  b e  r e l e a s e d  t o  t h e  m a s s e s .  

5 .  T h e  a b i l i t y  t o  s e l e c t  w h i c h  f i e l d s  a r e  i m p o r t a n t  c a r r i e s  w i t h  i t  t h e  
i n c o n v e n i e n c e  o f  r e q u i r i n g  t h e  p r o g r a m m e r  t o  m a n u a l l y  d e f i n e  a l l  t h e  
p e r t i n e n t  d a t a  t y p e s  i n  h i s  o r  h e r  p r o j e c t .   A  p r o p o s e d  a l t e r n a t i v e  i s  t o  p a r s e  
t h e  u s e r ’ s  s o u r c e  f i l e s  ( o r  p o s s i b l y  t h e  b i n a r y  e x e c u t a b l e )  a n d  a u t o m a t i c a l l y  
c o l l e c t  d a t a  t y p e  i n f o r m a t i o n ,  p r e s e n t i n g  a f t e r w a r d s  t o  t h e  u s e r  a  l i s t  f r o m  
w h i c h  t h e y  c a n  s e l e c t  t h e  a p p r o p r i a t e  f i e l d s .   T h i s  e l i m i n a t e s  t h e  
i n c o n v e n i e n c e  o f  m a n u a l l y  d e f i n i n g  d a t a  t y p e s  w h i l e  s t i l l  p r o v i d i n g  t h e  
f l e x i b i l i t y  o f  d i s p l a y i n g  o n l y  t h e  f i e l d s  t h a t  a r e  i m p o r t a n t  t o  t h e  p r o g r a m m e r .  

6 .  T h e  s t a c k  l i s t  i n  t h e  V i s u a l  D e b u g g e r  i s  t o o  s i m p l e .   S t r u c t u r e s  d e f i n e d  o n  t h e  
s t a c k  a r e  d i s p l a y e d  i n  a  s i n g l e ,  u n i n f o r m a t i v e  l i n e .   D e v e l o p m e n t  i s  u n d e r  w a y  
t o  p r o v i d e  a  s t a c k  v a r i a b l e  l i s t  s i m i l a r  t o  t h e  o n e  i m p l e m e n t e d  i n  t h e  V i s u a l  
C + +  D e b u g g e r ,  u s i n g  a  h i e r a r c h i c a l  r e p r e s e n t a t i o n  f o r  s t a c k  d a t a .  

7 .  T h e  s t a c k  l i s t  i n  t h e  V i s u a l  D e b u g g e r  a l s o  u s e s  a  d i s p r o p o r t i o n a t e l y  l a r g e  
a m o u n t  o f  s c r e e n  s p a c e  c o m p a r e d  t o  t h e  a m o u n t  o f  i n f o r m a t i o n  t h a t  i s  
d i s p l a y e d .   M o v i n g  t h e  s t a c k  l i s t  t o  t h e  t o p  o f  t h e  w i n d o w  i s  n o t  a  v i a b l e  
s o l u t i o n ,  b e c a u s e  i t  d i s r u p t s  t h e  a b i l i t y  t o  d r a w  a r r o w s  b e t w e e n  i n d i v i d u a l  
s t a c k  v a r i a b l e s  a n d  t h e i r  h e a p  t a r g e t s .   O n e  p o s s i b l e  s o l u t i o n  a l l o c a t e s  t h e  
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l o w e r  p a r t  o f  t h e  s t a c k  l i s t ,  t h e  p a r t  n o t  u s e d  t o  d i s p l a y  i n f o r m a t i o n ,  t o  t h e  
h e a p  w i n d o w ,  c r e a t i n g  a n  L -s h a p e d  h e a p  w i n d o w .  

8 .  C u r r e n t l y ,  d e l e t e d  n o d e s  r e m a i n  o n  t h e  V i s u a l  D e b u g g e r ’ s  s c r e e n  a s  “ d e a d ”  
n o d e s  u n t i l  t h e  d e b u g g e d  p r o g r a m  i s  r e s t a r t e d .   T h e  V i s u a l  D e b u g g e r  c a n  
b e t t e r  h a n d l e  d e l e t e d  n o d e s  b y  a l l o w i n g  t h e  u s e r  t o  r e m o v e  t h e m  f r o m  t h e  
d i s p l a y  a f t e r  t h e y  a r e  n o  l o n g e r  n e e d e d .  
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AP P E N DI X  A:  T HE  V I SUAL DE B UGGE R DE M O T RE E  C O DE  

#include "newVD.h" / /  t he o nly  line o f  co de a dded t o  us e VD 
#include < s t dlib .h>  
#include < t im e.h>  
 
cla s s  N o de { 
p ub lic:  
 N o de( )  {  v a lue =  0 ; lef t  =  N U L L ; rig ht  =  N U L L ; } 
  
 N o de( int  v ,  N o de*  l =  0 ,  N o de*  r =  0 )   
  { v a lue =  v ; lef t  =  l; rig ht  =  r; } 
 
 int  v a lue; 
 N o de*  lef t ; 
 N o de*  rig ht ; 
}; 
 
cla s s  T ree { 
p ub lic:  
 N o de*  ro o t ; 
 int  no deC o unt ; 
 
 T ree( )  { ro o t  =  N U L L ; no deC o unt  =  0 ; t reeC o unt + + ; } 
 
 T ree( N o de*  r)  { ro o t  =  r; no deC o unt  =  1; } 
  
 ~ T ree( )  { t reeC o unt --; } 
 
 v o id ins ert ( int  newVa l)  { 
  if ( ro o t  = =  N U L L )  ro o t  =  new N o de( newVa l) ; 
  els e { 
   N o de*  curr =  ro o t ; 
   int  dep t h =  0 ; 
   while( t rue)  { 
    dep t h+ + ; 
    if ( newVa l > =  curr-> v a lue)  { 
     if ( curr-> rig ht  = =  N U L L )  { 
      curr-> rig ht  =  new N o de( newVa l) ; 
      b rea k ; 
     } 
     els e 
      curr =  curr-> rig ht ; 
    } 
    els e { 
     if ( curr-> lef t  = =  N U L L )  { 
      curr-> lef t  =  new N o de( newVa l) ; 
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      b rea k ; 
     } 
     els e 
      curr =  curr-> lef t ; 
    } 
   } 
  } 
  no deC o unt + + ; 
 } 
 
 v o id rem o v e( int  o ldVa l)  
 { 
  if ( ro o t  = =  N U L L )  ret urn; 
  N o de*  curr =  ro o t ; 
  if ( ro o t -> v a lue = =  o ldVa l)  { 
   no deC o unt --; 
   ro o t  =  delet eN o de( ro o t ) ; 
  } 
  els e { 
   while( curr ! =  N U L L )  { 
    if ( o ldVa l >  curr-> v a lue & &  curr-> rig ht  ! =  N U L L )  
     if ( curr-> rig ht -> v a lue = =  o ldVa l)  { 
      curr-> rig ht  =  delet eN o de( curr-> rig ht ) ; 
      no deC o unt --; 
      ret urn; 
     } 
     els e 
      curr =  curr-> rig ht ; 
    els e if ( o ldVa l<  curr-> v a lue & &  curr-> lef t  ! =  N U L L )  
     if ( curr-> lef t -> v a lue = =  o ldVa l)  { 
      curr-> lef t  =  delet eN o de( curr-> lef t ) ; 
      no deC o unt --; 
      ret urn; 
     } 
     els e 
      curr =  curr-> lef t ; 
    els e  
     b rea k ;      
   } 
  } 
 } 
  
 int  g et R a ndVa l( )  
 { 
  if ( ro o t  = =  N U L L )   
   ret urn -1; 
  s ra nd( t im e( N U L L ) ) ; 
  N o de*  curr =  ro o t ; 
  while( curr-> lef t  ! =  N U L L  | |  curr-> rig ht  ! =  N U L L )  
  { 
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   int  num  =  ra nd( )  %  5 ; 
   if ( num  = =  0 )  ret urn curr-> v a lue; 
   if ( curr-> lef t  = =  N U L L )  
    curr =  curr-> rig ht ; 
   els e if ( curr-> rig ht  = =  N U L L )  
    curr =  curr-> lef t ; 
   els e if ( num  %  2  = =  0 )   
    curr =  curr-> lef t ; 
   els e 
    curr =  curr-> rig ht ; 
  } 
  ret urn curr-> v a lue; 
 } 
 
p riv a t e:  
 s t a t ic int  t reeC o unt ; 
 
 N o de*  delet eN o de( N o de*  t o Delet e)  
 { 
  N o de*  delN o de; 
  if ( t o Delet e-> lef t  = =  N U L L  & &  t o Delet e-> rig ht  = =  N U L L )  
  { 
   delet e t o Delet e; 
   ret urn N U L L ; 
  } 
  els e if ( t o Delet e-> rig ht  = =  N U L L )  { 
    delN o de =  t o Delet e; 
    t o Delet e =  t o Delet e-> lef t ; 
    delet e delN o de; 
   } 
  els e if ( t o Delet e-> lef t  = =  N U L L )  { 
   delN o de =  t o Delet e; 
   t o Delet e =  t o Delet e-> rig ht ; 
   delet e delN o de; 
  } 
  els e { 
   f o r( delN o de =  t o Delet e-> rig ht ;  
    delN o de-> lef t ; 
    delN o de =  delN o de-> lef t ) ; 
   delN o de-> lef t  =  t o Delet e-> lef t ; 
   delN o de =  t o Delet e; 
   t o Delet e =  t o Delet e-> rig ht ; 
   delet e delN o de; 
  } 
  ret urn t o Delet e; 
 } 
}; 
 
int  T ree: : t reeC o unt  =  0 ; 
 



 

 5 8  

int  m a in( )   
{ 
 T ree*  t ree =  new T ree; 
  
 s ra nd( t im e( N U L L ) ) ; 
 int  i; 
 f o r( i =  0 ; i <  8 ; i+ + )  
 { 
  t ree-> ins ert ( ra nd( )  %  10 0 ) ; 
 } 
 
 while( t ree-> no deC o unt  >  0 )  
  t ree-> rem o v e( t ree-> g et R a ndVa l( ) ) ; 
 
 T ree*  t ree2  =  new T ree; 
 f o r( i =  1; i <  2 0 ; i+ + )  
 { 
  t ree2 -> ins ert ( ra nd( )  %  10 0 ) ; 
 } 
 
 while( t ree2 -> no deC o unt  >  0 )  
  t ree2 -> rem o v e( t ree2 -> g et R a ndVa l( ) ) ; 
 
 delet e t ree; 
 delet e t ree2 ; 
 
 ret urn 0 ; 
} 


