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Ap r i l  24 ,  20 0 3 
 C h ai r p e r s o n  o f  t h e  S u p e r vi s o r y C o m m i t t e e : D r . C h r i s  No r t h  
 D e p ar t m e n t  o f  C o m p u t e r  S c i e n c e  

In  t h e  ar e n a o f  s o f t w ar e  d e ve l o p m e n t ,  i m p l e m e n t i n g  a s o f t w ar e  d e s i g n  ( n o  m at t e r  
h o w  p e r f e c t  t h e  d e s i g n )  i s  r ar e l y d o n e  r i g h t  t h e  f i r s t  t i m e .  C o n s e q u e n t l y,  
d e bu g g i n g  o n e ’ s  o w n  ( o r  s o m e o n e  e l s e ’ s )  s o f t w ar e  i s  i n e vi t abl e ,  an d  t o o l s  t h at  
as s i s t  i n  t h i s  o f t e n -ar d u o u s  t as k  be c o m e  ve r y i m p o r t an t  w i t h  r e s p e c t  t o  r e d u c i n g  
t h e  c o s t  o f  d e bu g g i n g  as  w e l l  as  t h e  c o s t  o f  t h e  s o f t w ar e  l i f e  c yc l e  as  a w h o l e .  
Man y t o o l s  e x i s t  w i t h  t h i s  ai m ,  bu t  al l  ar e  l ac k i n g  i n  a k e y ar e a: i n f o r m at i o n  
vi s u al i z at i o n .  Ap p l yi n g  i n f o r m at i o n  vi s u al i z at i o n  t e c h n i q u e s  s u c h  as  z o o m i n g ,  
f o c u s  an d  c o n t e x t ,  o r  g r ap h i c al  r e p r e s e n t at i o n  o f  n u m e r i c  d at a m ay e n h an c e  t h e  
vi s u al  d e bu g g i n g  e x p e r i e n c e .  To  t h i s  e n d ,  d r aw i n g  d at a s t r u c t u r e s  as  g r ap h s  i s  
p o t e n t i al l y a s t e p  i n  t h e  r i g h t  d i r e c t i o n ,  bu t  m o r e  m u s t  be  d o n e  t o  m ax i m i z e  t h e  
val u e  o f  t i m e  s p e n t  d e bu g g i n g  an d  t o  m i n i m i z e  t h e  ac t u al  am o u n t  o f  t i m e  s p e n t  
d e bu g g i n g .  Th i s  t h e s i s  w i l l  ad d r e s s  s o m e  i n f o r m at i o n  vi s u al i z at i o n  t e c h n i q u e s  
t h at  m ay be  h e l p f u l  i n  d e bu g g i n g  ( s p e c i f i c al l y w i t h  r e s p e c t  t o  vi s u al  d e bu g g i n g )  
an d  w i l l  p r e s e n t  t h e  r e s u l t s  o f  a s m al l  p i l o t  s t u d y i n t e n d e d  t o  i l l u s t r at e  t h e  
p o t e n t i al  val u e  o f  s u c h  t e c h n i q u e s . 
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GLOS S ARY 

c a l l  s t a c k .  a bl o c k  o f  m e m o r y t h at  s t o r e s  l o c al  d at a u s e d  f o r  c al l s  t o  f u n c t i o n s .  
Al s o  c al l e d  a “f r am e  s t ac k ” o r  j u s t  a “s t ac k .” 
c h i l d .  i n  a r o o t e d  t r e e ,  t h e  ve r t e x  o n  t h e  s e n d i n g  e n d  o f  a p ar t i c u l ar  ve r t e x ’ s  
i n c o m i n g  e d g e . 
data structure.  a c ol l e c t i on of  r e l at e d dat a al ong  w i t h  t h e  ope r at i ons t h at  c an b e  
pe r f or m e d w i t h  t h e  dat a. 
di g rap h .  i n g r aph  t h e or y ,  a g r aph  w h ose  e dg e s h ave  di r e c t i on.  Al so c al l e d a 
“di r e c t e d g r aph .” 
di rected g rap h .  i n g r aph  t h e or y ,  a g r aph  w h ose  e dg e s h ave  di r e c t i on.  Al so 
c al l e d a “di g r aph .” 
edg e.  i n g r aph  t h e or y ,  a r e l at i onsh i p ( e i t h e r  w i t h  or  w i t h ou t  di r e c t i on)  b e t w e e n 
t w o ve r t i c e s. 
f ram e stack .  a b l oc k  of  m e m or y  t h at  st or e s l oc al  dat a u se d f or  c al l s t o f u nc t i ons.  
Al so c al l e d a “c al l  st ac k ” or  j u st  a “st ac k .” 
g rap h .  i n g r aph  t h e or y ,  a se t  of  ve r t i c e s ( u su al l y  l ab e l e d)  and a se t  of  
c or r e spondi ng  e dg e s ( som e t i m e s l ab e l e d)  b e t w e e n t h e  ve r t i c e s. 
h eap .  a l ar g e  b l oc k  of  m e m or y  t h at  i s dy nam i c al l y  al l oc at e d as ne c e ssar y  t o st or e  
pr og r am  dat a.  Al so c al l e d a “m e m or y  h e ap.” 
l ay o ut.  t h e  vi su al  or g ani z at i on of  t h e  node s and r e l at i onsh i ps of  a g r aph . 
l ay  o ut.  t o vi su al l y  or g ani z e  t h e  node s and r e l at i onsh i ps of  a g r aph ,  u su al l y  t o 
m ak e  t h e  g r aph  m or e  u nde r st andab l e  t o h u m ans vi e w i ng  t h e  g r aph . 
l eaf .  i n a r oot e d t r e e ,  a ve r t e x  w i t h  no c h i l dr e n or  w h ose  c h i l dr e n ar e  al l  e m pt y  
t r e e s. 
m em o ry  h eap .  a l ar g e  b l oc k  of  m e m or y  t h at  i s dy nam i c al l y  al l oc at e d as 
ne c e ssar y  t o st or e  pr og r am  dat a.  Al so c al l e d a “h e ap.” 
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m em o ry  l eak .  m e m or y  al l oc at e d on t h e  h e ap w i t h ou t  a r e f e r e nc e  w i t h  w h i c h  t h e  
ow ne r  pr og r am  c an ac c e ss i t . 
n o de.  i n g r aph  t h e or y ,  an e l e m e nt  of  a g r aph  b e t w e e n w h i c h  e dg e s ar e  
c onne c t e d.  Al so c al l e d a “ve r t e x .” 
p aren t.  i n a r oot e d t r e e ,  t h e  ve r t e x  on t h e  r e c e i vi ng  e nd of  a par t i c u l ar  ve r t e x ’ s 
si ng l e  ou t g oi ng  e dg e . 
p o i n ter.  a pi e c e  of  dat a t h at  pr ovi de s ac c e ss t o anot h e r  pi e c e  of  dat a. 
ro o t.  i n g r aph  t h e or y ,  a spe c i al  ve r t e x —w i t h  e i t h e r  no ou t g oi ng  e dg e s or  no 
i nc om i ng  e dg e s—t h at  i s de si g nat e d t o t u r n a t r e e  i nt o a r oot e d t r e e . 
ro o ted.  i n g r aph  t h e or y ,  a t r e e  i s sai d t o b e  r oot e d w h e n t h e r e  i s a si ng l e  
di st i ng u i sh e d ve r t e x  ( of t e n l ab e l e d or  c l e ar l y  i ndi c at e d) ,  c al l e d t h e  r oot ,  t h at  h as 
no ou t g oi ng  e dg e s. 
stack .  i n m e m or y  al l oc at i on,  a b l oc k  of  m e m or y  t h at  st or e s l oc al  dat a u se d f or  
c al l s t o f u nc t i ons.  Al so c al l e d a “f r am e  st ac k ” or  a “c al l  st ac k .” 
tree.  i n g r aph  t h e or y ,  a c onne c t e d g r aph  w i t h  no c y c l e s. 
un di rected g rap h .  i n g r aph  t h e or y ,  a g r aph  w h ose  e dg e s h ave  no di r e c t i on. 
v ertex .  i n g r aph  t h e or y ,  an e l e m e nt  of  a g r aph  b e t w e e n w h i c h  e dg e s ar e  
c onne c t e d.  Al so c al l e d a “node .” 
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C h a p t e r  1  

C H AP T E R  1:  I N T R O D U C T I O N  

1 . 1   I n f o rm ati o n  V i sual i z ati o n  

I nf or m at i on vi su al i z at i on i s a f i e l d of  c om pu t e r  sc i e nc e  t h at  de al s w i t h  e f f e c t i ve  
m e ans of  di spl ay i ng  or  ot h e r w i se  c om m u ni c at i ng  dat a t o h u m an b e i ng s.  
C om m onl y ,  t h i s i nvol ve s di spl ay i ng  dat a i n a w ay  t h at  i s som e w h at  u nr e l at e d t o 
i t s or i g i nal  f or m  i n or de r  t o e nh anc e  h u m an ab i l i t y  t o par se  t h e  i nf or m at i on.  T h e  
or g ani z at i on of  dat a i n c om pu t e r  m e m or y  i s of t e n di f f e r e nt  f r om  t h e  w ay  i t  i s 
di spl ay e d t o h u m ans,  par t i c u l ar l y  b e c au se  c om pu t e r  m e m or y  i s l i m i t e d b y  i t s 
l i ne ar i t y .  I n al l  si t u at i ons t h at  i nvol ve  di g i t al  dat a,  t h e  si m pl e st  w ay  t o di spl ay  t h e  
dat a w ou l d b e  t o ou t pu t  t h e  dat a as a st r e am  of  b i t s,  j u st  as t h e  c om pu t e r  st or e s i t .  
T h i s appr oac h ,  h ow e ve r ,  i s not  h u m an-f r i e ndl y ,  so i nf or m at i on vi su al i z at i on 
t e c h ni q u e s ar e  u se d t o pr e se nt  di g i t al  dat a t o h u m ans i n a m or e  u nde r st andab l e  
f ash i on. 

W h e n t h e  si z e  of  dat a b e c om e s t oo l ar g e  t o b e  e asi l y  c om m u ni c ab l e  vi a st andar d 
m e t h ods of  di spl ay ,  i nf or m at i on vi su al i z at i on c an b e  u se d t o su m m ar i z e  or  
g e ne r al i z e  dat a i nt o a sm al l e r  f or m at ,  al l ow i ng  m or e  dat a t o b e  vi e w e d 
si m u l t ane ou sl y  at  t h e  c ost  of  de t ai l .  Anal y si s of  t h e  su m m ar i z e d di spl ay  m ay  
pr ove  m or e  e f f i c i e nt  t h an vi e w i ng  m any  pag e s of  de t ai l e d di spl ay ,  possi b l y  
r e ve al i ng  t r e nds t h at  ar e  not  as e asi l y  not i c e d. 

1 . 2   D ata S tructure V i sual i z ati o n  

D at a st r u c t u r e  vi su al i z at i on de al s w i t h  t h e  c onst r u c t i on of  u nde r st andab l e  
g r aph i c al  r e pr e se nt at i ons of  m e m or y -b ase d dat a st r u c t u r e s.  D at a st r u c t u r e s ar e  
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c om m onl y  u se d w h e n i m pl e m e nt i ng  a sof t w ar e  sol u t i on t o a pr ob l e m ,  and m any  
c om pu t e r  sc i e nc e  st u de nt s l e ar n ab ou t  dat a st r u c t u r e s e ar l y  i n t h e  pr og r am m i ng  
c u r r i c u l u m .  O ne  pr ob l e m  t h at  h am pe r s st u de nt s t h at  ar e  ne w  t o dat a st r u c t u r e s 
i s t h e i r  ph y si c al  i nvi si b i l i t y .  W h e n c odi ng  u p t h e  answ e r  t o a pr ob l e m ,  
pr og r am m e r s c annot  se e  t h e  ac t u al  dat a st r u c t u r e s—ph y si c al l y ,  t h e y  ar e  onl y  
st r e am s of  b i t s i n a c om pu t e r ’ s m e m or y ,  i nvi si b l e  t o t h e  pr og r am m e r .  B y  c r e at i ng  
g r aph i c al  r e pr e se nt at i on,  st u de nt s—and ve t e r an pr og r am m e r s—c an b e t t e r  
u nde r st and t h e  dat a st r u c t u r e  t h at  i t  r e pr e se nt s. 

W h e n r e pr e se nt i ng  ac t u al  pr og r am  dat a,  a vi su al i z at i on of  a dat a st r u c t u r e  not  
onl y  e nh anc e s c om pr e h e nsi on of  t h e  dat a st r u c t u r e —c r i t i c al  f or  pr og r am m e r s 
u nf am i l i ar  w i t h  t h e  dat a st r u c t u r e —b u t  m ay  al so pr ovi de  i m por t ant  i nf or m at i on 
ab ou t  spe c i f i c  val u e s i n a dat a st r u c t u r e .  I n a t y pi c al  t e x t -b ase d de b u g g e r ,  a 
pr og r am m e r  m i g h t  q u e r y  t h e  de b u g g i ng  t ool  f or  e ac h  of  t h e  val u e s of  t h e  dat a 
m e m b e r s pr e se nt  i n a dat a st r u c t u r e —a dat a st r u c t u r e  vi su al i z at i on c ou l d i nc l u de  
t h i s dat a au t om at i c al l y ,  c onc u r r e nt l y  pr ovi di ng  de t ai l  ab ou t  se ve r al  par t s of  a dat a 
st r u c t u r e  i nsi de  t h e  vi su al i z at i on i t se l f . 

1 . 3   D eb ug g i n g  

D e b u g g i ng  i s t h e  pr oc e ss of  f i ndi ng  and t h e n f i x i ng  b u g s i n a pr og r am .  B u g s ar e  
g e ne r al l y  not  k now n t o e x i st  u nt i l  t h e  i m pac t  of  t h e  b u g  i s ob se r ve d,  of t e nt i m e s 
du r i ng  pr og r am m i ng  or  val i dat i on t e st i ng  of  t h e  pr og r am .  T h e  pr oc e ss of  
de b u g g i ng  c an b e  su m m ar i z e d i n f i ve  st e ps:  

1. O b se r ve  ne g at i ve  i m pac t  of  b u g . 
2. I de nt i f y  st at e  of  pr og r am  t h at  pr odu c e s ne g at i ve  i m pac t  ( t h e  e r r or  st at e ) . 
3. L oc at e  sou r c e  c ode  t h at  pr odu c e s t h e  i de nt i f i e d e r r or  st at e . 
4. M odi f y  sou r c e  c ode  t o e l i m i nat e  possi b i l i t y  of  e nt e r i ng  e r r or  st at e . 
5. V e r i f y  t h at  m odi f i c at i on f i x e s b u g . 
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T h e  ne g at i ve  i m pac t  i n st e p one  c ou l d b e  any t h i ng  f r om  i nc or r e c t  ou t pu t ,  t o a 
g r aph i c al  anom al y  i n t h e  u se r  i nt e r f ac e ,  t o a c r ash  t h at  c au se s t h e  pr og r am  t o e nd 
ab r u pt l y .  T h e  i m pac t  m ay  b e  ob se r ve d du r i ng  t h e  pr og r am m i ng  pr oc e ss ( as t h e  
pr og r am m e r  ve r i f i e s t h e  e f f e c t s of  c ode  t h at  h e  or  sh e  w r i t e s) ,  du r i ng  t h e  
val i dat i on pr oc e ss,  or  e ve n du r i ng  r e g u l ar  u se  b y  e nd-u se r s.  M any  t i m e s,  t h e  
ne g at i ve  i m pac t  w i l l  b e  di r e c t l y  r e l at e d t o a dat a st r u c t u r e .  F or  e x am pl e ,  t h e  
ne g at i ve  i m pac t  m ay  b e  t h e  di r e c t  r e su l t  of  a f au l t y  st at e  i n t h e  dat a st r u c t u r e .  I n 
t h i s c ase ,  i de nt i f y i ng  t h e  f au l t y  st at e  i n t h e  dat a st r u c t u r e  l e ads t o i de nt i f y i ng  t h e  
f au l t y  st at e  i n t h e  pr og r am .  D at a st r u c t u r e  vi su al i z at i on,  t h e n,  c an b e  u se d t o 
i de nt i f y  t h e se  dat a st r u c t u r e  m al adi e s. 

1 . 4   V i sual  D eb ug g i n g  

V i su al  de b u g g i ng  i s t h e  appl i c at i on of  dat a st r u c t u r e  vi su al i z at i on t o t h e  
de b u g g i ng  e x pe r i e nc e .  I nst e ad of  de b u g g i ng  w i t h  pr i nt  st at e m e nt s or  w i t h  t e x t -
b ase d de b u g g e r s,  t h e  vi su al  de b u g g e r  of f e r s t h e  pr og r am m e r  an ab st r ac t  and 
u nde r st andab l e  g r aph i c al  por t r ai t  of  h i s or  h e r  pr og r am .  T h e  i de al  vi su al  
de b u g g e r  w ou l d r e pl ac e  e nt i r e l y  a t e x t -b ase d de b u g g e r  and t h e  pr og r am m e r ’ s 
ne e d f or  pr i nt  st at e m e nt s.  R at h e r  t h an i nve nt  t h e  w h e e l ,  h ow e ve r ,  a vi su al  
de b u g g e r  c an r e l y  on a t e x t -b ase d de b u g g e r  as i t s e ng i ne ,  u si ng  t h e  t e x t -b ase d 
de b u g g e r  t o r e t r i e ve  c e r t ai n pr og r am m i ng  i nf or m at i on and pr ovi di ng  t h e  sam e  
f e at u r e s t h at  an or di nar y  t e x t -b ase d de b u g g e r  w ou l d pr ovi de .  T h e  di f f e r e nc e  i s 
t h at  t h e  vi su al  de b u g g e r  i nc l u de s addi t i onal ,  g r aph i c al  f e at u r e s t h at  b e t t e r  f ac i l i t at e  
ove r vi e w ,  g e ne r al i z at i on,  and t r e nd i de nt i f i c at i on. 

T h e  g oal  of  a vi su al  de b u g g e r  i s t o pr ovi de  vi su al l y  u nde r st andab l e  
r e pr e se nt at i ons of  dat a st r u c t u r e s or  ot h e r  pr og r am  dat a du r i ng  r u nt i m e ,  so t h at  
de ve l ope r s c an b e t t e r  u nde r st and t h e  ac t u al  or g ani z at i on of  t h e i r  dat a st r u c t u r e s 
and r e spond ac c or di ng l y  t o i m pr ove  t h e  pr og r am m at i c  m anag e m e nt  of  t h ose  dat a 
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st r u c t u r e s.  U l t i m at e l y ,  t h e se  vi su al  r e pr e se nt at i ons sh ou l d i nc r e ase  t h e  
pr odu c t i vi t y  of  pr og r am m e r s t h at  ar e  de ve l opi ng  and de b u g g i ng  a sy st e m ,  
e spe c i al l y  pr og r am m e r s u nf am i l i ar  w i t h  t h e  c u r r e nt  sy st e m . 

V i su al  de b u g g e r s g e ne r al l y  i nc l u de  al l  of  t h e  f e at u r e s of  a st andar d t e x t -b ase d 
de b u g g e r  ( som e t i m e s t h e y  e ve n pr ovi de  a t e x t  i nt e r f ac e  w i t h  a t e x t -b ase d 
de b u g g e r ) ,  pl u s addi t i onal  vi su al  f e at u r e s t o pr ovi de  a g r aph i c al  poi nt  of  vi e w  of  
t h e  pr og r am .  F or  e x am pl e ,  a vi su al  de b u g g e r  m ay  i nc l u de  a g r aph i c al  f l ow  c h ar t  
i l l u st r at i ng  t h e  b asi c  pr oc e du r e  of  t h e  c ode  b e i ng  de b u g g e d. 

V i su al  de b u g g e r s c an u se  t h e i r  g r aph i c al  nat u r e  t o e nh anc e  u nde r st andi ng  of  a 
pr og r am .  U se r s ne w  t o a sy st e m  of  c ode ,  a c om m on si t u at i on f or  c ode  
m ai nt ai ne r s,  c an u se  a vi su al  de b u g g e r  t o g e t  a g e ne r al  g r aph i c al  ove r vi e w  of  a 
sy st e m  t h at  t h e y  c ou l dn’ t  g e t  w i t h ou t  r e adi ng  t h e  c ode .  I n addi t i on t o 
u nde r st andi ng  of  t h e  sy st e m ,  vi su al  de b u g g e r s c an h e l p u se r s t o ob se r ve  t h e  
e f f e c t s of  c e r t ai n l i ne s of  sou r c e  c ode  as t h e y  ar e  e x e c u t e d.  F or  e x am pl e ,  a dat a 
st r u c t u r e  vi su al i z at i on t h at  l i st s t h e  val u e s of  c e r t ai n var i ab l e s w ou l d al l ow  t h e  
pr og r am m e r  t o w at c h  t h ose  var i ab l e s as t h e y  c h ang e  t h r ou g h  t h e  e x e c u t i on of  t h e  
c ode ,  m u c h  l i k e  t h e  w at c h  var i ab l e  c onc e pt  i n st andar d t e x t -b ase d de b u g g e r s.  
T h e  di f f e r e nc e  b e t w e e n t e x t -b ase d w at c h  var i ab l e s and vi su al  de b u g g e r  w at c h  
var i ab l e s i s c ont e x t .  T e x t -b ase d de b u g g e r s r e q u i r e  spe c i f i c at i on of  w h i c h  
var i ab l e s sh ou l d b e  w at c h e d,  b u t  a vi su al  de b u g g e r  c an au t om at i c al l y  pr ovi de  
t h ose  var i ab l e s,  pl u s t h e  c ont e x t  of  t h ose  var i ab l e s—i nf or m at i on su r r ou ndi ng  t h e  
var i ab l e ,  su c h  as ot h e r  var i ab l e s i n t h at  ob j e c t  ( i f  t h e  var i ab l e  i s par t  of  an ob j e c t ) . 

T h e  m ai n di f f e r e nc e  b e t w e e n vi su al  de b u g g e r s i s i n t h e i r  m e t h ods of  di spl ay i ng  
pr og r am  i nf or m at i on.  S om e  de b u g g e r s pr ovi de  g e ne r al  ove r vi e w s ab ou t  c l ass 
t y pe s and t h e i r  st r u c t u r e s [ 19 ] ,  g r e at  f or  g e t t i ng  t o k now  an u nf am i l i ar  sy st e m .  
O t h e r  de b u g g e r s pr ovi de  spe c i f i c  vi su al i z at i ons of  pr og r am  dat a du r i ng  e x e c u t i on 
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of  t h e  pr og r am  [ 43]  [ 1]  [ 6]  [ 18 ] .  An i m por t ant  e x am pl e  of  t h i s k i nd of  
vi su al i z at i on i s t h at  of  dat a st r u c t u r e s—t h i s i s u se f u l  not  onl y  f or  g e t t i ng  a f e e l  f or  
t h e  de si g n of  dat a st r u c t u r e s,  b u t  al so f or  de b u g g i ng  t h e  c r e at i on,  m ani pu l at i on,  
and de st r u c t i on of  t h e se  dat a st r u c t u r e s. 

A g e ne r al  sol u t i on t o t h e  pr ob l e m  of  vi su al i z i ng  dat a st r u c t u r e s l i e s i n g r aph s.  
M ost  dat a st r u c t u r e s u se  a m e t h od of  addr e ss r e f e r e nc i ng  t o or g ani z e  poc k e t s of  
dat a.  F or  e x am pl e ,  i n a l i nk e d l i st ,  e ac h  of  t h e  “poc k e t s” i s an e l e m e nt  of  t h e  l i st ,  
and e ac h  e l e m e nt  c ont ai 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 .  T h i s c r e at e s a 
di r e c t i onal  r e l at i onsh i p b e t w e e n adj ac e nt  e l e m e nt s i n a l i nk e d l i st .  E ac h  e l e m e nt  
i s r e l at 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 at  t h e  f or m e r  h ol ds t o 
t h e  l at t e r .  T h e se  r e f e r e nc e s c an c onst i t u t e  e dg e s of  a g r aph ,  and t h e  ve r t i c e s of  
t h e  g r aph  c an r e pr e se nt  poc k e t s of  dat a.  T h e  pr ob l e m  t h e n r e du c e s t o one  of  
pr ope r l y  di spl ay i ng  t h e  g r aph  i n a h u m anl y  u nde r st andab l e  f or m . 

T h e r e  ar e  se ve r al  al g or i t h m s f or  l ay i n g  o ut di r e c t e d and u ndi r e c t e d g r aph s i n 
g e ne r al ,  b u t  t h e y  ar e  not  ne c e ssar i l y  u ni ve r sal l y  appr opr i at e  f or  dat a st r u c t u r e s.  I n 
addi t i on,  m ost  c l asse s of  dat a st r u c t u r e s h ave  a g e ne r al l y  ac c e pt e d w ay  of  b e i ng  
dr aw n ( i .e . l i nk e d l i st s as a l i ne ar  r ow  of  b l oc k s c onne c t e d b y  ar r ow s) ;  t h e r e  
sh ou l d b e  a w ay  t o u t i l i z e  t h e se  st andar ds w h e n g e ne r at i ng  dr aw i ng s of  dat a 
st r u c t u r e s.  T h i s i m pl i e s advanc e  k now l e dg e  of  t h e  t y pe  of  dat a st r u c t u r e s i n t h e  
pr og r am  t h at  i s b e i ng  de b u g g e d.  I t  m ay  b e  possi b l e  t o de t e r m i ne  t h e  c l ass of  dat a 
st r u c t u r e  au t om at i c al l y ,  or  at  w or st  i t  c an b e  q u e r i e d f r om  t h e  u se r  w i t h ou t  
e x c e ssi ve  t r ou b l e . 

I t  i s al so i m por t ant  t h at  t h e  di ag r am s di spl ay  as m u c h  pe r t i ne nt  i nf or m at i on as 
possi b l e  ab ou t  t h e  e l e m e nt s i n t h e  dat a st r u c t u r e .  W h e n g i ve n m or e  i nf or m at i on,  
t h e  de ve l ope r  c an m ak e  b e t t e r  c onc l u si ons r e g ar di ng  t h e  r e l i ab i l i t y  of  t h e i r  
pr og r am ,  and t h e  addi t i onal  i nf or m at i on i s al so u se f u l  i n de t e r m i ni ng  t h e  sou r c e s 
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of  b u g s and t h e i r  r e su l t i ng  sol u t i ons.  T oo m u c h  i nf or m at i on,  h ow e ve r ,  w ast e s 
spac e  and c an i nt e r f e r e  w i t h  a pr og r am m e r ’ s ab i l i t y  t o q u i c k l y  ac c e ss t h e  
i nf or m at i on t h at  h e  or  sh e  w ant s.  A h e al t h y  b al anc e  m u st  b e  m ai nt ai ne d t o 
pr ovi de  t h e  pr og r am m e r  w i t h  as m u c h  i nf or m at i on as i s ne e de d t o sol ve  t h e  
pr ob l e m ,  b u t  no m or e  or  l e ss.  An i nf or m at i on vi su al i z at i on c onc e pt  k now n as 
F oc u s+ C ont e x t ,  w h i c h  al l ow s a par t i c u l ar  de t ai l e d f oc u s on one  se c t i on of  
i nf or m at i on w h i l e  a c ont e x t  of  t h e  r e st  of  t h e  i nf or m at i on t h at  c onsu m e s l e ss 
sc r e e n spac e  i s m ai nt ai ne d,  m i g h t  b e  of  u se  i n t h i s de par t m e nt . 

I n addi t i on t o st andar d g r aph  vi su al i z at i on of  dat a st r u c t u r e s,  i t  sh ou l d b e  
possi b l e  t o appl y  ot h e r  i nf or m at i on vi su al i z at i on st r at e g i e s i n t h e  u se r  i nt e r f ac e  of  
a vi su al  de b u g g e r ,  par t i c u l ar l y  w i t h  r e spe c t  t o t h e  di spl ay  of  dat a st r u c t u r e  val u e s.  
U nt i l  now ,  sol u t i ons h ave  u se d onl y  t e x t  t o r e pr e se nt  t h e  val u e s of  var i ab l e s.  
W h i l e  t e x t  i s c e r t ai nl y  i nf or m at i ve ,  i t  i s di f f i c u l t  t o g r asp t h e  “b i g  pi c t u r e ” of  a 
dat a st r u c t u r e  b y  e x am i ni ng  al l  of  t h e  t e x t  of  t h e  var i ab l e  val u e s.  R e pr e se nt i ng  
val u e s,  su c h  as i nt e g e r s or  st r i ng s,  as g r aph i c al  e nt i t i e s i s i nf or m at i on vi su al i z at i on 
at  i t s l i t e r al . 

An ove r vi e w  of  t h e  dat a st r u c t u r e ,  t r adi ng  de t ai l  f or  “b i g  pi c t u r e , ” m i g h t  h e l p 
pr og r am m e r s spot  som e  dat a st r u c t u r e  pr ob l e m s m or e  q u i c k l y ,  or  at  l e ast  poi nt  
pr og r am m e r s i n t h e  r i g h t  di r e c t i on.  An ove r vi e w  i s u su al l y  u se l e ss w i t h ou t  t h e  
ab i l i t y  t o i nve st i g at e  spe c i f i c  de t ai l s of  par t s of  t h e  ove r vi e w ,  w h i c h  i s w h y  
ove r vi e w s ar e  u su al l y  c om b i ne d w i t h  de t ai l e d vi e w s t o f or m  a c onc e pt  c al l e d 
O ve r vi e w + D e t ai l . 

T h e  i m por t ant  i ssu e s at  h and ar e  t o de t e r m i ne  w h at  k i nd of  i nf or m at i on 
vi su al i z at i on i de as c an f e asi b l y  b e  appl i e d t o t h e  vi su al  de b u g g i ng  dom ai n.  H ow  
c an t h e se  i nf or m at i on vi su al i z at i on c onc e pt s b e  c u l t i vat e d and i m pl e m e nt e d i n a 
vi su al  de b u g g e r ?   W h at  k i nds of  e f f e c t s do t h e se  f e at u r e s h ave  on t h e  de b u g g i ng  
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pr oc e ss?   T o h e l p answ e r  t h e se  q u e st i ons,  a se r i e s of  vi su al  de b u g g e r  pr ot ot y pe s 
w e r e  de si g ne d and i m pl e m e nt e d i nc or por at i ng  m any  i nf or m at i on vi su al i z at i on 
i de as,  c u l m i nat i ng  u l t i m at e l y  i nt o t h e  V i su al  D e b u g g e r  2.0  ( V D B 2) ,  w h i c h  
c om b i ne s al l  of  t h e  f e at u r e s of  i t s pr e de c e ssor s,  as w e l l  as som e  ne w  f e at u r e s of  
i t s ow n. 

1.5  Visual Debugging Prototypes 

The first p ro to ty p e,  a  V isu a l  B a sic  c o n stru c tio n  k n o w n  sim p l y  a s the V isu a l  
D eb u g g er ( V D B ) ,  w a s d esig n ed  to  c o n n ec t to  M ic ro so ft’ s V isu a l  S tu d io  to  
p ro vid e a  sim p l e visu a l  rep resen ta tio n  o f d a ta  stru c tu res.   The sec o n d ,  the D a ta  
S tru c tu re V isu a l iz er ( D S V ) ,  w a s b u il t in  J a va  a n d  is a  to o l  d esig n ed  sp ec ific a l l y  to  
ta rg et the p ro b l em  o f visu a l iz in g  d a ta  stru c tu res ( w ith o r w itho u t c o n n ec tio n  to  
a n  u n d erl y in g  d eb u g g er) .   The third  to o l ,  a  sec o n d  rel ea se o f the V isu a l  D eb u g g er 
( V D B 2 ) ,  w a s red esig n ed  c o m p l etel y  in  V isu a l  C #  a n d  fea tu res en ha n c ed  
c o n n ec tivity  w ith V isu a l  S tu d io  . N et a n d  a d d itio n a l  in fo rm a tio n  visu a l iz a tio n  
c a p a b il ities.  

E a c h to o l  p ro vid es a n  in itia l  ex a m p l e fo r the im p l em en ta tio n  o f d ifferen t 
in fo rm a tio n  visu a l iz a tio n  fea tu res tha t c a n  b e u sed  to  en ha n c e the visu a l  
d eb u g g in g  ex p erien c e.  

1.5.1  V i s u a l  D e b u g g e r  ( V D B )  

The V isu a l  D eb u g g er p ro j ec t b eg a n  in  2 0 0 0  a s the j o in t effo rt o f a  p a ir o f 
u n d erg ra d u a te resea rc hers a n d  a  g ro u p  o f g ra d u a te stu d en ts ta k in g  a  c l a ss in  
in fo rm a tio n  visu a l iz a tio n .   I t ha d  b een  d ec id ed  ea rl y  tha t the g o a l  o f the to o l  
w o u l d  b e to  p ro vid e visu a l  d eb u g g in g  fo r the M ic ro so ft V isu a l  S tu d io  fra m ew o rk .   
This d ec isio n  p ro ved  to  b e a  l im itin g  o n e,  sin c e the A P I  to  the M ic ro so ft V isu a l  
C + +  6 . 0  D eb u g g er w a s l a c k in g  in  m a n y  essen tia l  fea tu res.   M o st n o ta b l y ,  it w a s 
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im p o ssib l e to  q u ery  the M S V C + +  D eb u g g er a b o u t the stru c tu re o f a  g iven  c l a ss 
o r a b o u t the va ria b l es o n  the sta c k  a t a  g iven  b rea k p o in t.  

The w o rk a ro u n d  w a s to  q u ery  n o t the M S V C + +  D eb u g g er b u t the u ser a b o u t 
the stru c tu re o f c l a sses,  to  q u ery  the u ser a b o u t w hic h va ria b l es the u ser w a s 
in terested  in  w a tc hin g .   This so m ew ha t c u m b erso m e a p p ro a c h w a s a  n ec essa ry  
tra d eo ff o f m a in ta in in g  c o m p a tib il ity  w ith M ic ro so ft V isu a l  S tu d io .    

M o re l im ita tio n s in  the M S V C + +  D eb u g g er A P I  req u ired  tha t a  sm a l l  b it o f 
C + +  c o d e b e in c l u d ed  in  the ta rg et p ro g ra m  fo r the V isu a l  D eb u g g er to  tra c k  
d a ta  a l l o c a ted  o n  the hea p .   The a d d ed  c o d e is a  sim p l e # in c l u d e sta tem en t,  b u t 
in tru sive to  the u ser n o n ethel ess.  

A fter d efin in g  their c l a sses in  the V isu a l  D eb u g g er u ser in terfa c e,  the u ser is 
p resen ted  w ith a  rea l -tim e,  d y n a m ic a l l y -u p d a ted  d isp l a y  o f the ru n tim e sta te o f 
the d a ta  stru c tu re tha t the u ser d efin ed .   F ig u re 1 sho w s the V isu a l  D eb u g g er 
b ein g  u sed  d u rin g  the ex ec u tio n  o f a  p ro g ra m  tha t u ses a  b in a ry  sea rc h tree.   
S ta c k  d a ta  a p p ea rs o n  the l eft-ha n d  sid e o f the d isp l a y ,  a n d  hea p  d a ta  is sho w n  o n  
the rig ht.    

B y  first d efin in g  tha t a n  o b j ec t o f c l a ss “N o d e”  ha s va ria b l es n a m ed  “l eft, ”  
“rig ht, ”  a n d  “va l u e, ”  the V isu a l  D eb u g g er c a n  k eep  tra c k  o f va ria b l es o f tha t 
n a m e a n d  k eep  them  u p d a ted  a s the p ro g ra m  p ro g resses.   I t even  u ses c o l o rs to  
d ifferen tia te b etw een  n ew ,  m o d ified ,  a n d  u n m o d ified  n o d es.   C l ea rl y ,  ho w ever,  
ea c h n o d e u ses a n  en o rm o u s a m o u n t o f sc reen  sp a c e,  a n d  o n l y  a  d o z en  o r so  
n o d es c a n  b e d isp l a y ed  a t o n c e.  
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 Figure 1:  T h e V is ua l  D eb ugger 

 Figure 2: The Visual Debugger, in a more compact form. 

While the Visual Debugger will happily  pro v id e ev ery  piec e o f in fo rm atio n  
( in c lud in g v irtual m em o ry  ad d ress) o f ev ery  n o d e,   VDB  o ffers a sec o n d ,  
c o m pac t m o d e that d isplay s o n ly  the v alue o f o n e v ariable fo r eac h n o d e ( F igure 
2).  T his allo ws m an y  m o re n o d es to  be v iewable at o n c e an d  still giv es im po rtan t 
in fo rm atio n  abo ut the v alues o f n o d es. 
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T he “ sho w all in fo rm atio n ”  m o d e is great when  ex trac tin g d etailed  in fo rm atio n  
abo ut ev ery  n o d e is im po rtan t,  but there are m an y  c ases when  o n ly  o n e o f the 
m em bers o f a c lass is o f in terest to  the user.  F igure 2 sho ws a bin ary  searc h tree,  
where eac h n o d e in  the tree c o n tain s sev eral v ariables,  in c lud in g po in ters to  o ther 
n o d es.  I n  v erify in g the v alid ity  o f the bin ary  searc h tree,  the arro ws are gen erally  
suffic ien t fo r v erify in g appro priate po in ter c o n n ec tio n s,  so  the o n ly  im po rtan t 
piec e o f in fo rm atio n  in  eac h n o d e is the v alue o f the n o d e.  T he pro gram m er 
m ust m ak e sure that the v alues are in  o rd er,  as they  sho uld  be in  a bin ary  searc h 
tree.  I n  this c ase,  the pro gram m er c an  switc h to  “ sho w o n e v alue”  m o d e an d  
d o es n o t lo se an y  sign ific an t in fo rm atio n  by  hid in g the po in ter v alues an d  c an  
ev en  d ebug m o re effec tiv ely  giv en  the ability  to  see m o re n o d es at o n c e. 

T wo  m aj o r d isad v an tages o f the Visual Debugger are the n ec essary  d efin itio n  o f 
the user’ s c lasses an d  the speed  o f ex ec utio n .  B uilt usin g Visual B asic  with 
effic ien c y -k illin g wo rk aro un d s d ue to  the subo ptim al M S VC + +  Debugger,  the 
to o l at tim es tak es up to  a few sec o n d s to  upd ate the d isplay  at eac h break po in t in  
the ex ec utio n ,  d epen d in g o n  ho w m an y  n o d es are in  the d ata struc ture.  T he to o l 
sim ply  c an n o t sc ale up. 

T he last m alad y  o f the to o l is graph lay o ut.  T he to o l’ s auto m atic  lay o ut algo rithm  
was prim itiv e an d  lim ited  to  the lay o ut o f n ew n o d es.  T he to o l relied  o n  the 
user’ s j ud gm en t to  lay  o ut the graph as he o r she d esires. 

1.5 .2   D a t a  S t r u c t u r e  V i s u a l i z e r  ( D S V )  

T he Data S truc ture Visualiz er ( F igure 3) was c o n c eiv ed  o n  the heels o f the release 
o f the Visual Debugger with o n ly  o n e go al in  m in d :  v isualiz atio n  o f the d ata.  As 
suc h,  this to o l d id  n o t im plem en t c o n n ec tio n  to  an y  un d erly in g d ebugger.  I ts 
purpo se was m ain ly  to  ex perim en t with an d  pro to ty pe v ario us m etho d s o f 
v isualiz in g d ata struc tures an d  the in terac tin g with the user.  S ev eral 
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im pro v em en ts were m ad e o v er the v isualiz atio n  tec hn iq ues o f the o rigin al Visual 
Debugger d esign . 

 F igure 3: The Data S tructure Visualiz er 

F irst,  the DS V ex pan d ed  o n  VDB ’ s hid in g o f less im po rtan t c lass m em ber 
v ariables by  allo win g bo th m o d es ( “ sho w all in fo rm atio n ”  an d  “ sho w o n e v alue” ) 
to  c o ex ist sim ultan eo usly .  O n ly  n o d es that the user is partic ularly  in terested  in  
n eed  be d isplay ed  with all o f its m em ber v ariables.  T his pro v id es m o re flex ibility  
to  the user abo ut whic h v ariables are im po rtan t d urin g the d ebuggin g pro c ess. 

T he sec o n d  im pro v em en t was the ad d ed  ability  to  suppo rt m ultiple o pen  
win d o ws,  eac h o fferin g a d ifferen t v iew o f the d ata struc ture,  so  that it c o uld  be 
ex am in ed  at m ultiple parts sim ultan eo usly .  N o w,  the user c an  fo c us in  o n  two  
partic ular parts o f the d ata struc ture,  ign o rin g the rest o f the d ata struc ture as it 
bec o m es less im po rtan t. 

T hird ,  the ability  to  z o o m  an d  pan  was ad d ed .  T his is partic ularly  useful fo r large 
d ata struc tures,  as the user c an  z o o m  o ut to  get a go o d  gen eral pic ture o f the d ata 
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struc ture as a who le an d  then  z o o m  in  o n  parts that are partic ularly  im po rtan t to  
the user. 

A fram ewo rk  fo r m o re appro priate auto m atic  lay in g o ut o f the graphs was put in  
plac e.  I n c lud ed  with the DS V were lay o ut algo rithm s fo r lin k ed  lists an d  fo r 
gen eral trees,  with the ad d ed  c apability  o f allo win g the user to  d efin e their o wn  
lay o ut tec hn iq ues v ia a sim ple pluggable lay o ut in terfac e. 

F in ally ,  the ability  to  ed it v alues in  the d ata struc ture was ad d ed ,  po ten tially  
allo win g users to  c han ge parts o f their pro gram  as it run s to  m o n ito r the results 
o f suc h c han ges.  T his is espec ially  useful when  a pro gram m er has lo c ated  a bug 
in  the pro gram  an d  wan ts to  v erify ,  witho ut c han gin g an y  c o d e o r sto ppin g the 
pro gram ,  that a c ertain  c han ge in  the c o d e will fix  the bug. 

O f c o urse,  the DS V was n o t d esign ed  with an  un d erly in g d ebugger,  so  these 
v isualiz atio n s an d  in terac tio n s c an n o t im m ed iately  be used  to  d ebug a pro gram ,  
but the id eas d em o n strated  in  the DS V are ripe fo r in c lusio n  in  a real v isual 
d ebugger. 

1.5 .3   V i s u a l  D e b u g g e r  2 .0  ( V D B 2 )  

T he sec o n d  release o f the Visual Debugger,  n um bered  2.0 ,  was o rigin ally  c alled  
the “ Data S truc ture Visualiz er”  ( n o t to  be c o n fused  with the afo rem en tio n ed  
pro to ty pe to o l),  but was ren am ed  as the suc c esso r to  the o rigin al Visual 
Debugger.  I t is in ten d ed  to  c o m bin e the c lassic  d ebuggin g c apabilities o f the 
o rigin al Visual Debugger with the lesso n s learn ed  d urin g the d ev elo pm en t o f the 
Data S truc ture Visualiz er.  P o wered  by  a faster pro gram m in g lan guage,  Visual 
C # ,  an d  a m o re ro bust d ebuggin g platfo rm ,  the M ic ro so ft Visual S tud io  .N et 
Debugger,  the m aj o r effic ien c y  sho rtc o m in gs o f the o ld  v ersio n  c an  be o v erc o m e,  
an d  the id eas ho n ed  in  the Data S truc ture Visualiz er c an  be ad d ed . 



 

 1 3 

 F igure 4: The Visual Debugger 2 .0  

Asid e fro m  the c o m m o n alities shared  with its pred ec esso rs,  VDB 2 also  c o m es 
with fresh n ew id eas abo ut the v isualiz atio n  o f d ata held  within  the n o d es o f the 
d ata struc ture.  F igure 4 sho ws VDB 2 d ebuggin g a bin ary  searc h tree,  where 
related  n um eric al v alues are en han c ed  with bars that v ary  in  siz e d epen d in g o n  
the siz e o f the v alues.  I n  ad d itio n  to  bein g able to  v isualiz e the v alues as bars,  the 
user m ay  also  c ho o se to  v isualiz e them  with v ary in g c o lo rs.  

T he Visual Debugger 2 also  c o m es with an  im pro v ed  auto m atic  lay o ut algo rithm ,  
a un iv ersal lay o ut algo rithm  in ten d ed  to  appro priately  lay  o ut as m an y  d ata 
struc tures as po ssible.  T his lay o ut is m ain tain ed  as the user steps thro ugh their 
c o d e,  with em phasis o n  graph lay o ut stability  in  an  attem pt to  red uc e user 
c o n fusio n  between  upd ates in  the v isualiz atio n . 

T han k s to  the v ast im pro v em en ts in  the Visual S tud io  .N et Debugger o v er its 6 .0  
prec urso r,  the ex ec utio n  is o rd ers o f m agn itud e faster,  an d  the user n o  lo n ger 
n eed s to  giv e the to o l an y  in fo rm atio n  abo ut the struc ture o f their c lasses.  I n  
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fac t,  the to o l is n o w run  fro m  i n s i d e  the Visual S tud io  .N et I n tegrated  
Dev elo pm en t E n v iro n m en t by  way  o f a Visual S tud io  Ad d -I n .  When  the user 
d ec id es that they  wan t the assistan c e o f the v isual d ebugger,  he o r she selec ts a 
m en u item  fro m  the Visual S tud io  m en u,  an d  VDB 2 starts up im m ed iately  with a 
graphic al v iew o f the user’ s en tire pro gram . 
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C h a p t e r  2  

CHAPTER 2: REV I EW  O F  REL ATED  W O RK  

I t  i s  w i d e l y  a d m i t t e d  t h a t  o n e  o f  t h e  m o s t  t i m e -c o n s u m i n g  p a r t s  o f  p r o g r a m m i n g  
i s  f i n d i n g  b u g s  a n d  f i x i n g  t h e m .  Th i s  r e a l i z a t i o n  h a s  l e d  t o  p r a c t i c a l l y  u n l i m i t e d  
i n t e r e s t  i n  r e d u c i n g  t h e  p o s s i b i l i t y  o f  e r r o r s  a n d  i n  e x p e d i t i n g  t h e  p r o c e s s  o f  
d e b u g g i n g .  To o l s  s u c h  a s  t h o s e  i n c l u d e d  i n  M i c r o s o f t ’ s  V i s u a l  S t u d i o  s u i t e  o f  
s o f t w a r e  d e v e l o p m e n t  e n v i r o n m e n t s  a r e  a  r e s u l t  o f  t h i s  o n g o i n g  e f f o r t .  O n e  
t h i n g  t h a t  m a n y  d e b u g g e r s  l a c k ,  h o w e v e r ,  i s  v i s u a l i z a t i o n . 

Th e r e  a r e ,  h o w e v e r ,  m a n y  s o f t w a r e  p r o j e c t s  d e v e l o p e d  w i t h  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  i n  m i n d .   

2.1  Instructional Tools 

I n  1 9 8 8 ,  S h u  [ 3 0 ]  d e s c r i b e d  w h y  v i s u a l  p r o g r a m m i n g  s h o u l d  b e  s u p e r i o r  t o  
s t a n d a r d  t e x t -b a s e d  p r o g r a m m i n g ,  c i t i n g  i n  p a r t  a b o u t  a b i l i t y  o f  p i c t u r e s  t o  
c o m m u n i c a t e  m o r e  e f f i c i e n t l y  t h a n  t e x t  a s  w e l l  a s  a  p i c t u r e ’ s  e a s e  o f  
u n d e r s t a n d i n g  a n d  r e m e m b r a n c e .  Th i s  s p o k e  m o s t  c l e a r l y  t o  t h e  a r t  o f  c o m p u t e r  
s c i e n c e  i n s t r u c t i o n ,  w h e r e  r e s e a r c h  t u r n e d  t o  u s i n g  g r a p h i c a l  t e c h n i q u e s  s u c h  a s  
“ p r e t t y -p r i n t i n g ”  [ 3 ] —a  s i m p l e  r e o r g a n i z a t i o n  o f  s o u r c e  c o d e —,  a u t o m a t i c  
p r o g r a m  f l o w c h a r t  p r o d u c t i o n  [ 26 ] ,  a n d  a l g o r i t h m  a n i m a t i o n  t o o l s  [ 4 1 ] . 

Th e  a l g o r i t h m  a n i m a t i o n  t o o l s  a r e  o f  p a r t i c u l a r  i n t e r e s t  i n  v i s u a l  d e b u g g i n g .  
Th e s e  t o o l s  u s e  a n i m a t i o n  t e c h n i q u e s  t o  d e m o n s t r a t e  t h e  e x e c u t i o n  o f  a n  
a l g o r i t h m  a s  i t  p r o c e e d s .  W h i l e  t h e s e  t o o l s  a r e  g e n e r a l l y  s t a t i c  w i t h  r e s p e c t  t o  
u n d e r l y i n g  p r o g r a m  e x e c u t i o n  a n d  a r e  m e a n t  o n l y  a s  i n s t r u c t i o n a l  t o o l s ,  t h e y  
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p r o v i d e  a  s t r o n g  b a s i s  f o r  a p p r o p r i a t e  v i s u a l  t e c h n i q u e s  f o r  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  p r o g r a m  d a t a  s t r u c t u r e s . 

2.1.1  Brown University Algorithm Simulator and Animator 

The Brown Univeristy Algorithm Simulator and Animator (BALSA) [ 5]  is a tool 
with an c ollec tion of  demonstrations that eac h attemp t to ex p lain the work ings of  
a p artic ular algorithm.   F igure 5 shows BALSA’ s main menu,  whic h is an array of  
grap hic al ic ons,  eac h of  whic h leads the user to a 1 0 -1 5 minute grap hic al 
simulation.   E ac h simulation is b uilt individually to b est illustrate and teac h the 
resp ec tive algorithm.  

 Figure 5:  T h e m a in  m en u f o r B A L S A  
( t a k en ,  un ed it ed ,  f ro m  [ 5] ) 

BALSA p erf orms its p urp ose well:  it shows static  simulations f or the p urp ose of  
teac hing.   I t does this b y using domain-sp ec if ic  visualiz ations to rep resent the 
data struc tures used f or eac h algorithm.   This mak es eac h simulation very 
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intuitive and easy to use,  b ut p revents generaliz ation f or ap p lic ation to other 
realms and domains.  

BALSA was one of  the f irst algorithm animation tools,  and its ex amp le has b een 
f ollowed with various sp in-of f s,  inc luding BALSA-I I ,  Tango,  and P olk a .  

2.1.2  X T a n g o ,  P o l k a ,  a n d  S a m b a  

XTango [ 3 2 ] ,  P olk a [ 3 3 ] ,  and Samb a [ 3 8 ]  are all tools develop ed p rimarily b y 
Stask o,  with the p urp ose of  p roviding general-p urp ose algorithm animation.   
Unlik e BALSA,  these tools are designed to b e used to animate a n y  algorithm,  not 
j ust a p redef ined set,  alb eit with some p rogrammer intervention req uired.  

XTango grew out of  the Tango p roj ec t [ 3 1 ] .   The p rogrammer uses XTango to 
visualiz e his or her algorithm b y inserting annotation c ommands within the c ode 
of  the algorithm.   These c ommands c reate and manip ulate grap hic al ob j ec ts,  suc h 
as c irc les,  sq uares,  and lines.   As the algorithm runs,  it c hanges the p rop erties of  
the grap hic al ob j ec ts,  whic h results in the animation of  the algorithm.  

P olk a is a desc endent of  XTango,  b uilt with more f unc tionality than its 
p redec essor.   I ts develop ment b egan targeted at p arallel c omp utation,  b ut it has 
sinc e b ec ome usef ul f or visualiz ing standard serial p rograms as well.   Lik e 
XTango,  it c ontrols animation through user-inserted annotations.   P olk a uses a 
p rogram visualiz ation system c alled the P arallel P rogram Animation 
D evelop ment E nvironment (P AR AD E ).   I t also uses an ob j ec t-oriented 
animation ob j ec t hierarc hy to inc rease ease of  use and f lex ib ility.   P rogrammers 
c an c reate new animation ob j ec ts (sp ec if ic  shap es,  f or ex amp le) with p artic ular 
p rop erties to b etter c raf t the animation to his or her ap p lic ation.   F igure 6 shows 
a c ustom P olk a visualiz ation f or a sorting algorithm.   E ac h b ar rep resents ten 
p erc ent of  the total numb er of  elements in the list,  and eac h b ar is a p lot of  the 
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minimum,  max imum,  and average of  the elements—the dark er a b ar is,  the more 
sorted it is.  

 Figure 6:  A  P o l k a  v is ua l iz a t io n  o f  a  s o rt in g 
a l go rit h m  

( t a k en ,  un ed it ed ,  f ro m  [ 1 3 ] ) 

 Figure 7:  A  P o l k a -3 D  v is ua l iz a t io n  o f  t h e q uic k s o rt  
a l go rit h m  

( t a k en ,  un ed it ed ,  f ro m  [ 1 2 ] ) 

A variation of  P olk a,  P olk a-3 D  [ 3 4 ] ,  uses 3 D  visualiz ations instead of  2 D  
visualiz ations (F igure 7).  

Samb a is a f ront-end to P olk a that translates inp ut c ommands (f rom a f ile or 
standard inp ut) into the ap p rop riate P olk a c ommands.   This allows P olk a to b e 
used b y a n y  p rogramming language (as op p osed to C / C + + ,  the language in whic h 
P olk a is develop ed) that c an outp ut tex t to a f ile.  

2.1.3   L a n g u a g e -Independent Visualization Environment 

The Language-I nd ep end ent  V i s ual i z at i o n E nv i r o nm ent  ( LI V E )  [ 6 ]  us es  an 
ent i r el y  d i f f er ent  ap p r o ac h t o  al go r i t hm  v i s ual i z at i o n d ev el o p m ent .   A i m i ng t o  
p r o v i d e a t o o l  f o r  p r o f es s o r s  t eac hi ng c o m p ut er  s c i enc e c o nc ep t s  l i k e 
d em o ns t r at e—s t r uc t ur ed  d at a,  p o i nt er s ,  d y nam i c  m em o r y  m anagem ent ,  b l o c k -
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s t r uc t ur ed  al l o c at i o n and  d eal l o c at i o n o f  v ar i ab l es ,  s ub p r o gr am  fl o w  o f  c o nt r o l ,  
and  r ec ur s i v e s ub p r o gr am  c al l s —LI V E  p r o v i d es  a v i s ual  i nt er f ac e f o r  c r eat i ng 
r el at i o ns hi p s  b et w een d at a and  aut o m at i c al l y  gener at es  c o d e t o  i m p l em ent  t ho s e 
r el at i o ns hi p s .   I m p l em ent i ng a l i nk ed  l i s t  i s  as  eas y  as  a f ew  c l i c k s  t o  c r eat e t he 
gr ap hi c al  r ep r es ent at i o ns  o f  t he no d es ,  p l us  a f ew  m o r e c l i c k s  t o  c r eat e t he 
r el at i o ns hi p s .   C o d e t o  i m p l em ent  t he l i nk ed  l i s t  i s  c r eat ed  aut o m at i c al l y .  

 Figure 8:  L I V E ,  c rea t in g c o d e f o r a  l in k ed  l is t  
( t a k en ,  un ed it ed ,  f ro m  [ 6 ] ) 

LI V E  t r i es  t o  b e as  l anguage-i nd ep end ent  as  p o s s i b l e,  b ut  i t  i s  b es t -s ui t ed  f o r  
p r o c ed ur al  l anguages  l i k e C  o r  P as c al .   A l s o ,  w hi l e s o m e ani m at i o n i s  p r o v i d ed  b y  
s t ep p i ng t hr o ugh t he c o d e l i k e a d eb ugger ,  t he ani m at i o n c ap ab i l i t i es  o f  t he t o o l  
ar e l i m i t ed .  

2.2  Visual Debuggers 

I n ad d i t i o n t o  no n-d eb ugger  t o o l s  ai m ed  d i r ec t l y  at  t he i ns t r uc t i o nal  us e o f  
v i s ual i z at i o n i n t eac hi ng d at a s t r uc t ur es ,  t her e ar e m any  t o o l s  d es i gned  m o r e 
b r o ad l y  as  d eb uggi ng t o o l s .   Thes e t o o l s ,  l i k e t he V i s ual  D eb ugger ,  i nt end  t o  
s up p o r t  t he p r o gr am m er ’ s  d eb uggi ng p r o c es s  w i t h gr ap hi c al  v i s ual i z at i o n o f  
c er t ai n as p ec t s  o f  t he d eb ugged  p r o gr am .  

A  p r o j ec t  c al l ed  D eet  [ 6 ]  us es  a c o m m o n gr ap h-d r aw i ng t o o l  c al l ed  D o t t y  [ 1 8 ]  t o  
p r o v i d e v i s ual  r ep r es ent at i o ns  o f  d at a s t r uc t ur es .   V D B X  [ 1 8 ]  i s  ano t her  D o t t y -
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p o w er ed  v i s ual  d eb uggi ng p r o j ec t .   Swan [ 2 5 ]  u s e s  p r o g r am m e r -i ns e r t e d  
anno t at i o ns  t o  b u i l d  h i g h l y  f l e x i b l e  d at a s t r u c t u r e  v i s u al i z at i o ns .  A  l ar g e r  p r o j e c t  
c al l e d  t h e  G N U  V i s u al  D e b u g g e r  h as  a v e r s i o n t h at  c o m p i l e s  o n t h r e e  d i f f e r e nt  
p l at f o r m s .  B y  f ar , h o we v e r , t h e  D at a D i s p l ay  D e b u g g e r  ( b e t t e r  k no wn as  D D D ) 
[ 4 3 ]  i s  t h e  m o s t  we l l -k no wn and  l ar g e s t  o f  t h e  v i s u al  d e b u g g e r s , and  h as  b e e n 
u nd e r  ac t i v e  d e v e l o p m e nt  s i nc e  1 993 . 

2.2.1   D o t t y  

D o t t y  [ 1 8 ]  i s  a g e ne r al -p u r p o s e  g r ap h  u t i l i t y .  I t  c an b e  u s e d  t o  e d i t  and  d r aw 
g e ne r al  d i r e c t e d  o r  u nd i r e c t e d  g r ap h s .  T h o u g h  i t  c an r u n s t and al o ne  as  a g r ap h  
e d i t o r , i t  i s  m o r e  i m p o r t ant  t o  t h e  ar t  o f  v i s u al  d e b u g g i ng  as  a f r o nt -e nd  t o o l  f o r  
v i s u al  d e b u g g i ng  t o o l s  s u c h  as  D e e t  and  V D B X . 

 Figure 9:  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  [ 1 8 ] ) 

 Figure 1 0 :  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  [ 1 8 ] ) 

D o t t y  i s  p ar t i t i o ne d  i nt o  t wo  s e c t i o ns :  a p r o g r am m ab l e  v i e we r  c al l e d  L e f t y ;  and  
g r ap h  l ay o u t  g e ne r at o r s , i m p l e m e nt e d  wi t h  D o t  ( F i g u r e  9) and  N e at o  ( F i g u r e  1 0 ).  
D o t  g e ne r at e s  l ay o u t s  f o r  d i r e c t e d  g r ap h s  and  i s  b as e d  o n a g r ap h  l ay o u t  
t e c h ni q u e  k no wn as  t h e  l ay e r i ng  m e t h o d  [ 2 5 ] .  N e at o  g e ne r at e s  l ay o u t s  f o r  
u nd i r e c t e d  g r ap h s  and  u s e s  a d i f f e r e nt  ap p r o ac h  c al l e d  p h y s i c al  m o d e l i ng  [ 2 5 ] .  
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T o g e t h e r , D o t t y  p r o v i d e s  ad v anc e d  c ap ab i l i t i e s  t o  p r o g r am m e r s  t h at  wo u l d  
o t h e r wi s e  b e  f o r c e d  t o  i m p l e m e nt  t h e m  m anu al l y .  B y  u s i ng  D o t t y , v i s u al  
d e b u g g i ng  s o f t war e  ne e d  no t  wo r r y  ab o u t  p r o p e r  d i s p l ay  o f  t h e  g r ap h s  t h e y  
c o ns t r u c t . 

2.2.2  D e e t  

D e e t  [ 6 ]  s t and s  f o r  D e s k t o p  E r r o r  E l i m i nat i o n T o o l .  I t  at t e m p t s  t o  ad d r e s s  t h e  
s h o r t c o m i ng s  o f  l ar g e , c o m p l e x  d e b u g g e r s , s o  i t  i s  a v e r y  s m al l  s h e l l  p r o g r am  t h at  
d o e s  a s u r p r i s i ng l y  l ar g e  am o u nt  o f  wo r k  i n o nl y  1 5 0 0  l i ne s  o f  s h e l l  c o d e .  W r i t t e n 
i n t k s h , a v ar i ant  o f  t h e  K o r n s h e l l  s c r i p t i ng  l ang u ag e , i t  i s  m ac h i ne -i nd e p e nd e nt , 
b u t  i t  r e l i e s  o n t h e  c o nc e p t  o f  a “ nu b ,”  a s m al l  s e t  o f  m ac h i ne -d e p e nd e nt  
f u nc t i o ns  t h at  m u s t  b e  e m b e d d e d  i n t h e  d e b u g g e d  p r o g r am  t o  al l o w D e e t  t o  
c o l l e c t  t h e  ne c e s s ar y  d at a f r o m  t h e  p r o g r am  t h at  i s  b e i ng  d e b u g g e d .  T h u s , D e e t  
r e q u i r e s  a s l i g h t  b i t  o f  e x t r a e f f o r t  o n t h e  p ar t  o f  t h e  p r o g r am m e r  t o  p r o v i d e  h i m  
o r  h e r  wi t h  d e b u g g i ng  c ap ab i l i t i e s . 

 Figure 1 1 :  D eet  
( t a k en ,  un ed it ed ,  f ro m  [ 6 ] ) 
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F i g u r e  1 1  s h o ws  a s am p l e  d e b u g g i ng  s e s s i o n t h at  u s e s  D e e t .  T h e  g r ap h i c al  
r e p r e s e nt at i o n o f  a d at a s t r u c t u r e  ap p e ar s  i n t h e  l o we r  r i g h t  c o r ne r , i n a wi nd o w 
l ab e l e d  “ D o t t y .”  

F e at u r e s  o f  D e e t  i nc l u d e  c ap ab i l i t y  f o r  b r o ws i ng  s o u r c e  f i l e s , s e t t i ng  b r e ak p o i nt s  
and  wat c h  v ar i ab l e s , and  v i s u al i z i ng  d at a s t r u c t u r e s  v i a D o t t y , a s e p ar at e  p r o g r am  
t h at  r e l i e v e s  D e e t  o f  t h e  c o m p l e x  r e s p o ns i b i l i t y  o f  d r awi ng  g r ap h s .  D e e t ’ s  
c r e at o r s  f o u nd  p r o b l e m s  i n l ar g e r  d e b u g g e r s  s u c h  as  G D B , wh i c h  i s  ab o u t  
1 5 0 ,0 0 0  l i ne s  o f  C  c o d e .  L ar g e  p r o g r am s  ar e  i nh e r e nt l y  b u g g y  t h e m s e l v e s , and  
D e e t ’ s  c o nc i s e ne s s  at t e m p t s  t o  av o i d  t h at  and  o t h e r  p r o b l e m s  t h at  g o  al o ng  wi t h  
s i z e  and  c o m p l e x i t y .  L ar g e  d e b u g g e r s  ar e  al s o  m o r e  d i f f i c u l t  t o  e x t e nd , and  o ne  
o f  D e e t ’ s  m o s t  at t r ac t i v e  f e at u r e s  i s  i t s  e x t e ns i b i l i t y .  B e c au s e  i t  i s  s o  s m al l , i t  i s  
e as i e r  t o  u nd e r s t and , m ak i ng  i t  e as i e r  t o  m o d i f y  and  e x t e nd .  

2.2.3   V D B X  

V D B X  [ 1 8 ]  i s  ano t h e r  s m al l  v i s u al  d e b u g g i ng  p r o j e c t  t h at  d e l e g at e s  t o  D o t t y  t h e  
c o m p l e x  t as k  o f  d r awi ng  g r ap h s  i n an ae s t h e t i c al l y  p l e as i ng  o r g ani z at i o n.  U nl i k e  
D e e t , h o we v e r , V D B X  i s  no t  i nt r u s i v e  i n t h at  i t  ad d s  no t h i ng  t o  t h e  p r o g r am  
b e i ng  d e b u g g e d .  I ns t e ad , i t  u s e s  D B X , an e x i s t i ng  t e x t -b as e d  d e b u g g i ng  t o o l , t o  
g at h e r  t h e  r e q u i r e d  i nf o r m at i o n f r o m  t h e  d e b u g g e d  p r o g r am . 

F i g u r e  1 2  s h o ws  V D B X  i n ac t i o n. A  v i s u al  r e p r e s e nt at i o n o f  a d at a s t r u c t u r e  
( g e ne r at e d  b y  D o t t y ) d o m i nat e s  t h e  u p p e r  h al f  o f  t h e  s c r e e n. 

B e c au s e  i t  u s e s  an e x t e r nal  d e b u g g e r  t o  p r o v i d e  d e b u g g i ng  c ap ab i l i t i e s , i t  i s  t i e d  t o  
t h at  d e b u g g e r  i n b o t h  p o s i t i v e  and  ne g at i v e  way s .  I t  i nh e r i t s  al l  t h e  f e at u r e s  o f  
D B X , g i v i ng  i t  m o r e  c ap ab i l i t i e s  t h an D e e t ’ s  s m al l e r  nu b , b u t  wi t h  i t  c o m e s  t h e  
l i m i t at i o ns  o f  D B X .  D e v e l o p e r s  t h at  wi s h  t o  u s e  V D B X  m u s t  f i r s t  b e  f am i l i ar  
wi t h  D B X  t o  u s e  i t s  f e at u r e s .  V D B X  wo u l d  b e  m o r e  u s e r -f r i e nd l y  i f  t h e  
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d e v e l o p e r  c o u l d  u s e  h i s  o r  h e r  o wn f av o r i t e  d e b u g g e r .   B e c au s e  t h e  d e v e l o p e r s  
o f  V D B X  s av e d  t h e m s e l v e s  t h e  e f f o r t  o f  d e s i g ni ng  t h e i r  o wn d e b u g g e r , h o we v e r , 
t h e y  we r e  ab l e  t o  f o c u s  m o r e  o n t h e  v i s u al i z at i o n o f  d at a s t r u c t u r e s , c e nt e r i ng  
m o r e  o n t h e  u s e  o f  D o t t y  t o  d i s p l ay  d at a s t r u c t u r e s  g r ap h i c al l y , c o nt r ar y  t o  D e e t , 
wh e r e  D o t t y  p l ay s  a r o l e  l e s s  s i g ni f i c ant  t h an D e e t ’ s  o t h e r  f e at u r e s . 

 Figure 1 2 :  V D B X  
( t a k en ,  un ed it ed ,  f ro m  [ 1 8 ] ) 

2.2.4   S w a n  

Swan [ 2 8 ]  t ak e s  a c u e  f r o m  t h e  al g o r i t h m  ani m at i o n t o o l s  b y  f o r m i ng  i t s  
v i s u al i z at i o ns  t h r o u g h  u s e r -i ns e r t e d  anno t at i o ns  t o  d e v e l o p  an i nf o r m at i v e  
p i c t u r e  o f  t h e  d at a i n a u s e r ’ s  p r o g r am  ( F i g u r e  1 3 ).  I n m u c h  t h e  s am e  way  t h at  
p r o g r am m e r s  m i g h t  u s e  p r i nt  s t at e m e nt s  t o  o u t p u t  t h e  v al u e s  o f  c e r t ai n r u nt i m e  
v ar i ab l e s , t h e  Swan u s e r  i ns t e ad  u s e s  t h e  Swan A nno t at i o n I nt e r f ac e  L i b r ar y  t o  
v i s u al i z e  p ar t s  o r  al l  o f  a d at a s t r u c t u r e . 
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W h i l e  t r ad i t i o nal  al g o r i t h m  ani m at i o n t o o l s  g e ne r al l y  r e q u i r e  a t i m e -c o ns u m i ng  
p r o c e s s  t o  d e v e l o p  t h e i r  ap p l i c at i o n-s p e c i f i c  v i s u al i z at i o ns , Swan ai m s  f o r  t h e  
d e b u g g i ng  r e al m  b y  at t e m p t i ng  t o  r e q u i r e  as  l i t t l e  e f f o r t  as  p o s s i b l e .  Swan 
i nc l u d e s  v ar i o u s  au t o m at i c  l ay o u t  t e c h ni q u e s , i nc l u d i ng  t h e  g e ne r al  c i r c u l ar  
m e t h o d  and  s p e c i f i c  l i s t  and  t r e e  l ay o u t s , b u t  al s o  g i v e s  t h e  u s e r  t h e  f l e x i b i l i t y  o f  
d e f i ni ng  t h e i r  o wn l ay o u t  f o r  a p ar t i c u l ar  p r o g r am . 

I n ad d i t i o n t o  v i s u al i z i ng  d at a s t r u c t u r e s , Swan c an al s o  s t e p  t h r o u g h  c o d e  t o  
p r o v i d e  a d y nam i c  v i e w o f  h o w t h e  p r o g r am  p r o g r e s s e s .  T h i s  i s  e s p e c i al l y  u s e f u l  
f o r  d e b u g g i ng , wh e r e  v i s u al i z i ng  t h e  r e s u l t s  o f  p ar t i c u l ar  l i ne s  o f  c o d e  c an b e  
h e l p f u l  i n l o c at i ng  and  f i x i ng  b u g s . 

 Figure 1 3 :  T h e S w a n  D a t a  S t ruc t ure V is ua l iz a t io n  S y s t em  
( t a k en ,  un ed it ed ,  f ro m  [ 2 9] ) 

2.2.5  GNU Visual Debugger 

The GNU Visual Debugger ( GVD)  [ 1 ]  is an  o n go in g v isual d ebuggin g so f t w are 
p ro j ec t ,  d ev elo p ed  by  A C T-E uro p e.   I t  is ro bust ,  im p lem en t in g m an y  usef ul 
d ebuggin g f eat ures.   L ik e VDB X ,  it  uses a t ex t -based  d ebugger t o  c arry  o ut  t he 
ac t ual d ebuggin g n ec essit ies,  an d  it  uses t he o ut p ut  t o  d isp lay  it  o n -sc reen  in  a 
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user-f rien d ly  f o rm at .   Un lik e VDB X ,  w hic h rest ric t s it s users t o  DB X  o r 
d ebuggers t hat  use t he DB X  sy n t ax  f o r C  st ruc t s,  it  c an  be c o n f igured  t o  use 
n early  an y  d ebugger t hat  t he p ro gram m er w ishes t o  use.   I t  has n at iv e sup p o rt  f o r 
GDB ,  Vx W o rk s,  L y n x O S ,  J VM ,  an d  o t hers,  but  if  a f av o rit e d ebugger is n o t  
sup p o rt ed  n at iv ely ,  GVD c an  easily  be ex t en d ed  t o  use t hat  p art ic ular d ebugger.   
GVD ev en  sup p o rt s usin g m ult ip le d ebuggers sim ult an eo usly .  

F igure 1 4  sho w s t he m ain  w in d o w  o f  t he GNU Visual Debugger.   The “ C an v as”  
at  t he t o p  o f  t he sc reen  is o f  m o st  c o n c ern .   I t  d isp lay s d at a n o d es as bo x es t hat  
list s all t he f ield s o f  t he d at a n o d e,  an d  arro w s c o n n ec t  n o d es t hat  are relat ed  t o  
eac h o t her v ia p o in t ers.  

 Figure 1 4 :  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 ] ) 

I n  ad d it io n  t o  f lex ibilit y  w it h d ebuggers,  it  is w rit t en  in  A d a usin g a highly  
p lat f o rm -in d ep en d en t  GUI  t o o lk it  c alled  Gt k A d a,  so  it  c an  be c o m p iled  o n  
v irt ually  an y  m o d ern  o p erat in g sy st em ,  in c lud in g M ic ro so f t  W in d o w s,  
GNU/ L in ux ,  an d  S o laris.   A s lo n g as t he sy st em  has a t ex t -based  d ebugger t hat  
GVD c an  use,  t hen  t he sy st em  c an  use it  as a p o w erf ul v isual d ebugger.  
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A m o n g it s n um ero us f eat ures,  it  sp o rt s t he c ap abilit y  t o  grap hic ally  d ep ic t  d at a 
st ruc t ures,  t ho ugh t his f eat ure is d o w n p lay ed  so m ew hat  in  c o m p ariso n  t o  it s high 
f lex ibilit y  w it h resp ec t  t o  d ebuggers an d  p lat f o rm -in d ep en d en c e.   S t ill,  it s 
v isualiz at io n  o f  d at a st ruc t ures is suf f ic ien t  en o ugh f o r sim p le d ebuggin g 
p urp o ses.  

2.2.6  Dat a Disp lay  Debugger 

The Dat a Disp lay  Debugger ( DDD)  [ 4 3 ]  is a lo n g-est ablished  v isual d ebuggin g 
p ro gram  t hat  serv es as a grap hic al f ro n t  en d  t o  t he GNU Debugger ( GDB ) .   I t  
w as c reat ed  as a f ree alt ern at iv e t o  c o m m erc ial d ebuggers t hat  w ere bun d led  w it h 
p ro p riet ary  in t egrat ed  d ev elo p m en t  en v iro n m en t s an d  c o m p ilers.  

The p ro j ec t  st art ed  in  1 9 9 3  as a sim p le f ro n t  en d  t o  GDB .   I t  in herit ed  GDB ’ s 
ad v an c ed  d ebuggin g c ap abilit ies an d  ad d ed  grap hic al rep resen t at io n  o f  d at a 
st ruc t ures,  m uc h in  t he sam e w ay  t hat  GVD d o es,  w it h bo x es rep resen t in g n o d es 
an d  arro w s rep resen t in g p o in t ers.   S in c e t hen ,  it  has ev o lv ed  t o  in c lud e hun d red s 
o f  n ew  f eat ures,  in c lud in g sup p o rt  f o r m an y  m o re c o m m an d -lin e d ebuggers,  
in c lud in g DB X ,  W DB ,  J DB ,  X DB ,  t he P erl d ebugger,  an d  t he P y t ho n  d ebugger.   
I n  ad d it io n  t o  st an d ard  grap h rep resen t at io n s o f  d at a,  it  also  in c lud es sup p o rt  f o r 
m ult id im en sio n al p lo t s o f  d at a,  a n o v el ap p ro ac h t o  v isual d ebuggin g.  

F igure 1 5  sho w s a Dat a Disp lay  Debugger sessio n .   L ik e GVD,  it ’ s “ Dat a 
W in d o w ”  is at  t he t o p  o f  t he w in d o w .   DDD t ak es t he grap h o n e st ep  f urt her,  
ho w ev er,  by  p ro v id in g a m et ho d  o f  lay in g o ut  a Dat a W in d o w .   F igure 1 6  sho w s 
a t y p e o f  t ree d at a st ruc t ure af t er ap p ly in g o n e o f  DDD’ s aut o m at ic  lay o ut  
algo rit hm s.  
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 Figure 1 5 :  T h e D a t a  D is p l a y  D eb ugger 
( t a k en ,  un ed it ed ,  f ro m  [ 4 2 ] ) 

 Figure 1 6 :  A  t ree,  us in g D D D ’ s  a ut o m a t ic  l a y o ut  a l go rit h m  
( t a k en ,  un ed it ed ,  f ro m  [ 4 2 ] ) 

2.2.7  H o t W ire 

H o t W ire [ 1 9 ]  uses a m o re in f o rm at io n -v isualiz at io n -o rien t ed  ap p ro ac h t o  v isual 
d ebuggin g,  d esign ed  f o r d ebuggin g o bj ec t -o rien t ed  S m allt alk  an d  C + +  c o d e.   
I n st ead  o f  c reat in g a grap h o f  t he user’ s d at a st ruc t ure,  it  uses m o re abst rac t  
f o rm s o f  v isualiz at io n s t o  p resen t  a un iq ue o v erv iew  o f  t he sy st em .   F igure 2 ,  f o r 
ex am p le,  illust rat es t w o  o f  t he p ro gram m ed  v isualiz at io n  m et ho d s.   The bo x es 
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rep resen t  in st an c e-t rac k in g,  w here eac h bo x  rep resen t s o n e in st an c es o f  a 
p art ic ular c lass.   A  c lass t hat  has t o o  m an y  bo x es ( in st an c es)  m ay  in d ic at e a 
m em o ry  leak .   The o t her v isualiz at io n  t ec hn iq ue is a m essage in v o c at io n  grap h.   
This p ro v id es t he user w it h a p at h o f  ex ec ut io n  as m et ho d s are c alled  o n  c ert ain  
o bj ec t s f ro m  o t her o bj ec t s.  

 Figure 1 7 : Hotwire, debugging a word processor. 
( tak en, unedited, f rom  [1 9 ] ) 

2.2.8  G r o o v e  a n d  E x e c u t i o n  M u r a l s  

Groove [ 3 5 ]  u s es  t h e p rop ert i es  of  t h e ob j ec t -ori en t ed n es s  of  C + +  c od e t o 
ex t ra c t  a  c l a s s  h i era rc h y ,  w h i c h  i t  vi s u a l i z es  u s i n g  va ri ou s  s h a p es  a n d  c ol ors .   I t s  
i n t en t i on  i s  t o m on i t or,  t ra c e,  d eb u g ,  a n d  d es i g n  C + +  c od e.   I t  d i s p l a y s  t h e c l a s s  
h i era rc h y  a s  a  t ree s t ru c t u re,  w i t h  i n s t a n c es  l i s t ed  i n s i d e c i rc l es .   A l t h ou g h  i t s  
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vi s u a l i z a t i on  i s  a  b i t  n on -i n t u i t i ve,  c u m b ers om e,  a n d  s p a c e-c on s u m i n g ,  Groove 
d em on s t ra t es  t h a t  i t  i s  p os s i b l e t o u s e vi s u a l  d eb u g g ers  t o d eb u g  ob j ec t -ori en t ed  
c od e.  

 F igure 1 8 : T h e G roov e obj ect-oriented program  v isual iz er 
( tak en, unedited, f rom  [1 5 ] ) 

T h e s a m e res ea rc h  t h a t  res u l t ed  i n  Groove l ed  t o t h e a p p l i c a t i on  of  i n f orm a t i on  
m u ra l s  [ 3 7 ]  t o t h e vi s u a l  d eb u g g i n g  of  ob j ec t -ori en t ed  p rog ra m s  [ 3 9 ] .   T h i s  
t ec h n i q u e,  c a l l ed  ex ec u t i on  m u ra l s ,  u s es  a n t i -a l i a s i n g  t o d i s p l a y  a  m a s s i ve n u m b er 
of  m es s a g e-p a s s i n g  even t s  on  a  s c reen  a t  a  s i n g l e t i m e,  a l l ow i n g  t h e u s er t o d eb u g  
t h e m es s a g e-p a s s i n g  b eh a vi or of  a n  ob j ec t -ori en t ed  p rog ra m .  
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2.2.9  L e n s  

L en s  [ 3 6 ]  i s  a n ot h er a n n ot a t i on -b a s ed  d eb u g g er,  l i k e S w a n ,  b u t  L en s  a p p roa c h es  
t h e a n n ot a t i on s  i n  a  c om p l et el y  d i f f eren t  w a y :  g ra p h i c a l l y .   I n s t ea d  of  ed i t i n g  t h ei r 
c od e b y  i n s ert i n g  a n n ot a t i on  c om m a n d s ,  t h e u s er i n s t ea d  u s es  a  g ra p h i c a l  d i rec t  
m a n i p u l a t i on  i n t erf a c e t o c rea t e t h e a n n ot a t i on s .   A l l  of  t h e a n n ot a t i on s  a re 
i n s ert ed  vi a  p oi n t -a n d -c l i c k  i n t era c t i on ,  req u i ri n g  k ey b oa rd  on l y  t o s p ec i f y  n a m es  
of  a p p rop ri a t e p rog ra m  va ri a b l es .  

T o a c c om p l i s h  s u c h  a  t a s k ,  L en s  i m p l em en t s  on l y  m ore c om m on l y  u s ed  
a n i m a t i on  t ec h n i q u es ,  s u c h  a s  m ovi n g ,  f l a s h i n g ,  a n d  f i l l i n g .   S i n c e t h es e t a s k s  a re 
a l rea d y  w el l  h a n d l ed  b y  a n  a l g ori t h m  a n i m a t i on  t ool ,  X T a n g o,  L en s  u s es  X T a n g o 
a s  t o h a n d l e t h e g ra p h i c a l  a n i m a t i on s .   F i g u re 1 9  s h ow s  a  s c reen s h ot  of  L en s  i n  
a c t i on ,  u s i n g  X T a n g o t o d i s p l a y  a  d ep t h -f i rs t -s ea rc h  a l g ori t h m .  

 F igure 1 9 : T h e L ens v isual  debugger, using X T ango 
( tak en, unedited, f rom  [1 4 ] ) 
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I n  a d d i t i on  t o t h e d i rec t  m a n i p u l a t i on  i n t erf a c e,  L en s  c on n ec t s  d i rec t l y  t o d b x ,  
a l l ow i n g  a n y  p rog ra m  t h a t  h a s  b een  a n n ot a t ed  w i t h  d b x ’ s  d eb u g g i n g  s y m b ol s  t o 
b e d eb u g g ed .   T h i s  m a k es  i t  a  t ru e vi s u a l  d eb u g g er,  i n s t ea d  of  j u s t  a n  a l g ori t h m  
a n i m a t i on  t ool ,  l i k e X T a n g o.  

2.3  S u m m a r y  

In general, data structure visualization can be divided into two basic groups.  The 
f irst f ocuses on instruction, providing very  appropriate visualizations of  specif ic 
ty pes of  data structures.  The narrow f ocus of  these ty pes of  tools allows them  to 
produce highly  understandable visual representations of  data structures that 
otherwise m ight be dif f icult to decipher, especially  to program m ers new to those 
ty pes of  data structures.  Their f ault lies in their lack  of  generality .  They  cannot 
be applied practically  to work ing, real-world problem s.  Those that try  ( i.e. P olk a, 
X Tango, and L ens)  introduce a com plex  language or process that the 
program m er m ust use to def ine their specif ic visualization, which has the adverse 
ef f ect of  req uiring m ore tim e and energy . 

The other group of  data structure visualization tools attem pts to provide one or 
m ore general m ethods of  viewing live data structures or the program s that uses it.  
This allows program m ers that are debugging real-world program s to gain visual 
insight about their code that goes bey ond the standard data that a ty pical tex t-
based debugger provides.  The hope is that the program m er can use this 
additional inf orm ation to better understand and better debug the sy stem  that the 
program m er is developing. 

W hat all of  these visual debuggers is m issing, however, is a sound inf orm ation 
visualization basis.  W hile m ost provide som e use of  color, and H otW ire even 
goes so f ar as to provide visual overviews of  program s, they  lack  inf orm ation 
visualization ideas such as F ocus+ C ontex t that could be used to better 
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com m unicate the details of  a data structure, and they  lack  inf orm ation 
visualization ideas even so sim ple as zoom ing or m urals to better com m unicate 
the overview of  a data structure. 

Inf orm ation visualization can be used to im prove the q uality  and ef f ectiveness of  
the im ages produced by  a visual debugger by  m ak ing them  m ore understandable 
and m ore revealing.  A ppropriate application of  inf orm ation visualization can also 
increase the am ount of  inf orm ation display ed at once, allowing the program m er 
to m ore easily  scan a data structure to identif y  correctness or anom alies during 
runtim e, ultim ately  resulting in shorter debugging sessions and less m aintenance 
tim e overall. 
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C h a p t e r  3  

C H A P TE R  3: IN F O R M A TIO N  V IS U A L IZ A TIO N  F O R  V IS U A L  
D E B U G G IN G  

The m ost im portant part of  apply ing inf orm ation visualization to visual 
debugging lies in user interf ace design.  There are m any  inf orm ation visualization 
concepts that could easily  be applied to the dom ain of  visual debugging, but 
surprisingly  have rem ained absent.  S everal of  these have been im plem ented in at 
least one of  the three visual debugging prototy pes ( V D B , D S V , or V D B 2 ) .  The 
ideal visual debugger, hopef ully  to be m aterialized in V D B 2  as developm ent 
continues, would include as m any  usef ul inf orm ation visualization concepts as 
possible. 

D escribed herein are seven dif f erent inf orm ation visualization concepts that can 
be applied to a visual debugger, such as those illustrated in the previous chapter.  
N one of  these inf orm ation visualization concepts are novel—several have been 
available f or m any  y ears—but they  are not well applied to ex isting visual 
debuggers.  This is surprising, considering their potential in the visual debugging 
dom ain as well as their relative ease of  im plem entation.  Including one or all of  
these techniq ues in a visual debugging tool can im prove a program m er’ s ability  to 
use that tool to ef f ectively  debug program s that are highly  oriented toward data 
structures. 

3.1   G r a p h i c a l  V a l u e  R e p r e s e n t a t i o n  

S uppose a user, G ary , is developing code f or a binary  search tree to store integers.  
G ary  has j ust put what he think s are the f inishing touches on his binary  search 
tree, and he is beginning rudim entary  testing to assure its correctness.  H e steps 
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through the code using his f avorite visual debugger, visually  track ing the growth 
and changes of  his data structure as his test program  progresses.  A t each step, he 
verif ies that the orderedness of  the binary  search tree rem ains intact.  The 
repetitive nature of  this task  m ak es it prone to error, and G ary  f ails to notice a 
certain error in the tree that is introduced due to a f ailure in his code’ s logic.  A  
node was erroneously  swapped with another, and the orderedness of  the tree was 
destroy ed.  D ue to the subtle nature of  the change ( af ter all, a 1 7  can look  very  
sim ilar to a 7 7 ) , the error rem ains unnoticed until a m ore autom ated verif ication 
and validation phase random ly  recreates and identif ies the f aulty  state in the 
binary  search tree. 

The term  “ inf orm ation visualization”  begs the possibility  of  visualizing not j ust 
the structure of  data structures but the inf orm ation itself  held therein.  Tools lik e 
Table L ens [ 2 5 ]  have tried various way s to try  to visualize num bers ( F igure 2 0 ) , 
including using bars and using colors. 

 Figure 2 0 : Table Lens 

The Visual Debugger 2 employs both bars and colors in an effort to demonstrate 
the use of such graphical representation of numerical v alues.   F igure 21  show s the 
Visual Debugger 2. 0  in “ bar”  v isualiz ation mode,  analogous to the bars in Table 
L ens,  in w hich each numerical v ariable is displayed w ith the tex tual v alue framed 
by a bar of a siz e that v aries w ith respect to the v alue of the v ariable.   L arger 
v alues are giv en large bars,  and smaller v alues are giv en smaller bars.   This allow s 



 

 3 5  

users to more easily point out larger and smaller v alues,  w hich becomes especially 
important,  for ex ample,  in sorted data structures,  w here a large v alue w ould stand 
out in a crow d of smaller v alues much more easily w ith the bars.   The large bar 
w ould dominate ov er the smaller bars,  allow ing the user to more q uick ly locate 
the error in the sorted data structure,  and faster location of errors means faster 
resolution of errors.  

 F i g u r e 2 1 : Th e “ bar ”  v i su ali z at i o n m o d e o f  V D B 2  

In the ex ample giv en in F igure 21 ,  unrelated v ariables are giv en bars of different 
colors to help prev ent the user from comparing v ariables that should not be 
compared.   Due to the difference in colors,  it is q uite apparent that the 
nodeCount v ariable ( show n as nodeCou in VDB 2,  w hich truncates long 
v ariable names to reduce unnecessary use of space)  of the T r ee class is not 
related to the v a l ue v ariable of the N ode class.   A s a result,  v ariables of the 
same type,  such as the v a l ue v ariable of the N ode class,  are easier to compare 
w ith each other.  

VDB 2 also implements a “ color”  mode.   F igure 22 show s the same graph as in 
F igure 21 ,  but in “ color”  mode instead of “ bar”  mode.   Instead of w idths of bars,  
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the user now  uses the dark ness of eq ually siz ed bars as the cue for magnitude of 
the v ariable’ s v alue.   L arger v alues are giv en dark er shades.   A gain,  this helps the 
user to compare relativ ity betw een v ariables.  

S imilar to “ bar”  mode,  related v ariables are giv en different intensities of the same 
hue,  so that mistak es are not made in comparing unrelated v ariables.  

 F i g u r e 2 2 : Th e “ c o lo r ”  v i su ali z at i o n m o d e o f  V D B 2  

G raphical v alue representation prov ides a q uick  and intuitiv e w ay of obtaining 
relativ ely accurate v alues w ithout hav ing to read any tex t.   It mak es it easy to 
identify outliers and can ev en be used at a resolution much low er than that of 
tex t.   The obv ious dow nside is the loss in precision.   The ex act determination of 
v alues along a continuous scale is practically impossible,  forcing the user to rely 
on the tex t v alues for precision.   Variables that are close in v alue may appear to 
be the same according to the bars and colors,  w hich is arguably both a good and a 
bad side effect.   W hile a dark  color may stand out easily in a crow d of light colors 
to signal a significant error in an ordered link ed list,  it may be less helpful in 
locating errors w ith less significant results,  i. e.  if tw o close v alues are flipped in an 
ordered list.  
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If G ary had had the Visual Debugger,  he w ould hav e better been able to notice 
the subtle error in his binary search tree.   A  1 7  may look  similar to a 7 7  in tex t,  
but in magnitude they are v ery different,  and bars or colors add a dimension in 
addition to the tex t that G ary could hav e used to clearly differentiate betw een a 
1 7  and a 7 7 .   B y locating the problem earlier,  w hile the design and code of the 
binary search tree is still fresh in his mind,  G ary potentially sav es v aluable time 
and money that otherw ise w ould later hav e been spent finding and fix ing the bug.  

3.2  Zoom and Pan 

N ow ,  suppose G ary is debugging a v ery large graph structure.   A s he look s at the 
seemingly random array of box es and arrow s,  he becomes lost about w hat part of 
the data structure he is look ing at.   H e nav igates around the v isualiz ation w ith the 
scrollbars,  but no matter w here he is in the data structure,  he cannot figure out 
w hich part of the data structure v isualiz ation is being operated on by the code he 
is debugging.   F rustrated,  he searches for the root of the data structure and 
retraces his prev ious steps back  to w here he thought he should be,  losing v aluable 
time in the process.  

Z oom and P an is a w ay to v isualiz e information that is simply too large to put 
logically on a single display.   Tak e,  for ex ample,  a large tex t document.   To read it,  
it is not necessary to look  at the entire document.   Instead,  only a small part of 
the document is read at a time.   Z oomed in to a particular part of the document,  
one section can be read,  and as the v isible ex tent of your display is reached,  
panning or scrolling rev eals the nex t part.   W ith most computer-based w ord 
processors,  it is possible to z oom in ev en further,  in case the user’ s v ision is 
impaired or the tex t is small.  
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Z oom and P an is also w idely used in the graphical editing domain.   E specially 
w ith images that are larger than the resolution of the display,  it is adv antageous to 
be able to z oom in on certain parts of the image and pan around.  

Tools lik e P ad+ +  [4] h a v e  d e m o n st r a t e d  t h a t  z o o m i n g  a n d  p a n n i n g  c a n  b e  
a p p l i e d  t o  t h e  w o r k sp a c e  m e t a p h o r  t o  i n c r e a se  t h e  p o t e n t i a l  c a p a c i t y  t h a t  t h e  
t y p i c a l  m o n i t o r  h a s f o r  d i sp l a y i n g  i n f o r m a t i o n .  T h e o r e t i c a l l y ,  t h e  sc a l e  o f  t h e  
w o r k sp a c e  c a n  b e  e x p a n d e d  i n f i n i t e l y ,  a l l o w i n g  a  l i m i t l e ss a m o u n t  o f  i n f o r m a t i o n  
t o  b e  d i sp l a y e d  o n  t h e  sc r e e n  a t  o n e  t i m e ,  a l b e i t  i n  i n c r e a si n g l y  l e ss c l a r i t y .  A s 
m o r e  g r a p h i c a l  o b j e c t s a r e  a d d e d  t o  t h e  w o r k sp a c e ,  t h e  u se r  m u st  z o o m  o u t  t o  
se e  t h e m  a l l ,  w h i c h  r e d u c e s t h e  si z e  o f  e a c h  o b j e c t  a s i t  i s d i sp l a y e d  o n  t h e  sc r e e n ,  
w h i c h  i n  t u r n —d u e  t o  p i x i l a t i o n  o r  o t h e r  f o r m  o f  si z e  r e d u c t i o n —m a y  r e d u c e  
t h e  a m o u n t  o f  d e t a i l  t h a t  c a n  b e  g l e a n e d  f r o m  t h e  g r a p h i c a l  o b j e c t  b y  t h e  u se r .  
T h e  u se r  m a y  c h o o se  t o  z o o m  o n  p a r t i c u l a r  o b j e c t s o r  g r o u p s o f  o b j e c t s,  w h i c h  
h i d e s o t h e r  o b j e c t s b u t  i l l u m i n a t e s sm a l l e r  d e t a i l s o f  t h e  z o o m e d  o b j e c t s. 

T h i s si m p l e  i n f o r m a t i o n  v i su a l i z a t i o n  c o n c e p t  c a n  e a si l y  b e  a p p l i e d  t o  t h e  v i su a l  
g r a p h s u se d  t o  r e p r e se n t  d a t a  st r u c t u r e s.  T h e  D a t a  S t r u c t u r e  V i su a l i z e r  u se s 
z o o m i n g  t o  a l l o w  t h e  u se r  t o  se e  a s m u c h  (F i g u r e  2 3 ) o r  a s l i t t l e  (F i g u r e  2 4) o f  t h e  
g r a p h  a s t h e y  w i sh .  T h e y  c a n  v i e w  t h e  e n t i r e  d a t a  st r u c t u r e ,  sa c r i f i c i n g  d e t a i l  i f  
t h e  t e x t  i s n o t  l a r g e  e n o u g h  t o  b e  r e a d a b l e ,  o r  t h e y  c a n  z o o m  i n  o n  p a r t i c u l a r  
p a r t s o f  t h e  d a t a  st r u c t u r e  i n  o r d e r  t o  t a k e  a  c l o se r  l o o k .  G i v i n g  t h e  u se r  t h e  
f r e e d o m  o f  z o o m i n g  a n d  p a n n i n g  c a n  a i d e  i n  t h e  d e b u g g i n g  p r o c e ss,  e sp e c i a l l y  
w h e n  l a r g e  d a t a  st r u c t u r e s a r e  b e i n g  d e b u g g e d . 

W h e n  z o o m i n g  o u t  t o  a  l a r g e  f a c t o r  i n  a n  a t t e m p t  t o  d i sp l a y  a s m u c h  o f  t h e  g r a p h  
a s p o ssi b l e ,  i t  m a y  b e  b e n e f i c i a l  t o  a p p l y  i n f o r m a t i o n  m u r a l  t e c h n i q u e s [3 7 ] su c h  
a s a n t i -a l i a si n g  t o  i n c r e a se  t h e  a m o u n t  o f  i n f o r m a t i o n  p o r t r a y e d  i n  t h e  d i sp l a y . 
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B y  e x t e n d i n g  z o o m  a n d  p a n  t o  t h e  v i su a l  d e b u g g i n g  a r e n a ,  t h e  p r o g r a m m e r  c a n  
n o w  h a v e  a c c e ss n o t  t o  j u st  a  sl i c e  o f  t h e  p r o g r a m ,  b u t  t h e  w h o l e  p i c t u r e  o f  a l l  o f  
t h e  v a r i a b l e s i n  a  p r o g r a m .  T h e  l i m i t s o f  sc r e e n  sp a c e  o n l y  d e l e g a t e  h o w  m u c h  
d e t a i l  t h e  u se r  c a n  g e t  w i t h o u t  l o si n g  p a r t  o f  t h e  p i c t u r e . 

G a r y ,  o u r  o n c e -f r u st r a t e d  f r i e n d ,  n o  l o n g e r  h a s t o  se a r c h  a i m l e ssl y  f o r  l o c a t i o n  
a n d  d i r e c t i o n  i n  h i s h u g e  d a t a  st r u c t u r e .  I n st e a d ,  h e  c a n  z o o m  o u t ,  g e t  a  f e e l  f o r  
w h e r e  h e  i s w i t h  r e sp e c t  t o  t h e  e n t i r e  d a t a  st r u c t u r e ,  a n d  t h e n  z o o m  b a c k  i n  t o  
w h e r e  h e  h a d  b e e n ,  w i t h  a  n e w f o u n d  se n se  o f  w h e r e  h e  h a d  b e e n  a n d  w h a t  h e  
h a d  b e e n  d o i n g . 

 Figure 2 3 :  T h e D S V ,  z o o m ed  o ut   Figure 2 4 :  T h e s a m e gra p h ,  z o o m ed  in  

3.3  O v e r v i e w +D e t a i l  

W h a t  i f  G a r y  d i d  n o t  h a v e  t o  l e a v e  h i s p l a c e  i n  t h e  l a r g e  d a t a  st r u c t u r e  t o  se e  
w h e r e  h e  w a s?   W h a t  i f  h e  c o u l d  j u st  g l a n c e  a t  a  se p a r a t e  d i sp l a y  t h a t  a l r e a d y  
c o n t a i n e d  a  z o o m e d  o u t  v i e w  o f  t h e  e n t i r e  d a t a  st r u c t u r e ?  

O v e r v i e w + D e t a i l  [9 ] m e a n s p r o v i d i n g  t h e  u se r  w i t h  o n e  d i sp l a y  t h a t  a c t s a s a  
g e n e r a l  o v e r v i e w  o f  t h e  o b j e c t  b e i n g  v i e w e d ,  w h i l e  p r o v i d i n g  a  se p a r a t e  d i sp l a y  
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t h a t  a c t s a s a  m o r e  d e t a i l e d  w i n d o w  i n t o  t h e  o b j e c t .  F o r  e x a m p l e ,  g r a p h i c  a r t i st s 
m a y  u se  t w o  w i n d o w s w h e n  e d i t i n g  a  p a r t i c u l a r  i m a g e :  t h e  o v e r v i e w ,  w h i c h  i s a  
sm a l l  w i n d o w  c o n t a i n i n g  a  sc a l e d -d o w n  v e r si o n  o f  t h e  e n t i r e  i m a g e ,  a n d  t h e  d e t a i l  
i n  a  l a r g e r  w i n d o w ,  z o o m e d  i n  o n  a  p a r t i c u l a r  se c t i o n  o f  t h e  i m a g e .  T h e  o v e r v i e w  
w i n d o w  c a n  e v e n  i n c l u d e  i n f o r m a t i o n  a b o u t  t h e  d e t a i l  w i n d o w ,  su c h  a s i t s 
l o c a t i o n . 

Zo o m i n g  c a n  b e  h e l p f u l  i n  i m p l e m e n t i n g  a n  O v e r v i e w + D e t a i l  d i sp l a y .  F o r  
e x a m p l e ,  t h e  D a t a  S t r u c t u r e  V i su a l i z e r  u se s z o o m i n g  a n d  i t s m u l t i p l e -d i sp l a y  
f e a t u r e  t o  c r e a t e  o n e  z o o m e d -o u t  d i sp l a y  a s t h e  o v e r v i e w ,  a n d  a  z o o m e d -i n  
d i sp l a y  a s t h e  d e t a i l .  F i g u r e  2 5  sh o w s t h e  D a t a  S t r u c t u r e  V i su a l i z e r  i n  
O v e r v i e w + D e t a i l  m o d e .  T w o  v i su a l i z a t i o n  d i sp l a y s a r e  o p e n ;  t h e  sm a l l e r ,  
z o o m e d -o u t  d i sp l a y  o n  t h e  r i g h t  p r o v i d e s a n  o v e r v i e w  f o r  t h e  l a r g e r ,  d e t a i l e d  
d i sp l a y  o n  t h e  l e f t .  T h e  o v e r v i e w  i s t o o  sm a l l  t o  a l l o w  e x a m i n a t i o n  o f  p a r t i c u l a r  
n o d e  v a l u e s,  b u t  i n st e a d  p r o v i d e s a  r o u g h  i d e a  o f  t h e  g e n e r a l  st r u c t u r e  o f  t h e  
e n t i r e  d a t a  st r u c t u r e . 

 Figure 2 5 :  T h e D S V ,  in  O v erv iew + D et a il  m o d e 

T h e  o r i g i n a l  V i su a l  D e b u g g e r  i m p l e m e n t s t w o  l e v e l s o f  o v e r v i e w .  F i r st ,  i t  
r e q u i r e s t h e  u se r  t o  m a n u a l l y  d e f i n e  t h e  C + +  c l a sse s u se d  i n  t h e  so f t w a r e  p r o j e c t  
(F i g u r e  2 6 ).  W h i l e  a  b i t  c u m b e r so m e  t o  t h e  u se r ,  i t  a l so  g i v e s t h e  u se r  t h e  
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f l e x i b i l i t y  t o  sp e c i f y  e x a c t l y  w h i c h  c l a ss m e m b e r s a r e  d i sp l a y e d  a n d  w h i c h  a r e  
a l w a y s h i d d e n .  I f  a  p a r t i c u l a r  c l a ss m e m b e r  i s n o t  i m p o r t a n t  t o  t h e  u se r ,  h e  o r  
sh e  si m p l y  d o e s n o t  d e f i n e  i t  i n  V D B  i n t e r f a c e .  A  p r o g r a m m e r  c o u l d  p o t e n t i a l l y  
sp e c i f y  o n l y  a  si n g l e  m e m b e r  v a r i a b l e  i n  a  c e r t a i n  c l a ss,  p r o v i d i n g  a n  “ o v e r v i e w ”  
o f  i n st a n c e s o f  t h a t  c l a ss.  T h i s o v e r v i e w  c a n n o t  b e  e sc a p e d ,  h o w e v e r ,  w i t h o u t  
m o d i f y i n g  t h e  u se r  d e f i n i t i o n  o f  t h e  c l a ss. 

 Figure 2 6 :  D ef in in g w h ic h  d a t a  is  im p o rt a n t  t o  t h e us er 

I n  a d d i t i o n  t o  d e f i n i n g  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  b e  d i sp l a y e d ,  t h e  
u se r  m u st  a l so  c h o o se  o n e  m e m b e r  v a r i a b l e  i n  e a c h  c l a ss t h a t  i s t h e  m o st  
i m p o r t a n t  (d e f i n e d  w i t h  a  c h e c k m a r k  i n  V D B ).  T h i s sp e c i a l  m e m b e r ’ s v a l u e  w i l l  
a l w a y s b e  d i sp l a y e d ,  e v e n  w h e n  t h e  u se r  p u t s V D B  i n  O v e r v i e w  m o d e .  F i g u r e  2 7  
sh o w s V D B  i n  i t s d e f a u l t  m o d e ,  t h e  d e t a i l  m o d e ,  w h i c h  g i v e s a l l  o f  t h e  k n o w n  
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i n f o r m a t i o n  a b o u t  t h e  c l a sse s a n d  v a r i a b l e s d e f i n e d  b y  t h e  u se r .  F i g u r e  2 8  sh o w s 
V D B  i n  o v e r v i e w  m o d e ,  w h e r e  o n l y  t h e  v a l u e  o f  t h e  “ sp e c i a l ”  m e m b e r  i s 
d i sp l a y e d  f o r  e a c h  n o d e .  T h e  f o r m e r  a l l o w s t h e  u se r  t o  e x a m i n e  a l l  o f  t h e  
p r o p e r t i e s o f  e v e r y  n o d e ,  w h i l e  t h e  l a t t e r  u se s m u c h  l e ss sc r e e n  sp a c e  a n d  st i l l  
g i v e s t h e  u se r  t h e  m o st  i m p o r t a n t  i n f o r m a t i o n .  U se d  t o g e t h e r ,  t h e y  p r o v i d e  
O v e r v i e w + D e t a i l . 

 Figure 2 7 :  V D B ,  in  D et a il  m o d e 
 Figure 2 8 :  V D B ,  in  O v erv iew  m o d e 

T h a n k s t o  O v e r v i e w + D e t a i l ,  G a r y  n o  l o n g e r  g e t s l o st  i n  l a r g e  d a t a  st r u c t u r e s,  
b e c a u se  h e  a l w a y s h a s a  r o u g h  o v e r v i e w  o f  t h e  d a t a  st r u c t u r e  t o  w h i c h  t o  r e f e r  
w h e n  h e  st a r t s d e l v i n g  i n t o  d e e p e r  p a r t s o f  t h e  v i su a l i z a t i o n . 

3.4  F o c u s +C o n t e x t  

B u t  su p p o se  t h a t  t h i s O v e r v i e w + D e t a i l  se p a r a t e  d i sp l a y  c o n c e p t  st i l l  c a u se s a  
h i n d r a n c e  t o  G a r y  d u r i n g  h i s d e b u g g i n g  o f  t h e  l a r g e  d a t a  st r u c t u r e .  T h e  se p a r a t e  
d i sp l a y  u se s v a l u a b l e  sc r e e n  sp a c e  t h a t  c o u l d  o t h e r w i se  b e  u se d  t o  d i sp l a y  m o r e  o f  
t h e  d a t a  st r u c t u r e .  W h a t  i f  t h e r e  w e r e  a  c o m b i n a t i o n  o f  t h e  o v e r v i e w  a n d  t h e  
d e t a i l  i n t o  a  si n g l e  d i sp l a y ?  
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F o c u s+ C o n t e x t  [9 ] i s a  n a t u r a l  p r o g r e ssi o n  f r o m  t h e  u se  o f  O v e r v i e w + D e t a i l .  
T h e  f o r m e r  i s m u c h  l i k e  t h e  l a t t e r ,  e x c e p t  t h a t  t h e  d e t a i l  p a r t ,  n o w  c a l l e d  t h e  
f o c u s,  i s so m e h o w  e m b e d d e d  inside t h e  o v e r v i e w .  T h e  o v e r v i e w  t h a t  su r r o u n d s 
t h e  f o c u s p r o v i d e s a  c o n t e x t  t o  t h e  d e t a i l e d  se c t i o n .  A n  e x a m p l e  o f  
F o c u s+ C o n t e x t  i s t h e  f i sh e y e  v i e w  [6 ]. 

T h e  f i sh e y e  v i e w  a c t s a s a  m a g n i f y i n g  g l a ss,  z o o m i n g  i n  o n  w h a t e v e r  i s i n  f o c u s 
(u su a l l y  d e f i n e d  b y  t h e  l o c a t i o n  o f  t h e  m o u se ) a n d  p r o v i d i n g  a  sm o o t h  g r a d i e n t  o f  
z o o m e d -o u t  g r a p h i c s a r o u n d  t h e  f o c u s.  O b j e c t s c l o se r  t o  t h e  f o c u s a p p e a r  l a r g e r ,  
a l l o w i n g  m o r e  d e t a i l e d  a n a l y si s,  w h i l e  o b j e c t s f u r t h e r  f r o m  t h e  f o c u s a p p e a r  
sm a l l e r ,  p r o v i d i n g  c o n t e x t  t o  t h e  f o c u s. 

 Figure 2 9 :  An  in t era c t iv e f is h ey e v iew  f o r b ro w s in g a  w eb s it e 
( t a k en ,  un ed it ed ,  f ro m  [ 6 ] ) 

W h e n  d e b u g g i n g  c o m p l e x  d a t a  st r u c t u r e s v i su a l l y ,  sc r e e n  r e a l  e st a t e  i s c o n su m e d  
q u i c k l y .  A s t h e  si z e  o f  t h e  d a t a  st r u c t u r e  i n  m e m o r y  i n c r e a se s,  i t s c o r r e sp o n d i n g  
g r a p h i c a l  r e p r e se n t a t i o n  i n c r e a se s i n  si z e .  A  v i su a l  d e b u g g e r  c a n  e i t h e r  c o n c e d e  
d e f e a t  a n d  si m p l y  r e q u i r e  m o r e  sc r e e n  sp a c e ,  o r  i t  c a n  t r y  t o  c u t  o u t  so m e  l e ss 
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i m p o r t a n t  i n f o r m a t i o n  t o  sq u e e z e  a s m u c h  o f  t h e  m o r e  i m p o r t a n t  i n f o r m a t i o n  
o n t o  t h e  sc r e e n  a s p o ssi b l e . 

A p p l y i n g  F o c u s+ C o n t e x t  t o  v i su a l  d e b u g g i n g  i s n o t  t o o  d a u n t i n g  a  t a sk .  L i k e  t h e  
b r o w se r  f i sh e y e  v i e w  i n  F i g u r e  2 9 ,  c e r t a i n  n o d e s o r  g r o u p s o f  n o d e s i n  t h e  d a t a  
st r u c t u r e  c a n  b e  sh o w n  i n  f u l l  d e t a i l ,  a l l o w i n g  t h e  u se r  t o  o b se r v e  a l l  e l e m e n t s o f  
t h e  d a t a  i n  t h o se  se c t i o n s,  w h i l e  t h o se  p a r t s o f  t h e  d a t a  st r u c t u r e  t h a t  a r e  n o t  o f  
p a r t i c u l a r  u se  a t  t h e  m o m e n t  c a n  b e  p a r t i a l l y  h i d d e n ,  p r o v i d i n g  so m e i n f o r m a t i o n  
a b o u t  t h e  c o n t e n t s o f  t h e se  u n i m p o r t a n t  n o d e s,  o r  p e r h a p s p r o v i d i n g  n o  
i n f o r m a t i o n  a t  a l l  sa v e  a  d o t  r e p r e se n t i n g  i t s l o c a t i o n  a n d  r e l a t i o n sh i p  i n  t h e  d a t a  
st r u c t u r e .  I d e a l l y ,  d a t a  sh o u l d  b e  d i sp l a y e d  i n  o n l y  a s m u c h  d e t a i l  a s i t s 
i m p o r t a n c e  t o  t h e  u se r  p r e sc r i b e s.  

W i t h  t h i s r e so l v e ,  t h e  D a t a  S t r u c t u r e  V i su a l i z e r  h a n d l e s F o c u s+ C o n t e x t  b y  
f o r m i n g  a  sp e c t r u m  o f  i m p o r t a n c e  w i t h  r e sp e c t  t o  a  p a r t i c u l a r  t y p e  o f  
i n f o r m a t i o n .  A  t y p e  o f  i n f o r m a t i o n  c a n  b e  t o t a l l y  u se l e ss t o  t h e  u se r ,  i n  w h i c h  
c a se  t h e  v i su a l  d e b u g g e r  sh o u l d  n e v e r  w a st e  sc r e e n  sp a c e  b y  d i sp l a y i n g  i t .  T h e  
m o st  i m p o r t a n t  i n f o r m a t i o n  sh o u l d  a l w a y s b e  d i sp l a y e d  o n  t h e  sc r e e n ,  n o  m a t t e r  
h o w  c r o w d e d  t h e  d i sp l a y  b e c o m e s.  I n f o r m a t i o n  w h o se  i m p o r t a n c e  l i e s 
so m e w h e r e  i n  b e t w e e n  sh o u l d  o c c u p y  a n  a m o u n t  o f  sp a c e  a n d  t i m e  t h a t  i s 
so m e w h e r e  i n  b e t w e e n  – e i t h e r  l e ss sp a c e  o f  o c c u p a t i o n  o r  l e ss t i m e  o f  v i si b i l i t y  
t h a n  t h e  m o st  i m p o r t a n t  i n f o r m a t i o n . 

T h e  D S V ,  l i k e  t h e  o r i g i n a l  V i su a l  D e b u g g e r ,  a l l o w s n o d e s t o  b e  i n  o n e  o f  t w o  
d i f f e r e n t  m o d e s:  d e t a i l  (w h e r e  a l l  k n o w n  v a r i a b l e s o f  a  n o d e  a r e  d i sp l a y e d ) a n d  
o v e r v i e w  (w h e r e  so m e  v a r i a b l e s a r e  h i d d e n ).  I n st e a d  o f  se p a r a t i n g  t h e  t w o  i n  
d i f f e r e n t  d i sp l a y s,  h o w e v e r ,  t h e  d e t a i l  i s e m b e d d e d  w i t h i n  t h e  o v e r v i e w  t o  c r e a t e  a  
F o c u s+ C o n t e x t  e f f e c t .  N o d e s n e a r  t h e  f o c u s a r e  d i sp l a y e d  i n  d e t a i l  m o d e ,  w h i l e  
t h e  su r r o u n d i n g  n o d e s a r e  d i sp l a y e d  i n  o v e r v i e w  m o d e .  T h e  f o c u s i s d e f i n e d  b y  
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t h e  l o c a t i o n  o f  t h e  m o u se .  A s t h e  m o u se  p a sse s o v e r  a  n o d e ,  i t  t r a n sf o r m s f r o m  
o v e r v i e w  m o d e  (F i g u r e  3 0 ) t o  d e t a i l  m o d e  (F i g u r e  3 1 ). 

 Figure 3 0 :  T h e D S V ,  w it h  n o  
f o c us  

 Figure 3 1 :  T h e D S V ,  f o c us ed  o n  
t h e ro o t  n o d e 

 Figure 3 2 :  T h e D S V ,  a f t er 
ex t en d in g t h e f o c us  

T h e  u se r  c a n  e x t e n d  t h e  f o c u s b e y o n d  a  si n g l e  n o d e ,  so  t h a t  t h e  f o c u se d  n o d e ’ s 
c h i l d r e n  a n d / o r  p a r e n t s a r e  d i sp l a y e d  i n  d e t a i l  a s w e l l  (F i g u r e  3 2 ). 

T h e  D S V  a l so  a l l o w s t h e  u se r  t o  sp e c i f y  h o w  m a n y  v a r i a b l e s a r e  d i sp l a y e d  i n  
o v e r v i e w  m o d e ,  so  t h a t  i f  t w o  v a r i a b l e s a r e  e q u a l l y  i m p o r t a n t ,  t h e  u se r  c a n  se e  
t h e m  b o t h  i n  o v e r v i e w  m o d e .  T h a t  i s w h e r e  t h e  sp e c t r u m  o f  i m p o r t a n c e  c o m e s 
t o  p l a y .  E a c h  v a r i a b l e  i n  a  c l a ss c a n  b e  a ssi g n e d  a n  i m p o r t a n c e  l e v e l ,  w h i c h  i s 
u se d  t o  d e t e r m i n e  w h i c h  v a r i a b l e s a r e  d i sp l a y e d  i n  o v e r v i e w  m o d e .  T h e  
i m p o r t a n c e  l e v e l  c a n  a l so  b e  u se d  t o  d e f i n e  a  “ t h r e sh o l d  o f  d e t a i l , ”  w h e r e  o n l y  
v a r i a b l e s o f  a t  l e a st  a  p a r t i c u l a r  i m p o r t a n c e  a r e  d i sp l a y e d  i n  o v e r v i e w  m o d e .  T h i s 
t h r e sh o l d  o f  d e t a i l  c o u l d  d e t e r i o r a t e  f u r t h e r  f r o m  t h e  m o u se ,  so  t h a t  m o r e  
v a r i a b l e s a r e  d i sp l a y e d  f o r  t h e  n o d e s t h a t  a r e  n e a r e r  t o  t h e  m o u se . 

C o m b i n i n g  z o o m i n g  w i t h  F o c u s+ C o n t e x t  i s g e n e r a l l y  a  u se f u l  c a p a b i l i t y .  I n  f a c t ,  
m a n y  F o c u s+ C o n t e x t  i m p l e m e n t a t i o n s u se  z o o m i n g  t o  d i sp l a y  t h e  f o c u se d  a r e a  
i n  g r e a t e r  d e t a i l .  I n  t h e  c a se  o f  t h e  D S V ,  T h e  u se r  m a y  z o o m  i n  o r  o u t  t o  t h e i r  
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d e si r e ,  a n d  f o c u s d e t a i l  l e v e l  i s d e p e n d e n t  o n  t h e  z o o m  l e v e l .  T h a t  i s,  w h e n  t h e  
u se r  i s z o o m e d  o u t ,  i n f o r m a t i o n  p r o v i d e d  v i su a l l y —su c h  a s t h e  n u m b e r  o f  
m e m b e r  v a r i a b l e s i n  a  n o d e ,  w h i c h  c a n  b e  i n f e r r e d  f r o m  t h e  si z e  o f  a  f o c u se d  
n o d e ,  o r  a n y  d a t a  d i sp l a y e d  u si n g  g r a p h i c a l  d a t a  r e p r e se n t a t i o n —m a y  b e  
n o t i c e a b l e  w h e n  z o o m e d  o u t ,  b u t  i f  t h e  t e x t  i s t o o  sm a l l  t o  r e a d  a n y w a y ,  n o  
a d d i t i o n a l  t e x t  i n f o r m a t i o n  i s p r o v i d e d . 

T h e  u se  o f  F o c u s+ C o n t e x t  g e n e r a l l y  p r e c l u d e s t h e  n e e d  f o r  O v e r v i e w + D e t a i l ,  
b u t  i t  i s n o t  i m p o ssi b l e  t o  u se  b o t h —m e r e l y  i n e f f i c i e n t .  T h e  g o a l  o f  
F o c u s+ C o n t e x t  i s t o  e l i m i n a t e  t h e  n e e d  f o r  O v e r v i e w + D e t a i l ,  so  u si n g  b o t h  
d e f e a t s t h e  k e y  p u r p o se  o f  F o c u s+ C o n t e x t .  I t  d o e s n o t  h u r t ,  h o w e v e r ,  t o  
p r o v i d e  b o t h  t y p e s o f  f u n c t i o n a l i t y .  P a r t i c u l a r  u se r s m a y  p r e f e r  O v e r v i e w + D e t a i l  
t o  F o c u s+ C o n t e x t ,  so  p r o v i d i n g  b o t h  c a t e r s t o  i n d i v i d u a l  p r e f e r e n c e s. 

W i t h  F o c u s+ C o n t e x t ,  G a r y  c a n  se e  a  t r e m e n d o u sl y  l a r g e  p a r t  o f  h i s d a t a  
st r u c t u r e ,  w h i l e  b e i n g  a b l e  t o  l o o k  a t  t h e  d e t a i l s o f  a  p a r t i c u l a r  p a r t  o f  t h a t  d a t a  
st r u c t u r e ,  d e p e n d i n g  o n  w h i c h  p a r t  h e  i s i n t e r e st e d  i n .  T h i s a l l o w s G a r y  t o  f o c u s 
o n  o n e  se c t i o n  o f  t h e  d a t a  w i t h  e n o u g h  d e t a i l  t o  se e  e x a c t l y  w h a t  i s g o i n g  o n ,  
w h i l e  st i l l  g e t t i n g  t h e  c o n t e x t  t h a t  h e l p s h i m  i d e n t i f y  w h e r e  h e  i s i n  t h e  d a t a  
st r u c t u r e . 

3.5   D i r e c t  M a n i p u l a t i o n  

G a r y  f i n d s t h e  v i su a l i z a t i o n s u se f u l ,  b u t  h e  w i sh e s t h a t  t h e r e  w a s m o r e  t h a t  h e  
c o u l d  d o  w i t h  t h e  v i su a l i z a t i o n ,  o t h e r  t h a n  v i e w  i t .  H e  w o u l d  l i k e  t o  b e  a b l e  t o  
d r a g  p a r t s o f  i t  a r o u n d  a n d  r e o r g a n i z e  t h e  v i su a l i z a t i o n  g r a p h  a s h e  se e s f i t .  H e  
w o u l d  l i k e  t o  p l a y  w i t h  t h e  n o d e s a s i f  t h e y  w e r e  d i r e c t  l i n k s t o  t h e  a c t u a l  n o d e s i n  
h i s d a t a  st r u c t u r e ,  a s t h o u g h  c h a n g i n g  a  v a l u e  i n  t h e  v i su a l i z a t i o n  c o u l d  c h a n g e  
t h e  c o r r e sp o n d i n g  v a l u e  i n  h i s d a t a  st r u c t u r e . 
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B e i n g  a b l e  t o  t r e a t  a  p r o g r a m  b e i n g  d e b u g g e d  i n  a  d i r e c t  m a n i p u l a t i o n  st y l e  
p r o v i d e s t h e  u se r  w i t h  a n  e a sy -t o -l e a r n  i n t e r f a c e  w i t h  t h e i r  d a t a  st r u c t u r e s.  B e i n g  
a b l e  t o  m o v e  a n d  a r r a n g e  n o d e s b y  d r a g g i n g  t h e m  a r o u n d  i n  t h e  d i sp l a y ,  f o r  
e x a m p l e ,  h e l p s t h e  u se r  t o  o r g a n i z e  t h e  d a t a  i n  a  w a y  t h a t  m a k e s m o r e  se n se  t o  
t h e m .  C o n n e c t i n g  t h e  m o d i f i c a t i o n  o f  t h e  t e x t  v a l u e s i n  t h e  g r a p h i c a l  
r e p r e se n t a t i o n  o f  a  n o d e  w i t h  t h e  m o d i f i c a t i o n  o f  t h e  c o r r e sp o n d i n g  v a r i a b l e s i n  
t h e  u se r ’ s p r o g r a m  i s a n o t h e r  e x a m p l e  o f  d i r e c t  m a n i p u l a t i o n . 

D i r e c t  m a n i p u l a t i o n  p r o v i d e s u se r s w i t h  a  m e t a p h o r  t h a t  h e l p s t h e m  t o  b e t t e r  
u n d e r st a n d  t h e i r  d a t a  st r u c t u r e s.  O b j e c t s d e c l a r e d  o n  t h e  h e a p  a r e  m u c h  l i k e  
p o c k e t s o f  m e m o r y ,  w h i c h  c o r r e sp o n d s n i c e l y  w i t h  t h e  r e c t a n g l e s e n c l o si n g  t h e  
g r a p h i c a l  m e m b e r s o f  a n  o b j e c t  o n  t h e  d i sp l a y ,  a n d  p o i n t e r s u se d  i n  C / C + +  a r e  
a l m o st  a l w a y s v i su a l i z e d  a s a r r o w s l i k e  t h e  o n e s c o n n e c t i n g  t h e  r e c t a n g l e s i n  t h e  
g r a p h i c a l  r e p r e se n t a t i o n . 

T h e  D S V  a n d  V D B 2  i m p l e m e n t  d i r e c t  m a n i p u l a t i o n  p r i m a r i l y  t h r o u g h  m o u se  
m a n i p u l a t e  o f  t h e  g r a p h i c a l  r e p r e se n t a t i o n s o f  o b j e c t s—t h e  n o d e s.  U se r s c a n  
m o v e  t h e  n o d e s i n  t h e  d i sp l a y ,  a l l o w i n g  t h e m  t o  b e  r e a r r a n g e d  i n  a  u se r -sp e c i f i e d  
o r g a n i z a t i o n  (F i g u r e  3 3  a n d  F i g u r e  3 4).  A d d i t i o n a l l y ,  f o c u s o f  a  n o d e  i s a c h i e v e d  
b y  p o i n t i n g  t h e  m o u se  a t  i t s g r a p h i c a l  r e p r e se n t a t i o n ,  a n d  c l i c k i n g  o n  t h e  n o d e  
c a u se s t h e  f o c u s t o  p e r si st  e v e n  w i t h o u t  h a v i n g  t h e  m o u se  p o i n t e d  a t  i t .  F i n a l l y ,  
t h e  D S V  a l l o w s t h e  u se r  t o  c l i c k  o n  t h e  v a l u e s o f  o b j e c t  m e m b e r  v a r i a b l e s t o  e d i t  
t h e i r  v a l u e s. 



 

 48  

 Figure 3 3 :  Aut o m a t ic  l a y o ut  o f  a  d a t a  s t ruc t ure  Figure 3 4 :  T h e s a m e d a t a  s t ruc t ure,  a f t er t h e us er 
m o v es  s o m e n o d es  

T h e  D S V ,  t h o u g h  n o t  c o n n e c t e d  t o  a  b a c k -e n d  d e b u g g e r ,  d e m o n st r a t e s t h e  
c a p a b i l i t y  o f  e d i t i n g  t h e  v a l u e s i n  t h e  g r a p h i c a l  r e p r e se n t a t i o n  o f  a n  o b j e c t .  
I d e a l l y ,  a  t r u e  v i su a l  d e b u g g e r  w o u l d  a sso c i a t e  t h e  e d i t i n g  o f  su c h  v a l u e s w i t h  t h e  
m o d i f i c a t i o n  o f  t h e  v a l u e s w i t h  w h i c h  t h e i r  g r a p h i c a l  r e p r e se n t a t i o n s a r e  
a sso c i a t e d . 

D i r e c t  m a n i p u l a t i o n  g i v e s G a r y  a n  i n t u i t i v e  a n d  c o n v e n i e n t  w a y  t o  d o  e v e r y t h i n g  
h e  h a d  w a n t e d  t o  d o  w i t h  t h e  v i su a l i z a t i o n .  H e  c a n  m o v e  a  n o d e  a r o u n d  a n d  e d i t  
i t s p r o p e r t i e s a s t h o u g h  i t  w e r e  a n  a c t u a l  o b j e c t . 

3.6   L a y o u t  

W i t h  t h e  n e w f o u n d  f l e x i b i l i t y  o f  b e i n g  a b l e  t o  a r r a n g e  t h e  n o d e s i n  t h e  
v i su a l i z a t i o n  c o m e s a  n e w  t r o u b l e  f o r  G a r y .  N o w ,  h i s d a t a  st r u c t u r e  i s i n  d i sa r r a y  
a n d  h e  c a n n o t  u n d e r st a n d  w h a t  t h e  v i su a l i z a t i o n  i s su p p o se d  t o  r e p r e se n t .  T h e  
v i su a l i z a t i o n  i s a  h o d g e p o d g e  o f  r a n d o m l y -p l a c e d  n o d e s a n d  c o n f u si n g  a r r o w s. 

A  k e y  p a r t  o f  a n y  v i su a l  d e b u g g e r  i s i t s a b i l i t y  t o  a u t o m a t i c a l l y  l a y  o u t  a  g r a p h  
w i t h o u t  u se r  i n t e r v e n t i o n .  B e i n g  a b l e  t o  b u i l d  g r a p h s a n d  t o  d i sp l a y  t h e  n o d e s 
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t h e r e i n  i s o n e  t h i n g ,  b u t  i t  i s p a r a m o u n t  t h a t  t h e se  n o d e s b e  p r e se n t e d  i n  a n  
o r g a n i z e d  f a sh i o n  t h a t  i s q u i c k l y  a n d  e a si l y  u n d e r st o o d  b y  t h e  u se r .  A  g r a p h  i n  
d i sa r r a y  i s p e r h a p s l e ss u se f u l  t h a n  n o  g r a p h  a t  a l l . 

S e v e r a l  e x i st i n g  v i su a l  d e b u g g i n g  t o o l s h a v e  d e m o n st r a t e d  t h e  a b i l i t y  t o  
a u t o m a t i c a l l y  l a y  o u t  t h e  g r a p h s t h a t  t h e y  c r e a t e .  D o t t y  f o c u se s o n  t h i s v e r y  
a b i l i t y ,  a n d  t o o l s t h a t  u se  D o t t y ,  l i k e  D e e t  a n d  V D B X ,  a r e  a u t o m a t i c a l l y  e q u i p p e d  
w i t h  g r a p h  l a y o u t  c a p a b i l i t i e s. 

S o m e  t o o l s,  l i k e  S w a n  a n d  D D D ,  e v e n  g o  so  f a r  a s t o  p r o v i d e  m u l t i p l e  l a y o u t  
a l g o r i t h m s.  T h i s p r o v i d e s b e t t e r  su p p o r t  f o r  a  w i d e r  v a r i e t y  o f  g r a p h s.  B u t  i s i t  
e n o u g h ?  

3 . 6 . 1   D a t a  S t r u c t u r e-S p ec if ic  L a y o u t  

T h e r e  a r e  m a n y  t y p e s o f  d a t a  st r u c t u r e s,  a n d  m a n y  o f  t h e m  h a v e  h a d  sp e c i f i c  
w a y s o f  v i su a l i z i n g  t h e m  si n c e  t h e y  w e r e  f i r st  i n t r o d u c e d  t o  a  c l a ssr o o m .  L i n k e d  
l i st s,  f o r  e x a m p l e ,  h a v e  a l m o st  u n a n i m o u sl y  b e e n  v i su a l i z e d  w i t h  b o x e s c o n n e c t e d  
b y  a r r o w s.  W h i l e  m a n y  d a t a  st r u c t u r e s c a n  b e  r e p r e se n t e d  a s g r a p h s i n  t h i s 
f a sh i o n ,  t h e  w a y  t h o se  b o x e s a r e  d i st r i b u t e d  a c r o ss t h e  v i su a l i z a t i o n  c a n v a s c a n  
v a r y  g r e a t l y  f r o m  d a t a  st r u c t u r e  t o  d a t a  st r u c t u r e .  L i n k e d  l i st s a r e  u su a l l y  d e p i c t e d  
w i t h  a  si m p l e  l i n e a r  a r r a n g e m e n t ,  w i t h  t h e  h e a d  o f  t h e  l i st  a t  t h e  l e f t  a n d  t h e  r e st  
o f  t h e  l i st  t r a i l i n g  t o  t h e  r i g h t . 

O n e  so l u t i o n  t o  t h i s v a r i e t y  l i e s i n  d a t a  st r u c t u r e -sp e c i f i c  l a y o u t .  F o r  e v e r y  u n i q u e  
w a y  o f  l a y i n g  o u t  a  g r a p h ,  c o r r e sp o n d i n g  t o  u n i q u e  t y p e s o f  d a t a  st r u c t u r e s w i t h  
u n i q u e  l a y o u t s,  a n  a l g o r i t h m  i s d e si g n e d  t o  o r g a n i z e  t h e  g r a p h  a c c o r d i n g  t o  t h e  
m o st  a p p r o p r i a t e  l a y o u t .  F o r  e x a m p l e ,  t h e  l i n k e d  l i st  a l g o r i t h m  w o u l d  l a y  o u t  t h e  
l i n k e d  l i st  d a t a  st r u c t u r e  a s o n e  w o u l d  e x p e c t  i t  t o  a p p e a r ,  a s a  l i n e a r  a r r a y  o f  
b o x e s c o n n e c t e d  b y  a r r o w s. 
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S i n c e  a  v i su a l  d e b u g g e r  sh o u l d  b e  c h a r g e d  w i t h  t h e  r e sp o n si b i l i t y  o f  l a y i n g  o u t  t h e  
g r a p h  o f  a  d a t a  st r u c t u r e  i n  a  w a y  t h a t  m a k e s i t  m o r e  u n d e r st a n d a b l e  t o  i t s h u m a n  
a n a l y z e r ,  o n e  w o u l d  e x p e c t  t h a t  d o m a i n -sp e c i f i c  l a y o u t s se r v e  w e l l .  B a se d  o n  t h e  
q u a n t i t y  o f  t y p e s o f  d a t a  st r u c t u r e s,  h o w e v e r ,  i t  m a y  n o t  b e  f e a si b l e  t o  d e v i se  a n d  
i m p l e m e n t  a  l a y o u t  a l g o r i t h m  f o r  e a c h  a n d  e v e r y  o n e .  A  v i su a l  d e b u g g e r  c a n  g e t  
a r o u n d  t h i s i ssu e  b y  p r o v i d i n g  a  si m p l e  w a y  t o  a l l o w  u se r s t o  e x p a n d  t h e  v i su a l  
d e b u g g e r ’ s l i b r a r y  o f  l a y o u t  a l g o r i t h m s.  I f  a  u se r  c a n n o t  f i n d  a  su i t a b l e  l a y o u t  
t e c h n i q u e  a l r e a d y  i n c l u d e d  w i t h  t h e  v i su a l  d e b u g g e r ,  t h e n  t h e  u se r  m a y  h a v e  t h e  
p r o g r a m m i n g  sk i l l —d e p e n d i n g  o n  t h e  si m p l i c i t y  o f  t h e  v i su a l  d e b u g g e r ’ s l a y o u t  
a l g o r i t h m  p l u g -i n  A P I —t o  d e v e l o p  t h e i r  o w n  sp e c i f i c  l a y o u t  a l g o r i t h m  t o  
c o m p l e m e n t  t h e i r  d a t a  st r u c t u r e .  T h e  a b i l i t y  t o  a d d  u se r -d e f i n e d  l a y o u t  
a l g o r i t h m s i n c r e a se s f l e x i b i l i t y  f o r  t h e  u se r ,  a n d  i t  r e d u c e s l o a d  o n  t h e  d e v e l o p e r s 
o f  t h e  v i su a l  d e b u g g e r  b y  n o t  r e q u i r i n g  t h e m  t o  a t t e m p t  t o  d e si g n  l a y o u t  
a l g o r i t h m s f o r  e v e r y  p o ssi b l e  t y p e  o f  d a t a  st r u c t u r e . 

I n  t h e  c a se  t h a t  t h e  u se r  d o e s n o t  w a n t  t o  sp e n d  t h e  t i m e  t o  d e v e l o p  t h e i r  o w n  
l a y o u t  a l g o r i t h m ,  i t  i s a p p r o p r i a t e  t o  a t  l e a st  i n c l u d e  a  d e f a u l t  l a y o u t  a l g o r i t h m  t o  
h a n d l e  a n y  d a t a  st r u c t u r e s t h a t  d o  n o t  f a l l  i n  a n y  o f  t h e  c a t e g o r i e s o f  d a t a  
st r u c t u r e s f o r  w h i c h  t h e  v i su a l  d e b u g g e r  d o e s n o t  h a v e  a  sp e c i f i c  l a y o u t  
t e c h n i q u e —a  u n i v e r sa l  l a y o u t  t e c h n i q u e . 

3 . 6 . 2   U niv er sa l  L a y o u t  

T h e  si l v e r  b u l l e t  o f  d a t a  st r u c t u r e  g r a p h  l a y o u t  w o u l d  b e  t o  f i n d  a n  a l g o r i t h m  t h a t  
o r g a n i z e s a ny  t y p e  o f  d a t a  st r u c t u r e  g r a p h  i n  a  m a n n e r  m o st  f a m i l i a r  t o  a n d  m o st  
u sa b l e  b y  t h e  l a r g e st  a sso r t m e n t  o f  u se r s.  B u t  d i f f e r e n t  u se r s h a v e  d i f f e r e n t  
p a r t i c u l a r  t a st e s,  a n d  i t  m a y  b e  i m p o ssi b l e  t o  f i n d  a  su i t a b l e  l o w e st  c o m m o n  
d e n o m i n a t o r .   
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T h e  V i su a l  D e b u g g e r  2 .0  u se s a  si m p l e ,  u n i v e r sa l  l a y o u t  t e c h n i q u e  d e r i v e d  f r o m  
t h e  l a y e r i n g  m e t h o d ,  a  g r a p h  l a y o u t  m e t h o d  t h a t  i s p a r t i c u l a r l y  u se f u l  i n  l a y i n g  o u t  
d i r e c t e d  g r a p h s l i k e  t h o se  i n h e r e n t  i n  r e f e r e n c e -b a se d  d a t a  st r u c t u r e s.  W h i l e  st i l l  
i n  d e v e l o p m e n t ,  t h e  b a si c  a l g o r i t h m  i s a  r e c u r si v e  f u n c t i o n  t h a t ,  f o r  e a c h  n o d e ,  
f i r st  p l a c e s i t s c h i l d r e n  t o  i t s r i g h t ,  t h e n  p l a c e s i t se l f  t o  t h e  l e f t  o f  i t s c h i l d r e n ,  
c e n t e r e d  v e r t i c a l l y  b e t w e e n  i t s c h i l d r e n  (F i g u r e  3 3 ).  B a c k -e d g e s i n  c y c l i c  g r a p h s 
a r e  sh o w n  w i t h  st r a i g h t ,  t r a n sl u c e n t  a r r o w s t o  i n c r e a se  si m p l i c i t y  w i t h o u t  
sa c r i f i c i n g  r e a d a b i l i t y .  T h e  r e su l t  i s a  g r a p h  w h o se  r o o t s a r e  a t  t h e  l e f t  (w h e r e  
e a c h  r o o t  i s a  st a c k  f r a m e ,  t h e  t o p -m o st  f r a m e  a t  t h e  t o p  o f  t h e  d i sp l a y ),  a n d  a l l  o f  
t h e i r  c h i l d r e n  o n e -l e v e l  d e e p  a r e  i n  t h e  n e x t  c o l u m n ,  a n d  a l l  o f  t h eir  c h i l d r e n  o n  i n  
t h e  t h i r d  c o l u m n ,  e t c . 

 Figure 3 5 :  R es ul t  o f  a ut o m a t ic  l a y o ut   Figure 3 6 :  L a y o ut  a f t er a  f ew  n o d es  a re a d d ed  

T h o u g h  i n i t i a l l y  c o n f u si n g  w h e n  a p p l i e d  t o  t r e e s,  o n e  r e a so n  c h i l d r e n  a r e  t o  t h e  
r i g h t  i n st e a d  o f  b e l o w  t h e i r  p a r e n t s (w h i c h  i s n o r m a l  f o r  so m e  d a t a  st r u c t u r e s,  i .e . 
t r e e s) i s f o r  i n c r e a se d  si m p l i c i t y  w i t h  r e sp e c t  t o  t h e  si z e s o f  n o d e s.  A l l  n o d e s 
h a v e  t h e  sa m e  w i d t h  i n  V D B 2  (v a l u e s a r e  t r u n c a t e d  a s n e c e ssa r y ,  u su a l l y  f o r  l o n g  
st r i n g s),  b u t  t h e i r  h e i g h t s v a r y  w i t h  r e sp e c t  t o  t h e  n u m b e r  o f  d a t a  m e m b e r s i n  t h e  
n o d e  a s w e l l  a s t h e  f o c u s l e v e l  o f  t h e  n o d e .  S i n c e  o n l y  t h e  w i d t h s a r e  c o n st a n t ,  
a n y  a l i g n m e n t  c a n  o n l y  b e  m a d e  v e r t i c a l l y ,  a n d  i t  w a s d e e m e d  m o r e  i m p o r t a n t  t o  
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k e e p  n o d e s o f  t h e  sa m e  d e p t h  a l i g n e d  v e r t i c a l l y  t h a n  t o  k e e p  r a n d o m l y -r e l a t e d  
n o d e s a l i g n e d  v e r t i c a l l y . 

A  se c o n d  r e a so n  f o r  p l a c i n g  c h i l d r e n  t o  t h e  r i g h t  i s t o  i n c r e a se  d e p t h  v i si b i l i t y  
d e sp i t e  t h e  n u m b e r  o f  d a t a  m e m b e r s i n  a  n o d e .  F o r  e x a m p l e ,  i f  a l l  o f  t h e  n o d e s 
h a d  t w e n t y  d a t a  m e m b e r s,  t h e n  p e r h a p s t w o  l e v e l s w o u l d  b e  v i si b l e  i f  c h i l d r e n  
w e r e  p l a c e d  b e l o w  t h e i r  p a r e n t s.  W i t h  c h i l d r e n  t o  t h e  r i g h t ,  y o u  c a n  se e  m o r e  
l e v e l s,  a n d  t h e  n u m b e r  o f  l e v e l s t h a t  y o u  c a n  se e  i s c o n st a n t .  T h e  t r a d e o f f  i s t h a t  
t h e  n u m b e r  o f  v i si b l e  n o d e s p e r  l e v e l  v a r i e s w i t h  t h e  n u m b e r  o f  d a t a  m e m b e r s i n  
t h e  n o d e s. 

3 . 6 . 3   S t a b il it y  

A n o t h e r  a t t r i b u t e  o f  a  l a y o u t  a l g o r i t h m  t h a t  i s p a r t i c u l a r l y  i m p o r t a n t  i n  t h e  
c o n st a n t l y  c h a n g i n g  st a t e  o f  a  v i su a l  d e b u g g e r  i s t h a t  o f  st a b il it y .  I f  a  l a y o u t  
m e t h o d  i s c a l l e d  a f t e r  e a c h  st e p  t h r o u g h  a  u se r ’ s c o d e ,  i t  i s v i t a l  t h a t  t h e  l a y o u t  
c h o se n  f o r  t h e  l a t e st  v e r si o n  o f  t h e  d a t a  st r u c t u r e  r e m a i n  a s t r u e  t o  t h e  o l d  
v e r si o n  a s p o ssi b l e .  I f  a  n e w  n o d e  i s a d d e d  t o  t h e  d a t a  st r u c t u r e ,  i t  w o u l d  b e  
p a r t i c u l a r l y  c o n f u si n g  f o r  t h e  u se r  i f  t h a t  d r a st i c a l l y  c h a n g e d  t h e  l a y o u t  o f  t h e  
r e su l t i n g  g r a p h .  S m a l l  c h a n g e s t o  t h e  d a t a  st r u c t u r e  sh o u l d  r e su l t  i n  sm a l l  
c h a n g e s t o  t h e  l a y o u t . 

O n e  w a y  t o  i m p l e m e n t  st a b i l i t y  w o u l d  b e  t o  d e v e l o p  a  d y n a m i c  l a y o u t  m e t h o d  
t h a t  l a y s o u t  a  g r a p h  b a se d  o n  i t s p r e v i o u s st a t e .  I f  a  n o d e  i s r e m o v e d  f r o m  t h e  
g r a p h ,  t h e n  t h e  v i su a l  l a y o u t  a p p r o a c h  o f  t h e  d y n a m i c  l a y o u t  a l g o r i t h m  w o u l d  b e  
t o  v e r y  sl i g h t l y  m o v e  t h e  l o c a t i o n s o f  t h e  e x i st i n g  n o d e s t o  f i l l  t h e  g a p  l e f t  b y  t h e  
n o w -m i ssi n g  n o d e .  A  st a n d a r d  l a y o u t  m e t h o d ,  su c h  a s t h e  o n e s p r e se n t  i n  D o t t y ,  
w o u l d  si m p l y  l a y  o u t  t h e  e n t i r e  g r a p h  f r o m  sc r a t c h ,  w h i c h  c o u l d  d i so r i e n t  t h e  
u se r .  A  f u r t h e r  st e p  t o  r e d u c e  d i so r i e n t a t i o n  w o u l d  b e  t o  i n c l u d e  a n i m a t i o n ,  so  
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t h a t  t h e  c h a n g e s b e t w e e n  t h e  st a t e s o f  t h e  d a t a  st r u c t u r e  b e t w e e n  t w o  p o i n t s i n  
t h e  e x e c u t i o n  o f  t h e  p r o g r a m  a r e  m a d e  e v e n  m o r e  a p p a r e n t . 

W h e n  t h e  st a t e  o f  t h e  d a t a  st r u c t u r e  c h a n g e s,  V D B 2 ’ 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  
m a i n t a i n s st a b i l i t y  b y  o n l y  m o v i n g  n o d e s w h e n  n e c e ssa r y  (F i g u r e  3 6 ).  T h a t  i s,  t h e  
n o d e s a r e  n o t  n e w l y  p l a c e d  a t  e a c h  u p d a t e ,  u n l e ss t h e y  a r e  b r a n d  n e w  n o d e s,  i n  
w h i c h  c a se  so m e  e x i st i n g  n o d e s m a y  n e e d  t o  b e  m o v e d  sl i g h t l y  t o  p r o v i d e  r o o m  
f o r  t h e  n e w l y  p l a c e d  n o d e s.  N o d e s t h a t  a r e  m o v e d  b y  t h e  u se r  r e m a i n  m o v e d .  
T h i s c o n t r a st s w i t h  u n st a b l e  g r a p h  a l g o r i t h m s l i k e  t h e  o n e  i n  D e e t ,  w h i c h  u se s 
D o t t y  t o  l a y  o u t  t h e  e n t i r e  g r a p h  f r o m  sc r a t c h  a t  e a c h  b r e a k p o i n t .  N o d e  
m o v e m e n t  i s m i n i m i z e d  t o  r e d u c e  c o n f u si o n  t h a t  t h e  u se r  m a y  p e r c e i v e  w h e n  
n o d e s m o v e  u n e x p e c t e d l y .  A n i m a t i o n  m a y  a l so  b e  u se d  t o  r e d u c e  t h i s c o n f u si o n . 

3 . 6 . 4   I ssu es w it h  O t h er  I nf o r m a t io n V isu a l iz a t io n T ec h niq u es 

F o c u s+ C o n t e x t  h a s a  p r o f o u n d  i m p a c t  o n  l a y o u t .  F o r  i n st a n c e ,  h o w  i s t h e  l a y o u t  
e f f e c t e d  w h e n  a  c e r t a i n  n o d e  o r  a r e a  o f  n o d e s i s p l a c e d  i n  f o c u s.  D o  t h e  
su r r o u n d i n g  n o d e s m o v e  a w a y  t o  p r o v i d e  r o o m  f o r  t h e  f o c u se d  n o d e s,  w h i c h  a r e  
p r o b a b l y  l a r g e r  d u e  t o  t h e i r  m o r e -d e t a i l e d  n a t u r e ?   I f  t h e  n o d e s do n’ t  m o v e ,  t h e n  
t h e  m o st  i m p o r t a n t  c o n t e x t  i n f o r m a t i o n —t h e  c o n t e x t  i m m e d i a t e l y  su r r o u n d i n g  
t h e  f o c u se d  i n f o r m a t i o n —i s l o st .  O n e  so l u t i o n  i s t o  si m p l y  st r e t c h  t h e  d r a w i n g  
c a n v a s a r o u n d  t h e  f o c u se d  n o d e s a f t e r  t h e  l a y o u t  h a s b e e n  p e r f o r m e d ,  u si n g  a  
d i st o r t i o n -o r i e n t e d  t e c h n i q u e  [2 0 ]. I f  F o c u s+ C o n t e x t  i s e m p l o y e d  i n  t h e  v i su a l  
d e b u g g e r ,  t h e  l a y o u t  m u st  b e  d y n a m i c  e n o u g h  t o  su p p o r t  f o c u s-b a se d  l a y o u t ,  
w h i c h  m a y  n e e d  t o  b e  u p d a t e d  i n  r e a l  t i m e .   

D i r e c t  m a n i p u l a t i o n  a l so  p l a y s a  r o l e  i n  l a y o u t .  I f  a  u se r  m o v e s a  n o d e ,  d o e s t h e  
l a y o u t  a l l o w  t h e  a n o m a l y  i n  t h e  l a y o u t ?   S h o u l d  t h e  l a y o u t  b e  st r i c t l y  e n f o r c e d ?   
M i g h t  t h e  l a y o u t  a d a p t  t o  t h e  a c t i o n s o f  t h e  u se r ,  m o d i f y i n g  t h e  l a y o u t  a l g o r i t h m  
t o  su i t  t h e  p r e f e r e n c e s i n d i c a t e d  b y  t h e  u se r  w h e n  h e  o r  sh e  m o v e s n o d e s a r o u n d  
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t h e  c a n v a s?   T h i s l e a d s t o  t h e  i d e a  o f  u si n g  u se r  h i n t s t o  i n d i r e c t l y  a n d  f l e x i b l y  
c o n t r o l  g r a p h  l a y o u t  [2 3 ].  I f  d i r e c t  m a n i p u l a t i o n  i s su p p o r t e d  i n  t h e  v i su a l  
d e b u g g e r ,  t h e n  t h e se  l a y o u t  i ssu e s m u st  b e  a d d r e sse d . 

3 . 6 . 5   S u m m a r y  

I n  f a c t ,  w h a t e v e r  p a t h  i s c h o se n  b y  a  v i su a l  d e b u g g e r ,  i t  m a y  b e  m o r e  i m p o r t a n t  
t o  g i v e  t h e  u se r  a s m u c h  f l e x i b i l i t y  a s p o ssi b l e  w i t h  r e sp e c t  t o  l a y o u t .  W h y  n o t  
p r o v i d e  b o t h  k i n d s o f  l a y o u t  a l g o r i t h m s?   A l l o w  t h e  u se r  t o  c h o o se  a m o n g  t h e  
v a r i o u s d a t a -st r u c t u r e -t a r g e t e d  l a y o u t  a l g o r i t h m s,  o r  l e t  t h e  u se r  c h o o se  a  m o r e  
u n i v e r sa l  l a y o u t  a l g o r i t h m .  W h a t ’ s m o r e ,  t h e  i d e a l  v i su a l  d e b u g g e r  w o u l d  p r o v i d e  
a  si m p l e  i n t e r f a c e  f o r  a l l o w i n g  t h e  u se r  t o  p r o v i d e  t h e i r  o w n l a y o u t  a l g o r i t h m ,  i n  
m u c h  t h e  sa m e  w a y  t h a t  S w a n  a l l o w s u se r s t o  m a n u a l l y  l a y  o u t  t h e i r  g r a p h s v i a  
a n n o t a t i o n s e m b e d d e d  i n  t h e  c o d e . 

I f  a  u se r ’ s d a t a  st r u c t u r e  i s t o o  u n i q u e  t o  w a r r a n t  a  g e n e r a l  l a y o u t  m e t h o d ,  a n d  t h e  
u n i v e r sa l  l a y o u t  a l g o r i t h m  a r e n ’ t  p r o d u c i n g  t h e  d e si r e d  l o o k ,  t h e n  t h e  u se r  m a y  
w i t h  t o  d e v e l o p  h i s o r  h e r  o w n  l a y o u t .  T h i s m a y  t a k e  e x t r a  t i m e  a n d  e f f o r t  o n  t h e  
p a r t  o f  t h e  u se r ,  b u t  i f  t h e  u se r  c a n  f i n d  p r o f i t  i n  i t ,  i t  c e r t a i n l y  c a n n o t  h u r t  t o  
p r o v i d e  t h e  f u n c t i o n a l i t y .  T h e  D a t a  S t r u c t u r e  V i su a l i z e r  a t t e m p t s t o  p r o v i d e  t h i s 
t h r o u g h  a  si m p l e  j a v a  i n t e r f a c e . 

G a r y  c a n  n o w  p l a y  w i t h  t h e  a r r a n g e m e n t  o f  h i s v i su a l i z a t i o n  w i t h o u t  f e a r  o f  
g e t t i n g  l o st  i n  t h e  c o n f u si o n  o f  r a n d o m l y  p l a c e d  n o d e s.  W h e n  i t  g e t s c o n f u si n g ,  
G a r y  j u st  a sk s h i s v i su a l  d e b u g g e r  t o  l a y  o u t  t h e  g r a p h ,  a n d  t h e  v i su a l i z a t i o n  
m a k e s se n se  t o  h i m  a g a i n . 
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3.7  Visual Notification 

Despite all of these information visualization tools, Gary might still ac c id entally 
let a small c hange in his d ata struc ture go unnotic ed .  W hat if it had  b een an 8 0  
and  8 8 —instead  of the 1 7  and  7 7 —that had  b een erroneously sw apped ?   T he 
d ifferenc e in tex t is still small, b ut now , even the d ifferenc e in magnitud e is small.  
A n error, how ever, is still an error, and  it must b e d etec ted  as soon as possib le. 

A  huge part of d eb ugging a program is id entifying errors in a program.  F ix ing 
errors is often muc h easier than find ing the errors, b ut the latter is c learly a 
prereq uisite for the former.  I t is imperative, then, that a visual d eb ugger provid e 
as muc h useful information as possib le that might help the programmer loc ate 
errors.  T his c an b e d one b y k eeping the user aw are of spec ific  goings on as the 
program ex ec utes w ith monitoring id eas gleaned  from the realm of notific ation 
systems [ 2 2 ] . 

V isual d eb uggers have a d istinc t ad vantage over tex t-b ased  d eb uggers at b eing 
ab le to visually assist users in id entifying errors in d ata struc tures, w hic h lead s 
ultimately to id entifying errors in the c od e.  O ne w ay that a visual d eb ugger might 
d o this w as alread y d isc ussed  in c onj unc tion w ith graphic al representation of 
numeric al d ata.  B eing ab le to spot irregularities in a sorted  link ed  list c an lead  a 
programmer to a b ug in the c od e that might otherw ise have b een more d iffic ult 
to find . 

A nother ad vantage on w hic h visual d eb uggers should  c apitalize is that of 
notific ation of c hanges in the state of the und erlying d ata struc ture.  A  stud y 
show s that programmers c an more q uic k ly find  and  resolve referenc e-related  
b ugs (lik e those in d ata struc tures) w hen given immed iate feed b ac k  [ 8 ] .  I f the 
value of a c ertain nod e c hanges, the user should  b e notified  ab out that c hange so 
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that he or she c an verify that the c hange w as c onsistent w ith his or her 
ex pec tanc y ab out w hat the program should  b e d oing. 

 Figure 3 7 :  V D B 2 ,  s h o w in g a  n ew  n o d e a n d  
s ev era l  m o d if ied  v a ria b l es  

 Figure 3 8 :  V D B 2 ,  s h o w in g a  d el et ed  n o d e 

V DB 2  provid es notific ation of several events.  W hen a new  ob j ec t has b een 
alloc ated  to the heap sinc e the last b reak point, its nod e’ s title b ar appears green to 
inform the user thereof (F igure 3 7 ).  W hen a value in an ob j ec t c hanges, its lab el 
b ec omes yellow  (F igure 3 7 ).  Deleted  nod es appear in b lac k  (F igure 3 8 ). 

I n ad d ition to these stand ard  notific ations, w hic h may or may not ind ic ate errors, 
V DB 2  also informs the user of c onfirmed  (as opposed  to potential) errors suc h 
as memory leak s or d angling pointers.  F igure 3 9  show s V DB 2  visualizing a 
program that has j ust c hanged  the “ root”  pointer to an erroneous value.  T he 
nod e that the pointer had  originally b een pointing to is now  inac c essib le b y the 
program, the d efinition of a memory leak .  V DB 2  mark s the nod e in a notic eab le 
red  to assure that the user is alerted  ab out the memory leak  c reated  b y his 
program.   

I n ad d ition to the memory leak , the “ root”  pointer is now  a d angling pointer 
b ec ause it d oes not point to a valid  N od e ob j ec t;  further d ereferenc es of the 
“ root”  pointer w ill result in either unpred ic tab le results or a segmentation fault.  
V DB 2  alerts the user of this d angerous situation b y highlighting the faulty ad d ress 
in red  tex t. 
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 Figure 3 9 :  V D B 2 ,  s h o w in g a  m em o ry  l ea k  a n d  a  
d a n gl in g p o in t er.  

N otific ation of state c hanges in the d ata struc ture is useful in assisting a 
programmer in find ing possib le errors, b ut notific ation ab out memory leak s and  
d angling pointers means that V DB 2  has d isc overed  on its ow n errors in the 
program.  E very programmer has forgotten to free memory after it is no longer 
b eing used .  V DB 2  c an help that programmer mak e sure that this mistak e is 
found  as easily and  as q uic k ly as possib le. 

U sing F oc us+ C ontex t may req uire spec ial c ases to hand le notific ation of an 
ob j ec t that is in foc us and  an ob j ec t that is not in foc us.  F or ex ample, w hen a 
nod e in the DS V  is not in foc us, it hid es less-important memb er variab les to save 
spac e, b ut w hat happens if one of those less-important memb er variab les 
c hanges?   V isual notific ation of that memb er variab le w ould  req uire either putting 
the nod e in foc us, at least to the point that the mod ified  memb er variab le is 
visib le, or notifying the user in another w ay, suc h as highlighting the nod e that 
c ontains the memb er variab le.  P erhaps, how ever, the “ less-important”  status of 
the memb er variab le w arrants that the notific ation not oc c ur at all. 

N ow , Gary gets instant notific ation w henever any c hange oc c urs in his d ata 
struc ture.  O nc e-unnotic eab le c hanges are now  signaled  to him on a more 
notic eab le sc ale.  A s soon as the 8 0  and  8 8  are sw apped , Gary notic es the c hange 
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and  that it goes against his ex pec tations, w hic h lead s to the investigation and  
eventual solution of the c ausal b ug. 

3.8   S um m ar y  

T he goal of any d eb ugger should  b e to assist the programmer in loc ating b ugs 
and  fix ing them.  T here are many d ifferent w ays to d o this, and  several of them 
lie in the field  of information visualization, spec ific ally w hen applied  to a visual 
d eb ugger. 

B ugs in c od e often prod uc e b ugs in the d ata struc tures that they use.  I f the 
negative effec ts on these d ata struc tures c an b e id entified , their c auses c an b e 
trac ed  b ac k  to the b ugs in the c od e.  T herefore, visual d eb uggers c arry the 
ad d itional responsib ility of helping the programmer loc ate errors in their d ata 
struc tures.  T his c an b e d one b y notifying the user of important events, suc h as 
w hen a variab le c hanges or w hen a pointer b ec omes invalid .  I t c an b e d one b y 
mak ing it easier for the programmer to id entify errors through use of graphic al 
representation of d ata values. 

I t c an b e d one b y provid ing the user w ith a more flex ib le visualization 
environment;  a visualization environment that allow s the programmer to see as 
muc h of the d ata struc ture as is nec essary, via Z oom and  P an, O verview + Detail, 
or F oc us+ C ontex t;  a visualization environment that allow s the programmer to 
reorganize the d isplay w ithout fear of d isorganizing it forever, or to mod ify their 
d ata struc ture d irec tly simply b y mak ing c hanges in the visualization, via d irec t 
manipulation and  layouts. 

B y helping the user find  errors in d ata struc tures, information visualization 
tec hniq ues allow  the visual d eb ugger to b etter assist the programmer in loc ating 
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and  fix ing errors in the und erlying c od e, w hic h saves time, money, and  
maintenanc e. 
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C h a p t e r  4  

C H A P T E R  4: V I S U A L  DE B U GGE R  2 .0  

A s proof of c onc ept, the V isual Deb ugger 2 .0  represents a c omplete 
implementation of all seven of the information visualization id eas presented  in 
the previous c hapter.  W hile some of the implementation may b e inc omplete and  
relatively b asic  in some respec ts, and  there are still outstand ing issues that need  to 
b e resolved , V DB 2  at least provid es func tionality for the id eas, and  the issues c an 
b e resolved  w ith mod erate w ork . 

 Figure 4 0 :  T h e V is ua l  D eb ugger 2 . 0  M a in  D is p l a y  

N ot to b e c onfused  w ith the j ava-b ased  Data S truc ture V isualizer program, the 
main w ind ow  of V DB 2  is c alled  the Data S truc ture V isualizer w ind ow  (F igure 
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40 ).  I nsid e this main w ind ow , the V DB 2  interfac e is b ased  on the c onc ept of the 
“ d eb ug view ,”  w hic h is a single view  of the d ata struc tures that the user is 
d eb ugging.  I n the main w ind ow , the user c an c reate as many d eb ug view s as he 
or she d esires, w ith the c apab ility to move and  mod ify the properties of eac h one.  
E ac h d eb ug view  may foc us on a d ifferent sec tion of the d ata struc tures, b ut all 
d eb ug view s represent w ind ow s into the same d ata struc tures. 

Graphic al value representation is implemented  in the form of various d ata d isplay 
mod es.  A t any one time, a given d eb ug view  may b e in one of three mod es: tex t, 
b ar, or c olor.  W hen in tex t mod e (F igure 41 ), all d ata is represented  b y tex tual 
representation.  T hat is, strings appear as strings of c harac ters and  numeric al d ata 
appear as strings of numb ers.  W hen in b ar mod e (F igure 42 ), numeric al d ata is 
represented  b y c olored  b ars of varying sizes, w here c olor represents the memb er 
variab le name and  the size of the b ar represents the magnitud e of the value 
relative to the minimum and  max imum of the other values found  in instanc es of 
that variab le name.  C olor mod e (F igure 43 ) is lik e b ar mod e, ex c ept that the b ars 
all are all full-size, instanc es of the same variab le name are c olored  w ith the same 
hue, and  intensity of the c olor ind ic ates relative magnitud e of the numb er.  E ac h 
d eb ug view  may have its ow n d isplay mod e, so all three mod es c ould  c onc eivab ly 
b e visib le at one time. 

 Figure 4 1 :  V D B 2  in  t ex t  m o d e 
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 Figure 4 2 :  V D B 2  in  b a r m o d e 

 Figure 4 3 :  V D B 2  in  c o l o r m o d e 

Z ooming in V DB 2  is inherited  from the Data S truc ture V isualizer, allow ing the 
user to zoom eac h d eb ug view  arb itrarily in (F igure 44) and  out (F igure 45). 

 Figure 4 4 :  V D B 2  z o o m ed  in   Figure 4 5 :  V D B 2  z o o m ed  o ut  
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V DB 2  provid es O verview + C ontex t in the same w ay that the DS V  d id .  T he 
c apab ility to zoom c omb ined  w ith the c apac ity for multiple view s allow s the user 
to c reate their ow n c ustom O verview + Detail d isplays.  F or ex ample, the d eb ug 
view s in F igure 45 and  F igure 44 c ould  have represented  the overview  and  d etail 
view s, respec tively. 

F oc us+ C ontex t in V DB 2  (F igure 46 ) is implemented  lik e it is in the Data 
S truc ture V isualizer, ex c ept that memb er variab le names are only inc lud ed  in 
d etail mod e.  U se of the b ar or c olor visualization mod es inc reases the ab ility of 
the user to d istinguish b etw een related  memb er variab les, b ec ause they are 
c olored  w ith the same hue.  A s in the DS V , foc us for a nod e is ac hieved  w hen 
the mouse is pointing over the nod e, and  the foc us c an b e held  b y c lic k ing on the 
nod e.  F urther c lic k ing of the nod e results in foc us of that nod e’ s referenc e 
parents and  c hild ren, and  those nod es’  parents and  c hild ren, etc .  R ight-c lic k ing 
on the nod e retrac ts this “ field  of foc us”  level b y level. 

 Figure 4 6 :  V D B 2  w it h  Fo c us + C o n t ex t  

T he d efault layout algorithm of V DB 2  is a variation of the layering method , 
ad apted  to go from left-to-right to easily ad apt to d ifferenc es in nod e sizes (the 
heights may vary, d ue to the numb er of memb er variab les in an ob j ec t, b ut the 
w id ths of all foc used  nod es are the same, and  the w id ths of all non-foc used  nod es 
are the same).  I n ad d ition to the d efault layout algorithm, tw o applic ation-
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spec ific  layout algorithms are inc lud ed  (for link ed  lists and  trees), w ith the 
c apab ility to ad d  user-d efined  layout algorithms.  T he layout is upd ated  
d ynamic ally after eac h b reak  in the ex ec ution, though this automatic  layout 
feature c an b e d isab led  at the user’ s leisure.  T here is c urrently no spec ific  support 
for inc orporating F oc us+ C ontex t d ynamic s in the layout algorithm. 

V isual notific ation for several ex ec ution events is inc lud ed  in V DB 2 .  S pec ific ally, 
the follow ing events are signaled  to the user: 

1 . N ew  ob j ec t instantiated : green nod e title b ar (F igure 47 ) 
2 . V ariab le mod ified : yellow  variab le name lab el (F igure 47 ) 
3 . O b j ec t d eleted : b lac k  nod e title b ar (F igure 48 ) 
4. M emory leak : red  nod e title b ar (F igure 49 ) 
5. Dangling pointer: red  pointer value (F igure 49 ) 

 Figure 4 7 :  V D B 2 ,  s h o w in g a  n ew  n o d e a n d  
s ev era l  m o d if ied  v a ria b l es  

 Figure 4 8 :  V D B 2 ,  s h o w in g a  d el et ed  n o d e 

 Figure 4 9 :  V D B 2 ,  s h o w in g a  m em o ry  l ea k  a n d  a  
d a n gl in g p o in t er.  
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A s is evid ent b y these features, V DB 2  hopes to b e a b etter visual d eb ugger than 
its c ompetitors b y inc lud ing many more information visualization c onc epts than 
its c ompetitors.  M ore importantly, the d evelopment of V DB 2  has proven that 
suc h c onc epts c an b e inc lud ed  in new  visual d eb uggers or even ad d ed  to ex isting 
visual d eb uggers w ithout reinventing the w heel.  I n the c ase of V DB 2 , using the 
M ic rosoft V isual S tud io .N et Deb ugger as the und erlying tex t-b ased  d eb ugger—
instead  of w riting a b rand  new  d eb ugger or re-implementing the features of 
one—allow ed  a single programmer to b uild  a highly func tional information 
visualization-b ased  visual d eb ugger in less than a year. 
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C h a p t e r  5  

C H A P T E R  5: V I S U A L  DE B U GGI N G S O F T W A R E  A R C H I T E C T U R E  

B uild ing a visual d eb ugger is inherently more d iffic ult than b uild ing a stand ard  
tex t-b ased  d eb ugger.  W ith a tex t-b ased  d eb ugger, he user generally provid es all 
of the nec essary information ab out w hat ex ac tly is need ed  from the d eb ugger.  
F or ex ample, if a user w ants to k now  the value of variab le myInteger, the user 
tel l s the d ebug g er w ha t the v a ri a bl e i s a n d  ho w  to  f i n d  i t.  T he d ebug g er retri ev es 
the v a l ue f ro m  the c o m p uter’ s m em o ry  a n d  return s i t to  the user. 

W i th v i sua l  d ebug g i n g , a  m a j o r g o a l  i s to  d i sp l a y  the d a ta  struc ture i n  i ts en ti rety , 
a n d  i t i s f a r to o  ted i o us a  ta sk  to  a sk  the user to  p ro v i d e the n a m es a n d  l o c a ti o n s 
o f  a l l  o f  the v a ri a bl es i n  hi s o r her d a ta  struc ture, esp ec i a l l y  c o n si d eri n g  tha t the 
n um ber o f  v a ri a bl es i n c rea ses a s the d a ta  struc ture g ro w s.  I t i s up  to  the v i sua l  
d ebug g er to  ex p l o re a n d  d i sc o v er a s m uc h o f  the d a ta  struc ture a s i s p o ssi bl e, 
w i th a s l i ttl e user i n terv en ti o n  a s p o ssi bl e.  H o w  thi s i s d o n e v a ri es f ro m  d ebug g er 
to  d ebug g er.   

S o m e v i sua l  d ebug g ers rel y  o n  un d erl y i n g  d ebug g ers tex t-ba sed  d ebug g ers, suc h 
a s g d b, w hi c h a re a l rea d y  g rea t a t retri ev i n g  v a l ues f ro m  m em o ry .  B o th v ersi o n s 
o f  the V i sua l  D ebug g er a re bui l t a ro un d  the M i c ro so f t V i sua l  S tud i o  sui te o f  
d ev el o p m en t en v i ro n m en ts. 

5.1  General Implementation Issues 

T here a re v a ri o us p i ec es o f  i n f o rm a ti o n  to  w hi c h a  v i sua l  d ebug g er sho ul d  ha v e 
a c c ess i n  o rd er to  bui l d  a  usef ul  v i sua l  rep resen ta ti o n  o f  a  d a ta  struc ture. 
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• P ro g ra m  sta c k  d a ta :  v a ri a bl es o n  the d ebug g ed  p ro g ra m ’ s sta c k  a n d  thei r 
v a l ues. 

• H ea p  d a ta :  v a ri a bl es a l l o c a ted  o n  the hea p  a n d  thei r v a l ues. 
• C l a ss struc ture:  the p i ec es o f  user-d ef i n ed  c l a sses tha t m a k e up  the d a ta  

m em bers o f  a n  o bj ec t. 

I n  g en era l , a  v i sua l  d ebug g er m ust ha v e a c c ess to  a l l  o f  thi s p ro g ra m  d a ta  i n  o rd er 
to  d i sp l a y  usef ul  v i sua l  i n f o rm a ti o n  a bo ut a  run n i n g  p ro g ra m .  T y p i c a l l y , the 
ea si est w a y  to  d o  thi s i s to  use a n  un d erl y i n g  tex t-ba sed  d ebug g er tha t i s a l rea d y  
set up  to  d ebug  p ro g ra m s.  I n  m o st c a ses, the d ebug g ed  p ro g ra m  m ust be 
c o m p i l ed  w i th d ebug g i n g  i n f o rm a ti o n  tha t a l l o w s the d ebug g er to o l  to  q uery  
c erta i n  i n f o rm a ti o n  suc h a s the n a m es o f  v a ri a bl es, w hi c h a re n o t sto red  i n  
sta n d a rd  bi n a ry  ex ec uta bl es. 

U si n g  a n  un d erl y i n g  tex t-ba sed  d ebug g er a l l o w s the v i sua l  d ebug g er to  m a i n ta i n  
a l l  o f  the f ea tures o f  a  tex t-ba sed  d ebug g er.  A l l  tha t rem a i n s, then , i s d eterm i n i n g  
ho w  to  ex tra c t—thro ug h the tex t-ba sed  d ebug g er—a l l  o f  the i n f o rm a ti o n  tha t i s 
n eed ed  to  c o n struc t a  usef ul  v i sua l  rep resen ta ti o n  o f  the d a ta  struc ture.  I f  the 
n ec essa ry  i n f o rm a ti o n  c a n n o t be ex tra c ted  thro ug h the tex t-ba sed  d ebug g er, then  
a n  a l tern a te m ea n s o f  ex tra c ti n g  the i n f o rm a ti o n  m ust be d ev i sed , w hi c h m a y  
i n v o l v e d i rec t m a n i p ul a ti o n  o f  the bi n a ry  i m a g e a n d  w i l l  g en era l l y  req ui re m uc h 
g rea ter i n v o l v em en t a n d  ef f o rt.  F o rtun a tel y , a  tex t-ba sed  d ebug g er w i l l  g en era l l y  
be suf f i c i en t. 

A t so m e p o i n t d uri n g  the ex ec uti o n  o f  the p ro g ra m  bei n g  d ebug g ed , i n f o rm a ti o n  
w i l l  n eed  to  be q ueri ed  f ro m  the tex t-ba sed  d ebug g er i n  o rd er to  bui l d  the v i sua l  
rep resen ta ti o n .  T hi s m a y  ha p p en , f o r ex a m p l e, w hen  so m ethi n g  c ha n g es i n  the 
p ro g ra m  i m a g e, req ui ri n g  a n  up d a te i n  the v i sua l  d ebug g er.  T hi s up d a te c a n  
o c c ur o n  a  c o n ti n ua l  rec urri n g  ba si s, a ssum i n g  d a ta  c a n  be ex tra c ted  f ro m  the 
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p ro g ra m  i m a g e d uri n g  ex ec uti o n ;  thi s m etho d  a l l o w s rea l -ti m e v i sua l i z a ti o n s to  be 
p ro v i d ed  to  the p ro g ra m m er, but w i l l  sev erel y  sl o w  the ex ec uti o n  o f  the p ro g ra m  
si n c e the v i sua l  d ebug g er i s usi n g  a s m uc h C P U  c y c l es a s i t c a n  g et.  I t m a y  
theref o re be m o re a p p ro p ri a te to  up d a te o n l y  w hen  the user w a n ts a n  up d a te, v i a  
p ush-butto n , i n term i tten t, o r brea k p o i n t-tri g g ered  up d a te.  V D B , D S V , a n d  
V D B 2  a l l  up d a te w hen  a  brea k p o i n t i s rea c hed .  A  brea k p o i n t i n  v i sua l  d ebug g i n g  
i s a n a l o g o us to  tha t i n  tex t-ba sed  d ebug g i n g —w hen  the g i v en  l i n e o f  c o d e i s 
rea c hed  d uri n g  ex ec uti o n , the p ro g ra m  i s sto p p ed  tem p o ra ri l y  un ti l  the 
p ro g ra m m er resum es ex ec uti o n .  W hen  a  brea k p o i n t i s rea c hed , a n  up d a te 
o c c urs. 

D ep en d i n g  o n  the n a ture o f  the v i sua l  d ebug g er, a n  up d a te retri ev es o n l y  a s 
m uc h i n f o rm a ti o n  a s i t n eed s.  I n  the c a se o f  the o ri g i n a l  V D B , the user p ro v i d ed  
V D B  w i th a l l  o f  the d a ta  tha t w a s to  be c o l l ec ted , sp ec i f i c a l l y  w i th resp ec t to  
i n f o rm a ti o n  o n  the sta c k .  T he V D B 2 , o n  the o ther ha n d , uses i ts un d erl y i n g  
d ebug g er to  q uery  a l l  o f  the d a ta  i n  the p ro g ra m  sta c k , p ro v i d i n g  i n sta n t a c c ess to  
ev ery  v a ri a bl e i n  the p ro g ra m  sta c k .  G i v en  a c c ess to  a  tex t-ba sed  d ebug g er, the 
v a l ues o f  the sta c k  v a ri a bl es c a n  ea si l y  be q ueri ed .  P o i n ters to  p ri m i ti v e d a ta  
ty p es—suc h a s i n teg ers o r f l o a ti n g  p o i n t n um bers—c a n  ea si l y  be reso l v ed  by  
f o l l o w i n g  the p o i n ter, a sk i n g  the tex t-ba sed  d ebug g er f o r the v a l ue o f  the d a ta  a t 
the g i v en  a d d ress.  D i f f i c ul ti es a ri se w hen  n o n -p ri m i ti v e o bj ec ts a re i n v o l v ed . 

W hen  a n  o bj ec t o r a  p o i n ter to  a n  o bj ec t i s en c o un tered , then  i f  the v i sua l  
d ebug g er i s i n terested  i n  p ro v i d i n g  i n f o rm a ti o n  a bo ut the c o n ten ts o f  the o bj ec t, 
then  the v i sua l  d ebug g er m ust d eterm i n e the m em o ry  struc ture o f  the o bj ec t i n  
o rd er to  q uery  the tex t-ba sed  d ebug g er a bo ut the v a l ues o f  the m em ber v a ri a bl es 
o f  the o bj ec t.  I n  so m e c a ses, thi s m a y  req ui re q uery i n g  the user a bo ut the 
struc ture o f  thei r d a ta  struc tures.  U si n g  a  m o re so p hi sti c a ted  un d erl y i n g  tex t-
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ba sed  d ebug g er, ho w ev er, the v i sua l  d ebug g er m a y  be a bl e to  q uery  the tex t-
ba sed  d ebug g er a bo ut the struc ture o f  the o bj ec t.   

A s the struc ture o f  the o bj ec t i s ex p l o red , m o re o bj ec ts o r p o i n ters to  o bj ec ts 
m a y  be d i sc o v ered  em bed d ed  w i thi n  the o bj ec t.  D ep en d i n g  o n  ho w  d eep  the 
v i sua l  d ebug g er c ho o ses to  g o , rec ursi o n  c a n  be used  to  f urther ex p l o re the 
d ep ths o f  the d a ta  struc ture.  C a re m ust be ta k en  tha t i n f i n i te l o o p s d o  n o t o c c ur 
i n  the surv ey  o f  d a ta  struc tures tha t i n c l ud e c y c l es, suc h a s c i rc ul a r l i n k ed  l i sts.  
T hi s c a n  ea si l y  be ha n d l ed  by  m a rk i n g  n o d es a s v i si ted .  U l ti m a tel y , the p ro c ess 
a m o un ts to  ei ther a  brea d th-f i rst o r d ep th-f i rst sea rc h, the c ho i c e o f  w hi c h 
d ep en d s o n  the p ref eren c e o f  the d ev el o p er o f  the v i sua l  d ebug g er. 

H o w  d eep  the d a ta  struc ture i s tra v ersed  i s d ep en d en t o n  the i n ten ti o n  o f  the 
v i sua l  d ebug g er.  F o r ex a m p l e, a  sha l l o w  sc a n  o f  a  d a ta  struc ture m i g ht p ro v i d e a  
usef ul  i n i ti a l  o v erv i ew  o f  the sha l l o w  p a rts o f  a  d a ta  struc ture, w here c erta i n  
bra n c hes c o ul d  be ex p l o red  i n  d eta i l , i n  f urther d ep th. 

A s ea c h o bj ec t i s en c o un tered , the v i sua l  d ebug g er m ust sto re i n f o rm a ti o n  a bo ut 
i t a s i t i s c o l l ec ted  f ro m  the un d erl y i n g  tex t-ba sed  d ebug g er.  T hi s i n f o rm a ti o n  
c a n  be sto red  i n  a  g ra p h struc ture tha t v ery  n ea rl y  m i rro rs the struc ture o f  the 
user’ s d a ta  struc ture.  T he resul t i s tw o  d a ta  struc tures:  the user’s d a ta  struc ture 
a n d  the v i sua l  d eb ug g er’s d a ta  struc ture.  T he o bj ec ts i n  ei ther d a ta  struc ture a re a l so  
ref erred  to  a s nod es.  T he v i sua l  d ebug g er’ s m em o ry  req ui rem en ts ex p a n d  w i th 
the si z e o f  the user’ s d a ta  struc tures, a n d  the up d a te p ro c ess c a n  g en era l l y  be 
c o m p l eted  i n  O ( n)  f o r n p ri m i ti v es a n d  o bj ec ts i n  the user’ s d a ta  struc tures. 

A n  up d a te a m o un ts to  c o l l ec ti n g  i n f o rm a ti o n  a bo ut the c urren t sta te o f  the user’ s 
p ro g ra m  a n d  c o m p a ri n g  i t to  the sta te rec o rd ed  a t the ti m e o f  the l a st up d a te.  
W hen  a  n o d e i n  the v i sua l  d ebug g er’ s d a ta  struc ture c o rresp o n d s to  a  n o d e i n  the 
user’ s d a ta  struc ture tha t i s n o  l o n g er rea c hed  d uri n g  a n  up d a te ( ea si l y  f o un d  by  
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c o l l ec ti n g  the n o d es tha t ha v e n o t been  m a rk ed  a s v i si ted ), then  o n e o f  tw o  c a ses 
o c c urs.   

I f  the v i sua l  d ebug g er i s c o l l ec ti n g  o n l y  p a rti a l  d a ta  ( i .e. by  q uery i n g  the user a s 
V D B  d o es), then  there a re three sub-c a ses.  T he n o d e m a y  ha v e been  d el eted  by  
the user’ s c o d e, w hi c h i s a  p erf ec tl y  v a l i d  c a use.  T he n o d e m a y  n o w  be a c c essi bl e 
by  a  d i f f eren t p o i n ter, o n e n o t sp ec i f i ed  by  the user—a n o ther v a l i d  c a use.  
F i n a l l y , the n o d e m a y  n o t be a c c essi bl e by  a n y  p a rt o f  the user’ s c o d e—a  m em o ry  
l ea k .  W hi l e the f i rst tw o  c a ses a re a c c ep ta bl e f o r w o rk i n g  c o d e, i t i s i m p o ssi bl e 
f o r the v i sua l  d ebug g er to  d i sti n g ui sh betw een  the sec o n d  a n d  thi rd  c a se w i tho ut 
ha v i n g  k n o w l ed g e a bo ut a l l  o f  the p o i n ters i n  the d ebug g ed  p ro g ra m .  I f  the f i rst 
c a se c a n  be rul ed  o ut thro ug h d i a l o g ue w i th the tex t-ba sed  d ebug g er, then  i t i s 
sa f est to  f l a g  the n o d e a s a  p o ten ti a l  a n o m a l y , i n f o rm i n g  the user. 

I f  the v i sua l  d ebug g er i s c o l l ec ti n g  a l l  o f  the p ro g ra m  d a ta  i n f o rm a ti o n  a t o n c e, a s 
V D B 2  d o es, then  i f  n o  ref eren c es a re f o un d  p o i n ti n g  to  the n o d e, then  the n o d e 
w a s ei ther p ro p erl y  d el eted  o r i s a  m em o ry  l ea k .  I n  so m e c a ses, thi s c a n  be 
d i sc o v ered  by  q uery i n g  the un d erl y i n g  tex t-ba sed  d ebug g er.  F o r ex a m p l e, the 
M i c ro so f t V i sua l  S tud i o  .N et D ebug g er used  by  V D B 2  i n c l ud es a  m etho d , 
Is V a l i d V a l u e( ) , tha t c a n  be used  to  d eterm i n e w hether a  v a ri a bl e w a s 
p ro p erl y  d el eted . 

W hen  the up d a te i s c o m p l eted , a l l  tha t rem a i n s i s up d a ti n g  the d i sp l a y  to  ref l ec t 
the n ew  d a ta .  W hen  a  user req uests tha t a  v a ri a bl e be m o d i f i ed , then  
f un c ti o n a l i ty  g en era l l y  ex i sts i n  tex t-ba sed  d ebug g ers to  ha n d l e thi s ta sk , but thi s 
i s usua l l y  o n l y  p o ssi bl e f o r v a ri a bl es tha t c a n  be ref eren c ed  by  n a m e ( i .e. v i a  a  
sta c k  f ra m e) o r by  a d d ress.  F o r thi s rea so n , i t i s hel p f ul  to  i n c l ud e the a d d ress o f  
ea c h n o d e i n  the v i sua l  d ebug g er’ s d a ta  struc ture.  A d d resses a re usua l l y  ea sy  to  
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q uery  f ro m  a  tex t-ba sed  d ebug g er, ex c ep t i n  p ro g ra m m i n g  l a n g ua g es tha t d o  n o t 
a c k n o w l ed g e the ex i sten c e o f  c o n c rete, f i x ed  a d d resses ( i .e. J a v a ). 

A n y  o ther sta ti c  user m a n i p ul a ti o n  tha t m a y  o c c ur d uri n g  a  brea k p o i n t sho ul d  be 
i n d ep en d en t o f  the un d erl y i n g  p ro g ra m  d a ta , a ssum i n g  the v i sua l  d ebug g er ha s a l l  
o f  the d a ta  tha t i t n eed s.  F o r ex a m p l e, a  v i sua l  d ebug g er c a n  q uery  i n i ti a l l y  o n l y  
p a rts o f  a  d a ta  struc ture, to  sa v e l o a d i n g  ti m e, but i f  m o re d eta i l  i s req uested  f ro m  
the user, then  the v i sua l  d ebug g er m ust f urther q uery  the tex t-ba sed  d ebug g er i n  
o rd er to  a sc erta i n  the d a ta  tha t the user req uests.  T hese d eta i l s a re, o f  c o urse, 
d ep en d en t o n  the i m p l em en ta ti o n  o f  the v i sua l  d ebug g er. 

5.2  Integ rating  w ith  M ic rosof t V isual C + +  6 .0  D eb ug g er 

I n teg ra ti n g  the o ri g i n a l  V i sua l  D ebug g er w i th M i c ro so f t V i sua l  C + +  6 .0  
D ebug g er ( M S V C + +  D ebug g er) p ro v ed  to  be a  trem en d o us c ha l l en g e.  T he A P I  
f o r the M S V C + +  D ebug g er i s f a r to o  si m p l e to  d o  a n y  seri o us d ebug g i n g  
w i tho ut m a n i p ul a ti n g  a  f ew  f a c to rs. 

C o n n ec ti o n  to  the M S V C + +  D ebug g er i s rel a ti v el y  si m p l e thro ug h the A P I , 
a ssum i n g  the c o n n ec ti n g  p a rty  i s usi n g  a  M i c ro so f t p ro g ra m m i n g  l a n g ua g e, suc h 
a s V i sua l  B a si c , the l a n g ua g e i n  w hi c h the o ri g i n a l  V i sua l  D ebug g er i s d esi g n ed .  
A  si m p l e m etho d  c o n n ec ts the V i sua l  D ebug g er to  the c urren tl y  o p en  p ro j ec t i n  
the M S V C + +  D ebug g er, a  m etho d  tha t i s c a l l ed  w hen  the V i sua l  D ebug g er i s run  
by  the user.  I n  c a se a  p ro j ec t i s n o t o p en  a t the ti m e V D B  i s i n i ti a l i z ed , a  butto n  
i s p ro v i d ed  tha t a l l o w s the user to  m a n ua l l y  c o n n ec t V D B  to  the M S V C + +  
D ebug g er.  C o n n ec ti o n  to  a  p ro j ec t a l l o w s the c o n n ec ti n g  p a rty  to  use the 
f un c ti o n s i n  the M S V C + +  D ebug g er A P I  to  a c c ess i n f o rm a ti o n  a bo ut the 
p ro j ec t. 
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T he m a i n  l i m i ta ti o n  o f  the M S V C + +  D ebug g er i s tha t i t p ro v i d es o n l y  o n e 
f un c ti o n  tha t i s rea l l y  o f  a n y  use.  T he m etho d , G etE x p res s i o n( ) , a l l o w s the 
V i sua l  D ebug g er to  q uery  the v a l ue o f  a n y  v a ri a bl e i n  a n y  c urren t sta c k  f ra m e, 
a ssum i n g  the n a m e o f  the v a ri a bl e a n d  i n  w hi c h sta c k  f ra m e i ts sc o p e l i es i s 
k n o w n  ( see F i g ure 5 0 ).  T he a rg um en t to  G etE x p res s i o n( ) , a  stri n g , i s 
ev a l ua ted  i n  m uc h the sa m e w a y  tha t stri n g s a re ev a l ua ted  usi n g  the M S V C + +  
D ebug g er w a tc h w i n d o w .   

M o st p ri m i ti v e v a l ues a re ea sy  en o ug h to  retri ev e, but a n y  o bj ec ts o f  a n y  c l a ss 
w o ul d  return  o n l y  “ { … } ”  a s the v a l ue ( see F i g ure 5 0 ).  T hi s m a k es i t i m p o ssi bl e 
f o r the V i sua l  D ebug g er to  p erf o rm  a n y  q ueri es a bo ut the sp ec i f i c s o f  a  p a rti c ul a r 
c l a ss o r o bj ec t.  T he o n l y  so l uti o n  a v a i l a bl e i s to  a sk  the user to  p ro v i d e the 
sp ec i f i c s tha t the V i sua l  D ebug g er n eed s a bo ut c l a ss struc ture.  T he v a l ues o f  
m em ber v a ri a bl es o f  o bj ec ts c o ul d  be o bta i n ed , but the n a m es o f  the v a ri a bl es a re 
essen ti a l  f o r thi s ta sk . 

T he f i rst p i ec e o f  i n f o rm a ti o n  n eed ed  i s the n a m e a n d  ty p e o f  a l l  v a ri a bl es o n  the 
sta c k  tha t a re to  be w a tc hed .  F o r ex a m p l e, i f  the user w a n ts to  v i sua l i z e a  tree 
d a ta  struc ture, they  m i g ht ha v e a  T ree c l a ss a n d  c rea te a  n ew  T ree o bj ec t o n  the 
hea p , usi n g  a  p o i n ter ( c a l l ed  tree) o n  the sta c k  to  ref er to  i t.  T he user f i rst g i v es 
the n a m e a n d  ty p e o f  tree. 

I f  the V i sua l  D ebug g er i s n o t a l rea d y  f a m i l i a r w i th o bj ec ts o f  c l a ss T ree, then  i t 
m ust a sk  the user to  d ef i n e the sp ec i f i c s o f  the T ree c l a ss.  T he user n eed  o n l y  
d ef i n e m em bers o f  the c l a ss tha t he o r she i s i n terested  i n  w a tc hi n g  i n  the V i sua l  
D ebug g er d i sp l a y . 
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 Figure 5 0 :  R et riev in g in f o rm a t io n  f ro m  t h e run t im e 

Given t h e nam es  o f  t h e m em b er  var iab l es  o f  a p ar t ic u l ar  c l as s  and  t h e nam e o f  a 
p o int er  (l o c at ed  o n t h e s t ac k ) t o  s u c h  an o b j ec t ,  t h at  o b j ec t ’ s  m em b er  val u es  c an 
t h en b e r et r ieved  b y  p as s ing  t o  GetExpression() a s t r ing  l ik e t h is :   
pointer-> m em b er1  

T h is  val u e c an t h en b e d is p l ay ed  t o  t h e u s er  as  t h e val u e o f  o ne o f  t h e m em b er s  
o f  a c l as s  t h at  is  r ef er enc ed  b y  a p o int er  o n t h e s t ac k .  I f  o ne o f  t h e m em b er s  o f  
t h at  c l as s  is  ano t h er  p o int er  t o  ano t h er  o b j ec t ,  t h en t h e m em b er s  o f  t h at  o b j ec t  
c an b e d er ef er enc ed  in t h e s am e w ay ,  and  s o  o n r ec u r s ivel y  u nt il  N U L L  p o int er s  
ar e r eac h ed .  E ac h  o b j ec t  h as  a s p ec ial  t ex t u al  ad d r es s  t h at  h as  it s  r o o t s  in a s t ac k  
f r am e.  F o r  ex am p l e,  t h e f o l l o w ing  m ig h t  b e t h e t ex t u al  ad d r es s  o f  a l eaf  no d e in 
a b inar y  t r ee:  m y T ree-> root-> l ef t-> l ef t-> rig h t-> l ef t 

A s  an o b j ec t  is  enc o u nt er ed ,  t h e val u es  and  s t at es  o f  it s  m em b er  var iab l es  ar e 
s t o r ed  in a V D B -s id e o b j ec t  in a d at ab as e.  I f  t h e o b j ec t  h as  b een enc o u nt er ed  
b ef o r e,  t h en t h e val u es  ar e u p d at ed .  T o  f ac il it at e l o o k u p  o f  t h es e o b j ec t s ,  a h as h  
t ab l e is  m aint ained  m ap p ing  ad d r es s es  t o  V D B -s id e o b j ec t s .  A d d r es s es  c an b e 
r et r ieved  s im p l y  b y  ins er t ing  an am p er s and  ar o u nd  t h e t ex t u al  ad d r es s  o f  t h e 

V is u al  
D eb u g g er  

H eap  vd b H eap ;  
… 
… 
int  m ain() 
{ 
    int  m y I nt  =  5;  
    … 
    … 
    d o u b l e m y D b l  =  2.0 ;  
    … 
} 

Get E x p r es s io n(vd b H eap ) {…} 

Get E x p r es s io n(m y I nt ) 
5 

Get E x p r es s io n(m y D b l ) 2.0  
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o b j ec t .  T h is  h as h  t ab l e is  es p ec ial l y  im p o r t ant  in p r event ing  V D B  f r o m  g o ing  
int o  an inf init e l o o p  c au s ed  b y  c y c l es  in u s er s ’  d at a s t r u c t u r es . 

T o  k eep  t r ac k  o f  al l o c at ed  and  d eal l o c at ed  o b j ec t s ,  t h e u s er  m u s t  ins er t  a l ine o f  
c o d e t h at  ad d s  # inc l u d e s t at em ent s  f o r  o u r  s p ec ial  o ver l o ad ed  ver s io ns  o f  t h e 
new  and  d el ete o p er at o r s .  A l s o  inc l u d ed  ar e a f ew  V is u al  D eb u g g er  d at a 
s t r u c t u r es  t o  k eep  a d eb u g g ed -p r o g r am -s id e d at ab as e o f  al l  h eap  o b j ec t s .  T h is  
p r o g r am -s id e d at ab as e s t o r es  t h e nam e,  t y p e,  and  ad d r es s  o f  h eap  o b j ec t s  and  c an 
b e r et r ieved  b y  t h e V is u al  B as ic  s id e o f  t h e V is u al  D eb u g g er  b ec au s e t h e nam e 
and  s t r u c t u r e o f  t h e p r o g r am -s id e h eap  is  f ix ed  and  k no w n b y  t h e V is u al  
D eb u g g er  (s ee F ig u r e 50 ).  T h e c o nt ent s  o f  t h e d at ab as e ar e r et r ieved  via 
GetExpression(). 

T h e d at ab as e al l o w s  t h e V is u al  D eb u g g er  t o  k eep  t r ac k  o f  al l  o b j ec t s  c r eat ed  o n 
t h e h eap  u s ing  t h e new  o p er at o r ,  as  w el l  as  any  o b j ec t s  d el et ed  u s ing  t h e d el ete 
o p er at o r .  T h is  is  es p ec ial l y  u s ef u l  in id ent if y ing  m em o r y  l eak s . 

T h is  p r o c es s  p r o vid es  t h e V is u al  D eb u g g er  w it h  al l  o f  t h e es s ent ial  d at a t o  b u il d  a 
r eas o nab l y  inf o r m at ive p ic t u r e o f  a d at a s t r u c t u r e,  as s u m ing  t h e u s er  is  w il l ing  t o  
p u t  in t h e t im e and  ef f o r t  t o  d ef ine t h e s p ec if ic s  o f  t h eir  c l as s es .  A  m o d if ic at io n 
t o  V D B  c o u l d  b e m ad e t o  al l o w  it  t o  p ar s e C + +  h ead er  f il es  and  au t o m at ic al l y  
h ar ves t  t h e nec es s ar y  inf o r m at io n,  b u t  t h is  u nd er t ak ing  r eq u ir es  b u il d ing  a 
r el at ivel y  r o b u s t  C + +  c o d e p ar s er . 

T h e m ain d r aw b ac k  t o  t h is  ap p r o ac h  is  t h e c o s t  in t im e.  T h e 
GetExpression() is  an ex p ens ive f u nc t io n,  t ak ing  u p  t o  s ever al  m il l is ec o nd s  
t o  c o m p l et e d ep end ing  o n t h e s iz e o f  t h e s t r ing  r es p o ns e,  and  t h e q u ant it y  o f  
GetExpression() c al l s  p u t  a t r em end o u s  s t r ain o n t h e V is u al  D eb u g g er ,  
c au s ing  it  t o  t ak e u p  t o  a f ew  s ec o nd s  t o  u p d at e t h e d is p l ay ,  d ep end ing  o n h o w  
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m any  no d es  ar e p r es ent  in t h e s y s t em .  A t  b es t ,  V D B  c an r eas o nab l y  h and l e u p  t o  
50  no d es  b ef o r e t h e p au s e b ec o m es  u nb ear ab l e.  T h e l ac k  o f  ef f ic ienc y  and  t h e 
c u m b er s o m enes s  o f  u s e w er e t h e t w o  l ar g es t  r eas o ns  t o  m o ve aw ay  f r o m  t h e 
M S V C + +  6 .0  D eb u g g er  and  t o w ar d  it s  s u c c es s o r ,  t h e M ic r o s o f t  V is u al  S t u d io  
.N et  D eb u g g er . 

5. 3   I n t e g r a t i n g  w i t h  M i c r o s o f t  V i s u a l  S t u d i o  . N e t  D e b u g g e r  

T h e M ic r o s o f t  V is u al  S t u d io  .N et  D eb u g g er  p r o vid ed  a m u c h  m o r e r o b u s t  and  
ef f ic ient  A P I ,  al l o w ing  t h e V is u al  D eb u g g er  2.0  t o  p r o vid e f as t  and  ac c u r at e 
vis u al  d eb u g g ing  w it h o u t  r eq u ir ing  t h e u s er  t o  ent er  any  inf o r m at io n ab o u t  h is  o r  
h er  d at a s t r u c t u r es . 

T h e m o s t  s ig nif ic ant  c h ang es  in t h e .N et  D eb u g g er  inc l u d e m et h o d s  f o r  
r et r ieving  al l  o f  t h e s t ac k  f r am es  in t h e c u r r ent  s t ac k ,  as  w el l  as  al l  o f  t h e var iab l es  
in eac h  o f  t h o s e s t ac k  f r am es ,  and  t h e new  and  im p r o ved  GetExpression() 
f u nc t io n.  I n ad d it io n t o  val u es ,  t h e GetExpression() f u nc t io n no w  r et u r ns  
t h e t y p e and  al l  o f  t h e d at a m em b er s  o f  t h e q u er ied  var iab l e,  w r ap p ed  u p  neat l y  in 
an Expression o b j ec t .  A l l  o f  t h es e f eat u r es  c r eat e a g r ap h  m ad e u p  o f  t h e 
Expression o b j ec t s  o n t h e s t ac k  f r am es ,  w h ic h  c an c o nt ain r ef er enc es —t h ank s  
t o  t h e d at a m em b er s  t h at  t h e Expression o b j ec t  s u p p l ies —t o  o t h er  
Expression o b j ec t s . 

T h e new  A P I  m ak es  it  eas ier  t o  r et r ieve al l  o f  t h e inf o r m at io n ab o u t  a p r o g r am  
w it h o u t  aw k w ar d  w o r k ar o u nd s .  T h e b ig g es t  is s u e t h en b ec o m es  k eep ing  
u p d at ed . 

A g ain,  a h as h  t ab l e is  u s ed  t o  k eep  t r ac k  o f  o b j ec t s  and  t o  p r event  inf init e l o o p s  
c au s ed  b y  d at a s t r u c t u r es  w it h  c y c l es .  T h e o b j ec t s  in t h e h as h  t ab l e al s o  m ak e u p  
t h e no d es  o f  a g r ap h  t h at  r ep r es ent s  V D B 2’ s  l o c al  c o p y  o f  t h e g r ap h  ind u c ed  b y  
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t h e no d es  o f  t h e d eb u g g ed  d at a s t r u c t u r e.  A t  eac h  b r eak p o int ,  t h e .N et  
D eb u g g er ’ s  g r ap h  o f  Expression o b j ec t s  is  t r aver s ed ,  c o nt inu o u s l y  c o m p ar ing  
t h e .N et  D eb u g g er ’ s  g r ap h  w it h  t h e l o c al  g r ap h  m aint ained  b y  V D B 2.  N ew  
no d es  in t h e .N et  D eb u g g er ’ s  g r ap h  ar e ad d ed  t o  V D B 2’ s  g r ap h ,  and  c h ang es  in 
any  o f  t h e no d es  in t h e .N et  D eb u g g er ’ s  g r ap h  ar e r ef l ec t ed  in V D B 2’ s  ver s io n.  
T h e ent ir e u p d at e al g o r it h m  (F ig u r e 51 ) is  c o m p l et ed  in l inear  t im e w it h  r es p ec t  
t o  t h e nu m b er  o f  E x p r es s io n o b j ec t s  t h at  ar e b eing  m o nit o r ed  b y  V D B 2,  w h ic h  
is  d ef ined  in p ar t  b y  t h e s u m  o f  t h e nu m b er  o f  var iab l es  o n t h e s t ac k  and  t h e 
nu m b er  o f  var iab l es  al l o c at ed  o n t h e h eap .   

 Figure 5 1 :  R o ugh  p s eud o c o d e o f  t h e up d a t e a l go rit h m  

Procedure Update 
 F or each  n ode n  i n  l i s t of  n odes  
  M ark  n  as  un v i s i ted 
 E n d F or 
 F or each  S tack  F ram e f  i n  th e run ti m e 
  F or each  S tack  V ari ab l e v  i n  f  
   R un  UpdateR ecurs i v e on  v  
  E n d F or 
 E n d F or 
 F or each  n ode n  i n  l i s t of  n odes  
  I f  n  i s  m ark ed as  un v i s i ted 
   A s s ure th at n  w as  properl y  del eted 
    (otherwise, inform user of memory lea k )  
  E nd  I f 
 E nd  F or 
E nd  P roc ed ure 
 
P roc ed ure U p d a teR ec ursiv e on a  V a ria b le v :  
 C hec k  if v a lue of v  is new or c ha ng ed  
 I f v  is not in our list of nod es 
    A d d  v  to our list of nod es 
 E nd  I f 
 I f v  is a  c la ss 
 T hen 
  M a rk  v  a s v isited  
  F or ea c h D a ta  M emb er m in v  
   R un U p d a teR ec ursiv e on m 
  E nd  F or 
 E nd  I f 
E nd  P roc ed ure 
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A n  u p d a t e  i s  p e r fo r m e d  e v e r y  t i m e  t h e  .N e t  De b u g g e r  e n t e r s  B r e a k  m o d e ,  w h i c h  
i n c l u d e s  b r e a k s  c a u s e d  e i t h e r  b y  b r e a k p o i n t s  i n  t h e  c o d e  o r  b y  t h e  u s e r  s t e p p i n g  
t h r o u g h  t h e  c o d e  l i n e  b y  l i n e .  I t  m a y  b e  p o s s i b l e  t o  k e e p  t h e  g r a p h  u p d a t e d  e v e n  
w h e n  t h e  .N e t  De b u g g e r  i s  n o t  i n  B r e a k  m o d e ,  b u t  i t  w a s  d e c i d e d  e a r l y  t h a t  s u c h  
a  s t r a t e g y  w o u l d  c o n s u m e  t o o  m a n y  C P U  c y c l e s  a n d  c o u l d  n o t  b e  p r a c t i c a l l y  u s e d  
b y  t h e  p r o g r a m m e r . 

I f,  d u r i n g  t h e  u p d a t e  p r o c e s s ,  a n y  o f t h e  n o d e s  i n  V DB 2 ’ s  g r a p h  w a s  n o t  v i s i t e d ,  
t h e n  t h a t  n o d e  i s  n o  l o n g e r  a c c e s s i b l e  b y  t h e  p r o g r a m .  B e fo r e  l a b e l i n g  t h e  n o d e  a  
m e m o r y  l e a k ,  h o w e v e r ,  V DB 2  m u s t  d e t e r m i n e  w h e t h e r  o r  n o t  t h e  n o d e  w a s  
p r o p e r l y  d e l e t e d .  A  b o o l e a n  fu n c t i o n  i n  t h e  Expression o b j e c t  c a l l e d  
I sV a l id V a l u e( )  h e l p s  i n  d e c i d i n g  t h a t .  T h i s  s a m e  fu n c t i o n  c a n  b e  u s e d  t o  
i d e n t i fy  w h e t h e r  p o i n t e r s  p o i n t  t o  v a l i d  d a t a ,  w h i c h  c a n  a i d e  i n  t h e  d i s c o v e r y  o f 
d a n g l i n g  p o i n t e r s . 

A l r e a d y ,  t h e  .N e t  De b u g g e r  p r o v i d e s  V DB 2  w i t h  m o r e  i n fo r m a t i o n  t h a n  w a s  
a v a i l a b l e  t o  t h e  o r i g i n a l  V i s u a l  De b u g g e r  t h r o u g h  t h e  M S V C + +  De b u g g e r ,  a t  a  
fr a c t i o n  o f t h e  e ffo r t . 

N e w  t o  t h e  .N e t  s e r i e s  o f M i c r o s o ft  i n 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 s  i s  t h e  
c o n c e p t  o f t h e  .N e t  De b u g g e r  A d d -I n .  A n y  s o ft w a r e  t o o l  c a n  b e  d e v e l o p e d  a s  a  
.N e t  De b u g g e r  A d d -I n ,  a l l o w i n g  i t  t o  b e  a c c e s s e d  d i r e c t l y  t h r o u g h  t h e  .N e t  
De b u g g e r .  I n s t e a d  o f o p e n i n g  t h e  .N e t  De b u g g e r  a n d  t h e  V i s u a l  De b u g g e r  2 .0  
s e p a r a t e l y ,  t h e r e  i s  a  m e n u  i t e m  i n  t h e  .N e t  De b u g g e r  m e n u  t h a t  a l l o w s  d i r e c t  
a c c e s s  t o  V DB 2 .  T h i s  i s  m u c h  m o r e  c o n v e n i e n t  fo r  t h e  u s e r  a n d  a l l o w s  V DB 2  t o  
r e g i s t e r  i t s e l f t o  r e c e i v e  e v e n t s  fr o m  t h e  .N e t  De b u g g e r ,  s u c h  a s  t h o s e  t h a t  o c c u r  
w h e n  t h e  u s e r ’ s  p r o g r a m  a r r i v e s  a t  a  b r e a k p o i n t  o r  a s  t h e  u s e r  s t e p s  t h r o u g h  t h e  
p r o g r a m  c o d e . 
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T h e  .N e t  De b u g g e r  s t i l l  l a c k s  a  m e t h o d  o f d i s t i n g u i s h i n g  b e t w e e n  w h e t h e r  a  
p o i n t e r  p o i n t s  t o  a  s i n g l e  o b j e c t  o r  a n  a r r a y  o f o b j e c t s .  O v e r r i d d e n  new  a n d  
d el et e o p e r a t o r s  l i k e  t h o s e  u s e d  i n  t h e  o r i g i n a l  V i s u a l  De b u g g e r  m a y  b e  u s e d  t o  
m o n i t o r  t h i s  t y p e  o f i n fo r m a t i o n ,  b u t  i t  s e e m s  p e r fe c t l y  r e a s o n a b l e  t h a t  a  
d e b u g g e r  l i k e  t h e  .N e t  De b u g g e r  k e e p  t r a c k  o f t h a t  i n fo r m a t i o n . 

T h e  d i r e c t  a c c e s s  a n d  t h e  u s e  o f V i s u a l  C #  i n s t e a d  o f V i s u a l  B a s i c  h a v e  a l s o  
g r e a t l y  i n c r e a s e d  t h e  e ffi c i e n c y  o f t h e  t o o l .  U p d a t e  t i m e  i s  n o w  n e g l i g i b l e  e v e n  a s  
t h e  n u m b e r  o f n o d e s  i n  t h e  s y s t e m  e x c e e d s  h e  u p p e r  l i m i t  o f w h a t  t h e  o r i g i n a l  
V i s u a l  De b u g g e r  c o u l d  r e a s o n a b l y  h a n d l e . 

5.4  M o d e l -V i e w -C o n t r o l l e r  ( M V C )  

T h e  M o d e l -V i e w -C o n t r o l l e r  s o ft w a r e  a r c h i t e c t u r e  fo c u s e s  o n  s e p a r a t i n g  t h e  d a t a  
m o d e l ,  t h e  v i e w  o r  v i e w s  o f t h a t  d a t a  m o d e l ,  a n d  t h e  c o n t r o l  o f t h a t  d a t a  a n d  t h e  
v i e w s . 

T o  p r o v i d e  t h e  u s e r  w i t h  m u l t i p l e ,  c o o r d i n a t e d  v i e w s  s u c h  a s  t h o s e  i n  t h e  Da t a  
S t r u c t u r e  V i s u a l i z e r  a n d  t h e  V i s u a l  De b u g g e r  2 .0 ,  t h e  M o d e l -V i e w -C o n t r o l l e r  
a r c h i t e c t u r e  i s  t h e  m o s t  a p p r o p r i a t e  a r c h i t e c t u r e  t o  u s e .  I t  p r e v e n t s  u n n e c e s s a r y  
d a t a  d u p l i c a t i o n  w h i l e  s t i l l  p r o v i d i n g  t h e  u s e r  t h e  fl e x i b i l i t y  o f m u l t i p l e ,  
i n d e p e n d e n t  d i s p l a y s . 

S p e c i fi c a l l y ,  a  s i n g l e  d a t a  s t r u c t u r e  i s  m a i n t a i n e d  t h a t  r e fl e c t s  t h e  d a t a  i n  t h e  u s e r ’ s  
d a t a  s t r u c t u r e ,  r e t r i e v e d  t h r o u g h  a n  u n d e r l y i n g  d e b u g g e r  ( i n  V DB 2 ’ s  c a s e ,  t h e  
M i c r o s o ft  V i s u a l  S t u d i o  .N e t  De b u g g e r ) .  T h e  o b j e c t s  c o n t a i n i n g  t h i s  d a t a  
s t r u c t u r e  i n fo r m a t i o n  i n c l u d e s  h o o k s  fo r  n o t i fi c a t i o n  a b o u t  c h a n g e s  i n  t h e  
c o r r e s p o n d i n g  d a t a .  De p e n d i n g  o n  t h e  p r o g r a m m i n g  l a n g u a g e ,  t h e  fo r m a t  o f t h e  
h o o k s  m a y  b e  d i ffe r e n t  ( J a v a  u s e s  “ l i s t e n e r s , ”  C #  u s e s  “ e v e n t s ”  a n d  “ d e l e g a t e s ” ) ,  
b u t  t h e  b a s i c  e v e n t -b a s e d  c o n c e p t  i s  t h e  s a m e .  F o r  e x a m p l e ,  w h e n  a n  u p d a t e  
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o c c u r s  t h a t  c a u s e s  a  c h a n g e  i n  t h e  v a l u e  o f a  v a r i a b l e ,  a n  e v e n t  i s  fi r e d  t h a t  
n o t i fi e s  a l l  i n t e r e s t e d  p a r t i e s  o f t h e  c h a n g e . 

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

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

T h i s  g e n e r a l  s o ft w a r e  a r c h i t e c t u r e  a l l o w s  t h e  V i s u a l  De b u g g e r  2 .0  t o  e a s i l y  
m a i n t a i n  m u l t i p l e  v i e w s  w h i l e  w o r r y i n g  a b o u t  t h e  u n d e r l y i n g  d a t a  t o t a l l y  
s e p a r a t e l y .  T h i s  m a k e s  i t  e s p e c i a l l y  e a s y  t o  i m p r o v e  t h e  v i s u a l i z a t i o n  o f t h e  t o o l  
a s  n e w  i d e a s  a r e  d e v e l o p e d  t o  i m p r o v e  t h e  t o o l .  I t  i s  a l s o  m u c h  m o r e  e ffi c i e n t  
t h a n  c o p y i n g  t h e  u n d e r l y i n g  d a t a  fo r  e a c h  v i e w . 

5.5  P l u g g a b l e  G r a p h i c a l  V a l u e  R e p r e s e n t a t i o n  

T h e  V i s u a l  De b u g g e r  2 .0  i n c l u d e s  s u p p o r t  fo r  g r a p h i c a l  v a l u e  r e p r e s e n t a t i o n s ,  
s p e c i fi c a l l y  fo r  u s i n g  b a r s  a n d  c o l o r  s h a d e s  t o  h e l p  c o m p a r e  r e l a t i v e  v a l u e s  o f 
r e l a t e d  v a r i a b l e s .  T h e  o b j e c t -o r i e n t e d  n a t u r e  o f V DB 2  a l l o w s  t h e s e  t y p e s  o f v a l u e  
v i s u a l i z a t i o n s  t o  b e  e a s i l y  c r e a t e d  a n d  a d d e d  t o  t h e  t o o l . 

F i r s t ,  i t  i s  c l e a r  t h a t  t h e  e a s i e s t  v i s u a l i z a t i o n s  a r e  g o i n g  t o  i n v o l v e  t h e  p r i m i t i v e s  
c o n t a i n e d  b y  t h e  n o d e s  a n d  n o t  t h e  n o d e s  t h e m s e l v e s .  I t  i s  c e r t a i n l y  p o s s i b l e  t o  
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c r e a t e  v i s u a l i z a t i o n s  t h a t  i n v o l v e  a n  e n t i r e  n o d e  o r  a  g r o u p  o f n o d e s ,  b u t  t h e  
V i s u a l  De b u g g e r  fo c u s e d  o n l y  o n  v i s u a l i z a t i o n  o f p r i m i t i v e  d a t a  v a l u e s  s u c h  a s  
i n t e g e r s ,  fl o a t i n g  p o i n t  n u m b e r s ,  a n d  s t r i n g s . 

T o  b e t t e r  fa c i l i t a t e  t h i s  k i n d  o f p r i m i t i v e  d a t a  t y p e  v i s u a l i z a t i o n ,  a  b a s e  c l a s s  w a s  
d e v e l o p e d  t h a t  a c t s  a s  t h e  s u p e r -c l a s s  fo r  a n y  c l a s s e s  t h a t  w i s h  t o  a c t  a s  
v i s u a l i z a t i o n  w i d g e t s  fo r  p r i m i t i v e  v a l u e s .  S p e c i fi c a l l y ,  t h e r e  i s  a n  a b s t r a c t  
P rim it iv eV iew B a se c l a s s  a n d  a  s i m p l e  T ext P rim it iv eV iew  c l a s s  t h a t  
p r o v i d e s  t h e  d e fa u l t ,  t e x t -o n l y  r e p r e s e n t a t i o n  o f a  p r i m i t i v e  d a t a  t y p e .  T h e r e  i s  
a l s o  a  P oint erP rim it iv eV iew  c l a s s  t h a t  e x t e n d s  fr o m  
T ext P rim it iv eV iew  ( s i n c e  i t  a l s o  n e e d s  t o  d i s p l a y  t h e  t e x t u a l  a d d r e s s  o f t h e  
o b j e c t  t h a t  i t  p o i n t s  t o )  a n d  a d d s  a n  a r r o w  t o  t h e  n o d e  t o  w h i c h  t h e  p o i n t e r  
p o i n t s . 

 Figure 5 2 : Class Hierarchy for Primitive Data Type Visualizers 

Figure 5 2  s h o w s  t h e c l a s s  h iera rc h y  us ed  t o  a l l o w  t h e us er t o  s el ec t  t h e gra p h ic a l  
v a l ue rep res en t a t io n  t y p e.  A s  l o n g a s  a  c l a s s  is  a  s ub c l a s s  o f  
PrimitiveViewBase ,  it  c a n  b e us ed  t o  v is ua l iz e p rim it iv es .  N o t ic e t h a t  t h e 
B a r a n d  C o l o r c l a s s es  d o  n o t  ex t en d  T ex tPrimitiveView,  ev en  t h o ugh  t h ey  
b o t h  a l s o  us e t ex t .  T h is  s t em s  f ro m  t h e in a b il it y  in  C #  t o  d ra w  o n  t o p  o f  
T ex t b o x  w id get s ,  w h ic h  a re us ed  in  T ex tPrimitiveView. 

PrimitiveViewBase 

T ex tPrimitiveView 

Po in terPrimitiveView 

BarPrimitiveView C o l o rPrimitiveView 
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T h e c l a s s  h iera rc h y  m a k es  it  ea s y  t o  im p l em en t  p l ugga b l e v is ua l iz ers .  T h e us er 
c a n  ev en  s w it c h  v is ua l iz ers  f o r in d iv id ua l  n o d e v a ria b l es ,  if  t h ey  s o  d es ire.  
W h en ev er t h e us er s el ec t s  a  n ew  v is ua l iz a t io n  t y p e,  t h e o l d  v is ua l iz er o b j ec t  is  
d es t ro y ed  a n d  rep l a c ed  w it h  a n  in s t a n c e o f  t h e n ew  t y p e. 

A n  in t eres t in g s id e ef f ec t  o f  t h is  o b j ec t -o rien t ed  a rc h it ec t ure a n d  o p en  s o urc e is  
t h a t  us ers  c a n  im p l em en t  t h eir o w n  v is ua l iz ers  a n d  p l ug t h em  in t o  t h e ex is t in g 
t o o l  ex t rem el y  ea s il y .  A  l it t l e k n o w l ed ge o f  C #  a l l o w s  t h e us er f reed o m  in  
v is ua l iz in g t h eir d a t a  t h a t  is  b o un d ed  o n l y  b y  t h eir im a gin a t io n  a n d  t h eir s k il l  w it h  
C # . 

5.6  P l u g g a b l e  L a y o u t  A l g o r i t h m s 

I n  m uc h  t h e s a m e w a y  t h a t  t h e a rc h it ec t ure o f  t h e V is ua l  D eb ugger 2 .0  a l l o w s  
p l ugga b l e v is ua l iz a t io n s  o f  p rim it iv e d a t a  t y p es ,  t h e D a t a  S t ruc t ure V is ua l iz er 
p ro v id es  a n  in t erf a c e f o r p l ugga b l e gra p h  l a y o ut  a l go rit h m s . 

T h e k ey  l ies  in  t h e L a y o ut er in t erf a c e,  w h ic h  d ef in es  a  s in gl e k ey  m et h o d .  T h e 
m et h o d ,  c a l l ed  l ay o u t( ) ,  t a k es  a n  a rra y  o f  n o d es  a s  t h e o n l y  a rgum en t ,  a n d  t h e 
m et h o d  s h o ul d  m o d if y  t h e l o c a t io n s  o f  ea c h  o f  t h e n o d es  b a s ed  o n  t h e a l go rit h m  
d ef in ed  in  t h e m et h o d .  T h ere a re a l s o  m et h o d s  f o r d ef in in g t h e n a m e a n d  
d es c rip t io n  o f  t h e l a y o ut  a l go rit h m . 

T w o  b uil t -in  im p l em en t a t io n s  o f  Lay o u ter ,  ListLay o u ter a n d  
T reeLay o u ter ,  a re in c l ud ed  in  t h e D a t a  S t ruc t ure V is ua l iz er,  a n d  l a y  o ut  
gra p h s  a s  t h eir n a m es  s ugges t .  T h eir ex is t en c e d o es  n o t  f o rc e t h e us er t o  us e 
eit h er.  I f  t h e us er c h o o s es ,  h e o r s h e m a y  w rit e t h eir o w n  J a v a  f il e t o  im p l em en t  
t h e Lay o u ter in t erf a c e.  I n  f a c t ,  a  b a s e c l a s s  is  p ro v id ed ,  Lay o u terBase ,  t h a t  
in c l ud es  us ef ul  h el p er f un c t io n s  t h a t  m a y  a s s is t  t h e l a y o ut  d ev el o p er. 
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W h en  t h e J a v a  f il e is  w rit t en ,  t h e us er n eed  o n l y  c o m p il e t h e s o urc e f il e in t o  a  
J a v a  C l a s s  f il e a n d  l o a d  t h e .c l a s s  f il e in  t h e L a y o ut  m en u ( Figure 5 3 ) .  T h e L is t  
a n d  T ree l a y o ut  t ec h n iq ues  a re a l rea d y  in c l ud ed  in  t h e L a y o ut  m en u,  a n d  t h e 
us er’ s  c us t o m  l a y o ut  a l go rit h m  w il l  j o in  t h em . 

 F ig ure 5 3 : The L ayout men u of the DS V 

5.7   V D B 2  D e si g n  D e t a i l s 
5.7.1  Backend Database 

During a debugging session, VDB2 maintains a database of all of the variables in 
the debugged p rogram, as w ell as their values at the last up date.   T he visual 
debugger’ s database c onsists of a single obj ec t of ty p e DebugT ree, w hic h 
c ontains all of the information needed to draw  VDB2’ s view s ( F igure 5 4 ) .   I ts 
most imp ortant p art is the direc ted grap h that c ontains information about all of 
the variables ac c essible by  the debugged p rogram.  

E very  node in the general grap h is of ty p e DebugN ode and rep resents a variable 
or c lass in the user’ s data struc ture.   T he DebugN ode c lass is an abstrac t c lass 
that inc ludes information about the address of the variable, the ty p e of the 
variable as a string ( i. e.  integer, string, or some user-defined ty p e) , the name of the 
variable, and its state ( i. e.  new , unc hanged, modified, etc . ) , all c urrent as of the last 
up date.   T he subc lasses of DebugN ode are C ontainerDebugN ode and 
Disp lay ableDebugN ode.   A  C ontainerDebugN ode is a DebugN ode that c ontains 
( through aggregation)  one or more Disp lay ableDebugN ode obj ec ts.   T he 
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Disp lay ableDebugN ode c lass gets its name from the fac t that it is a node in the 
general grap h that is the DebugT ree data struc ture, and it is a relatively  p rimitive 
data ty p e that c an be direc tly  disp lay ed.   F or ex amp le, integers, floating p oint 
values, and strings c an be direc tly  disp lay ed by  using their tex t values.   O nly  
obj ec ts of ty p e Disp lay ableDebugN ode have a value, w hic h is stored as a string.  

 Figure 5 4 :  C l a s s  h iera rc h y  o f  V D B 2 ’ s  b a c k en d  d a t a b a s e 

C lasses in the debugged p rogram are rep resented as a subc lass of 
C ontainerDebugN ode c alled C lassDebugN ode, sinc e c lasses c ontain member 
variables ( w hic h may  themselves be p rimitives or other c lasses) .   J ust as any  other 
C ontainerDebugN ode, eac h C lassDebugN ode c ontains one or more 

DebugNode 
 

ui n t  A ddr es s ; 
s t r i n g T y p e; 
s t r i n g Na m e; 
S t a t eE n um  s t a t e; 

Di s p l a y a bl eDebugNode 
 

S t r i n g v a l ue; 

F r a m eDebugNode C l a s s DebugNode 
 

bool ea n  v i s i t ed; 

C on t a i n er DebugNode 
 

i n t  det a i l L ev el ; 
i n t  l ef t ; 
i n t  t op ; 

* 

DebugT r ee 
 
H a s h t a bl e A ddr es s M a p ; 
A r r a y L i s t  F r a m es ; 
A r r a y L i s t  Del et edNodes ; 
A r r a y L i s t  M em or y L ea k s ; 

c h i l dr en  

p a r en t  

S t a t i s t i c s  
s t a t i c  

P r i m i t i v eDebugNode 
 

P r i m i t i v eT y p eE n um  P r i m i t i v eT y p e; 

C l a s s H ol der DebugNode 
 

H ol der T y p eE n um  H ol der T y p e; 

c h i l dr en  
* 
p a r en t s  

* 

* 

p a r en t  
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Disp lay ableDebugN ode obj ec ts.   C ontainerDebugN ode obj ec ts also store 
c oordinates, w hic h c orresp ond to the loc ation on the draw ing c anvas to w hic h 
the node belongs.  

Disp lay ableDebugN ode is an abstrac t c lass w ith tw o subc lasses:  
P rimitiveDebugN ode and C lassH olderDebugN ode.   T he former rep resents a 
p rimitive data ty p e suc h as an integer or string.   T he latter rep resents any  variable 
that leads to a c lass.   T his variable c an be either a p ointer to a c lass, a referenc e to 
a c lass, or a c lass itself.   I n any  c ase, the C lassH olderDebugN ode itself c ontains a 
single C lassDebugN ode obj ec t rep resenting the obj ec t to w hic h it refers.  

DebugT ree inc ludes several lists, eac h of w hic h c onsist of obj ec ts of ty p e 
DebugN ode.   T he most imp ortant of the lists is c alled F rames, w hic h is an array  
of all of the frames on the p rogram frame stac k , eac h frame of w hic h is 
rep resented by  a subc lass of DebugN ode c alled F rameDebugN ode.   
F rameDebugN ode is a sister c lass of C lassDebugN ode, almost identic al ex c ep t 
that a F rameDebugN ode c annot have a p arent;  they  are the only  roots of the 
direc ted grap h.   E ac h F rameDebugN ode c ontains stac k  variables, inc luding 
p rimitives, c lasses, referenc es to c lasses, and p ointers to c lasses.  

I n addition to the F rames list, there are several other lists of DebugN ode obj ec ts.   
T he A ddressM ap  c ontains referenc es to all DebugN ode obj ec ts, map p ing them 
to the address at w hic h they  are loc ated in memory .   T his allow s the DebugT ree 
to q uic k ly  ac c ess a DebugN ode given a p artic ular address, w hic h is esp ec ially  
imp ortant in identify ing w hether or not a given address has been visited and 
rec orded by  the up date method.  

T he DeletedN odes and M emory L eak s lists store all DebugN odes w hic h 
rep resent variables that are no longer ac c essible by  the debugged p rogram.   S inc e 
these variables are not ac c essible, they  c annot be stored in the DebugT ree grap h 
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itself, sinc e there are no referenc es to these variables.   T his ap p les only  to 
variables that are alloc ated on the heap , sinc e all stac k  variables are already  
inc luded in F rameDebugN ode obj ec ts.  O nc e a variable is determined to be 
inac c essible, it is removed from the DebugT ree data struc ture and p lac ed in the 
DeletedN odes or M emory L eak s list, dep ending on w hether the variable w as 
p rop erly  deleted.  

5.7.2  U ser  I nter f ace 

T he user interfac e of VDB2 is based around the M ainF orm c lass ( F igure 5 5 ) , 
w hic h is the c lass w ith direc t c ommunic ation w ith the M ic rosoft Visual S tudio 
. N et Debugger ( through the C onnec t c lass) .  

 Figure 5 5 :  C l a s s  h iera rc h y  o f  V D B 2 ’ s  us er in t erf a c e 

C on n ec t  M a i n F or m  

T r eeV i ew  

NodeV i ew  

P r i m i t i v eV i ew B a s e 

* 

* 

* 

T ex t P r i m i t i v eV i ew  

P oi n t er P r i m i t i v eV i ew  

B a r P r i m i t i v eV i ew  C ol or P r i m i t i v eV i ew  

DebugT r ee 

C on t a i n er DebugNode 

Di s p l a y a bl eDebugNode 

* 

* 
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T he M ainF orm c lass is the main disp lay  w indow  of VDB2, c alled the Data 
S truc ture Visualiz er w indow .   T he C onnec t obj ec t signals the M ainF orm obj ec t 
w henever a break p oint oc c urs, so that the M ainF orm obj ec t c an up date its 
DebugT ree obj ec t.  

T he M ainF orm c lass c ontains any  number of sub-w indow s, eac h of w hic h is an 
instanc e of c lass T reeView .   E ac h T reeView  obj ec t c onnec ts direc tly  to its 
M ainF orm p arent’ s DebugT ree obj ec t, so that all T reeView  obj ec ts are grap hic al 
rep resentations of the same data.  

A  T reeView  obj ec t c ontains one or more N odeView  obj ec ts, w hic h c orresp ond 
to the C ontainerDebugN ode obj ec ts in the DebugT ree.   E ac h 
C ontainerDebugN ode is rep resented by  a single N odeView  obj ec t in a p artic ular 
T reeView , and it ap p ears as a box  c ontaining information about the data 
members in the C ontainerDebugN ode ( F igure 5 6 ) .   T he data members are 
rep resented by  P rimitiveView Base obj ec ts, w hic h are c ontained by  the N odeView  
obj ec t.  

S inc e all of the user interfac e obj ec ts ( T reeView , N odeView , and 
P rimitiveView Base)  c orresp ond to the same obj ec ts in the DebugT ree data 
struc ture, all up dates to the DebugT ree grap h are automatic ally  reflec ted in the 
user interfac e obj ec ts.   O nc e a c hange is detec ted, the user interfac e obj ec ts are 
refreshed to reflec t the c hange.   S inc e c oordinate information is also stored in the 
DebugT ree, eac h N odeView  obj ec t in a given T reeView  obj ec t remains in the 
same c oordinate w ith resp ec t to their c orresp onding N odeView  obj ec ts in other 
T reeView  obj ec ts.   I n this w ay , eac h of the T reeView  obj ec ts rep resents the same 
image of the data struc ture, but eac h T reeView  obj ec t c an be sc rolled or p anned 
to foc us on a different p art of the data struc ture.  
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Figure 5 6 :  T h e us er in t erf a c e c l a s s es  

5.8  Summary 

Clearly, visual debugging is more involved that standard text-based debugging, as 
it req uires the func tionality of the latter ( usually p rovided through an underlying 
debugger)  p lus additional func tionality to sup p ort the grap hic al nature of the 
visual debugger.  P artic ularly, the visual debugger should not simp ly disp lay only 
the variables that the user sp ec ifies, as this req uires far too muc h of the user.  A  
data struc ture is made up  of many variables, and if the data struc ture is of any 
non-trivial siz e, it is lik ely that the p rogrammer w ill not easily be c onvinc ed to 
p rovide the nec essary information for all of those variables.  Y et, it is imp ortant 
to rep resent truly the data struc ture in its entirety, so a visual debugger must be 
able to c ollec t the information. 

NodeView T r eeView 

P r im it iv eViewB a s e 
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O ther than c onnec tion w ith an underlying debugger, typ ic al p rogramming 
c onc ep ts lik e M odel-V iew -Controller and obj ec t-oriented p rogramming allow  for 
the relative ease of c reation, flexibility, and extension of a usable visual debugger. 

W hile the M ic rosoft V isual S tudio .Net debugger is c learly a signific ant step  in the 
right direc tion from its M ic rosoft-bred p redec essors, the A P I  c an still be 
imp roved to better fac ilitate the addition of a visual debugger suc h as V D B 2 .  
W hat w ould be most w elc ome is a more c omp rehensive A P I  for q uerying the 
struc ture of an obj ec t;  c urrent sup p ort is rudimentary and lac k s suffic ient and 
ap p rop riate differentiation betw een obj ec ts, referenc es to obj ec ts, and p ointers to 
obj ec ts.  A lso, func tionality for rec ogniz ing state of an obj ec t ( new , modified, 
deleted, etc .)  is absent, req uiring the visual debugger to determine and store this 
information on its ow n. 

D esp ite these tec hnic al issues, none are show -stop p ers, and V D B  and V D B 2  
have demonstrated that use of an underlying text-based debugger suc h as those in 
the M ic rosoft V isual S tudio suite of integrated p rogramming environments c an 
be used to p roduc e visual rep resentations of a user’ s data struc tures w ith minimal 
effort on the p art of the user. 
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C h a p t e r  6  

CH A P T E R  6: E V A L U A T I O N 

A s a simp le demonstration of the p ositive effec ts of information visualiz ation on 
visual debugging, a small p ilot study w as c onduc ted.  T he evaluation aims to be 
foc used, and thus its p urp ose is to p rovide a brief glimp se at the p otential 
benefits of a single asp ec t of using information visualiz ation tec hniq ues on a 
single asp ec t of visual debugging.  T he siz e of the study c ertainly does not 
w arrant a hard c onc lusion, but should p ave the w ay for future studies that c an 
test more formally the exac t effec ts of information visualiz ation on visual 
debugging. 

T he evaluation is related to studies p erformed by Cleveland [ 7 ]  in w hic h he w as 
task ed w ith studying the effec tiveness of various visual p arameters w hen used to 
indic ate numeric al data.  H is results rank ed several visual p arameters ( suc h as 
length, p osition, rotation, and c olor)  in how  w ell they c ould be map p ed by 
humans to their numeric al eq uivalents.  F or examp le, he found that p osition w as 
a more effec tive visual p arameter than c olor.  T his p ilot study w ill foc us similarly 
on how  w ell users c an identify errors based on the use of text ( w hic h uses no 
visual p arameters) , bars ( w hic h use p osition/ length as a visual p arameter) , or 
c olors. 

6.1   T e s t  F o c us  

O ne k ey element of debugging of any sort, visual or otherw ise, is the ability to 
find errors in a p rogram.  B ugs in a p rogram c annot be fixed until they are first 
found.  T his doesn’ t nec essarily mean loc ating the offending line of c ode, but 
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instead disc overing that there is a p roblem in the first p lac e, w hic h is the first step  
in fixing a bug. 

E rrors ap p arent in data struc tures are sure signs of errors in the underlying c ode 
that c reated the data struc tures.  I t follow s then that bugs of a c ertain nature c an 
be found by first look ing at defec ts in the resulting data struc tures.  T he sp ec ific  
defining feature of these typ es of bugs is that they result in a c lear, negative effec t 
on p arts of a data struc ture.  Not all errors fall into this c ategory—an infinite loop  
need not involve a data struc ture at all and is c learly a defec t in c ode.  M any 
errors, how ever, w ill have an effec t on at least one data struc ture. 

I t w ould seem relatively imp ortant, therefore, to foc us a visual debugger’ s 
attention on being able to assist a p rogrammer in disc overing errors in data 
struc tures.  I nc reasing effic ienc y in finding errors in data struc tures inc reases the 
effic ienc y of finding errors in the underlying c ode.  O ne w ay that debuggers c an 
inc rease this effic ienc y is by p roviding feedbac k  that is more informative ( or at 
least more q uic k ly informative)  than the c lassic  textual information that typ ic al 
debuggers give to p rogrammers. 

T he foc us of this evaluation w as to try to determine a rough estimate of the 
effec ts, negative or p ositive, that information visualiz ation—sp ec ific ally that of 
grap hic ally rep resenting p rimitive data typ es—has on a p rogrammer’ s c ap ac ity for 
and effic ienc y in finding errors in data struc tures. 

A  simp le, emp iric al, lab-based study using the V isual D ebugger 2 .0  w as used to 
obtain this information. 
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6.2   T e s t  P l an  

T he c ritic al p arameter involved in measuring the user’ s effic ienc y in identifying 
errors in a data struc ture is the time req uired for the user to notic e and loc ate the 
error.  B y c ontrolling the visualiz ation typ e and measuring resp onse time ( in 
loc ating the data struc ture anomaly)  and ac c urac y ( in identifying the exac t c hange)  
as the dep endent variables, the visualiz ation methods c an be c omp ared to 
disc over w hether information visualiz ation features have an effec t on data 
struc ture error loc ation. 

F irst, eac h subj ec t w as given a p re-survey to determine how  sk illed the subj ec t 
w as w ith related top ic s suc h as c omp uters, p rogramming, debugging, grap h 
theory, link ed lists, and binary searc h trees.  T he target user base is made up  of 
c omp uter p rogrammers, so the subj ec ts w ere all relatively exp erienc ed w ith all but 
p erhap s grap h theory. 

E ac h subj ec t w as p lac ed in front of a c omp uter running the V isual D ebugger 2 .0 .  
A  sp ec ial version w as develop ed for the p ilot test.  T he visualiz ation tec hniq ues 
remained unc hanged, but c ode w as added to monitor the users as they p roc eeded 
through the examination. 

V D B 2  p resented the subj ec ts w ith a series of sc reens.  I nitially, eac h sc reen 
c onsisted of V D B 2  visualiz ation of a link ed list of eight nodes ( F igure 5 7 ) .  T he 
labels at the top  of eac h node and the “ next”  variable are unimp ortant to the 
subj ec t’ s task  and serve only as a distrac tion that is lik ely to be typ ic al in many 
visual debuggers.  T he subj ec ts w ere told to foc us on the “ value”  variable, the 
only variable w hose value differed betw een nodes. 
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 Figure 5 7 :  A  t y p ic a l  l in k ed  l is t  res p o n s e t es t ,  t ex t  m o d e 

 Figure 5 8 :  A  t y p ic a l  B S T  res p o n s e t es t ,  t ex t  m o d e 
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T he list w as intended to be an ordered linked list o f  nu m b er s r a ng ing  f r o m  -5 0 0  to  
5 0 0 ,  ex c ep t tha t ther e w a s ex a c tly  o ne no de in the list tha t destr o y ed the so r ted 
p r o p er ty  o f  the list.  T her e w a s ex a c tly  o ne no de su c h tha t,  if  tha t no de ha d b een 
r em o v ed f r o m  the list,  the r em a inder  o f  the list w o u ld ha v e b een in so r ted o r der .  
T he g o a l o f  the u ser  w a s to  f ind the a no m a ly  no de a nd c lic k o n it w ith the m o u se.  
A s so o n a s the a no m a ly  no de w a s f o u nd a nd c lic ked,  a  c o nf ir m a to r y  b eep  
so u nded a nd the nu m b er s w er e r ep la c ed b y  new  v a lu es.  T his p r o c ess w a s 
r ep ea ted a  set nu m b er  o f  tim es.  I nc o r r ec t c lic ks w er e r ec o r ded to  m o nito r  er r o r  
r a te.  A n “ inc o r r ec t c lic k”  is def ined a s a  c lic k o n a  w r o ng  no de—c lic ks o n the 
b a c kg r o u nd w er e no t r ec o r ded a s er r o r s. 

F o llo w ing  the ser ies o f  linked list sc r eens w a s a  m o r e dif f ic u lt v a r ia tio n o f  the 
sa m e test tha t u sed a  c o m p lete b ina r y  sea r c h tr ee o f  f if teen no des instea d o f  a  
linked list ( F ig u r e 5 8 ).  A g a in,  ea c h tr ee w a s su p p o sed to  b e in so r ted o r der ,  b u t a  
sing le no de r u ined the o r der .  T he u ser ’ s g o a l w a s to  lo c a te a nd c lic k the f a u lty  
no de.  T he sa m e r u les a p p lied a s did du r ing  the linked list p a r t o f  the test. 

T he p a ir  o f  tests w a s r ep ea ted f o r  b o th the b a r  ( F ig u r e 5 9 ) a nd c o lo r  ( F ig u r e 6 0 ) 
v isu a liz a tio n m o des.  T he r u les a g a in r em a ined the sa m e. 

 Figure 5 9 :  A  t y p ic a l  res p o n s e t es t ,  b a r m o d e 

 Figure 6 0 :  A  t y p ic a l  res p o n s e t es t ,  c o l o r m o d e 
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C o nseq u ently ,  ther e w er e thr ee sec tio ns ( c o r r esp o nding  to  the thr ee v isu a liz a tio n 
ty p es),  ea c h o f  w hic h ha d tw o  su b -sec tio ns ( the linked list a nd the b ina r y  sea r c h 
tr ee).  I n a  m o r e f o r m a l ex a m ina tio n,  ea c h su b j ec t w o u ld ex ec u te the six  to ta l 
su b -sec tio ns in r a ndo m  o r der ,  to  b a la nc e the lea r ning  ef f ec t.  D u e to  the sm a ll 
siz e o f  the p ilo t test,  ho w ev er ,  the o r der  w a s a ssig ned to  a ssu r e f a ir ness to  ea c h 
v isu a liz a tio n m o de. 

Ea c h su b -sec tio n c o nsisted o f  ten p r a c tic e tests,  f o llo w ed b y  tw enty  r ec o r ded 
tests. 

T he m o dif ied v er sio n o f  the V isu a l D eb u g g er  2 .0  r ec o r ded the tim e f o r  ea c h c lic k 
in ea c h su b -c a teg o r y  ( inc lu ding  p r a c tic e tests),  the nu m b er  o f  er r o r s r ec eiv ed 
du r ing  the su b -c a teg o r y ,  a nd the a v er a g e c lic k tim e f o r  the tw enty  no n-p r a c tic e 
tests. 

T he p ilo t test w a s p er f o r m ed o n f o u r  su b j ec ts,  ea c h o f  w hic h a c c o u nt f o r  tw enty  
da ta  p o ints,  r esu lting  in eig hty  da ta  p o ints f o r  ea c h test c a teg o r y .  T he su b j ec ts 
w er e r ec r u ited lo c a lly  f r o m  the C o m p u ter  S c ienc e D ep a r tm ent a t V ir g inia  T ec h. 

6. 3   T e s t  R e s u l t s  

F ig u r e 6 1  sho w s a  su m m a r y  o f  the r esu lts o f  the p ilo t test. 

Test A v g .  C l i c k  Ti m e E r r o r  R a te*
Tex t –  L i st 6 . 0 4 4 2 0 . 0 7 5
B a r  –  L i st 5 . 9 5 0 5 0 . 3
C o l o r  –  L i st 5 . 6 4 3 3 0 . 2
Tex t –  Tr ee 1 1 . 1 3 6 1 0 . 3 1 2 5
B a r  –  Tr ee 1 0 . 5 1 0 8 0 . 2 5
C o l o r  –  Tr ee 8 . 2 2 1 8 0 . 2 3 7 5

*  E rro r R a t e =  R a t io  o f  erro r c l ic k s  t o  c o rrec t  c l ic k s  

0
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Figure 6 1 :  S um m a ry  o f  p il o t  t es t  res ul t s  
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A l t h o u g h  t h e  r e s u l t s  f a vo r  t h e  i nf o r ma t i o n vi s u a l i z a t i o n me t h o d s  ( b a r  a nd  c o l o r )  
w i t h  r e s p e c t  t o  r e s p o ns e  t i me  i n a l l  c a t e g o r i e s ,  t h e  r e s u l t s  f o r  l i nk e d  l i s t s  a r e  t o o  
c l o s e  t o  ma k e  a ny  d e f i ni t i ve  j u d g me nt ,  e s p e c i a l l y  g i ve n t h e  s i z e  o f  t h e  t e s t .  T h e  
r e s u l t s  f o r  t h e  b i na r y  s e a r c h  t r e e s  w e r e  mo r e  r e ve a l i ng .  

F o r  a l l  u s e r s ,  t h e  b i na r y  s e a r c h  t r e e  t a s k  w a s  mu c h  mo r e  d i f f i c u l t  t h a n t h e  l i nk e d  
l i s t  t a s k .  T h i s  i s  t o  b e  e x p e c t e d ,  a s  t h e  t r e e  i nc l u d e d  ne a r l y  t w i c e  a s  ma ny  no d e s  
i n a  mo r e  s c a t t e r e d  a r r a ng e me nt  t h a n t h e  s i mp l e  l i ne a r  l a y o u t  o f  t h e  l i nk e d  l i s t . 

A c c o r d i ng  t o  t h e  a ve r a g e  c l i c k  t i me s  f o r  t r e e s ,  t h e  b a r  vi s u a l i z a t i o n mo d e  
p e r f o r me d  o nl y  s l i g h t l y  b e t t e r  t h e n t h e  p l a i n t e x t  mo d e ,  b u t  t h e  c o l o r  
vi s u a l i z a t i o n mo d e  p e r f o r me d  mo r e  t h a n 2 0%  b e t t e r  t h a n b o t h  o f  t h e m. 

A  2 -w a y  A N O V A  a na l y s i s  r e ve a l s  t h a t  b o t h  t e s t  t y p e  ( l i s t  o r  t r e e )  a nd  
vi s u a l i z a t i o n t y p e  ( t e x t ,  b a r ,  o r  c o l o r )  h a ve  a  s i g ni f i c a nt  e f f e c t  ( t e s t  t y p e ,  
p < 0.0001 ;  vi s u a l i z a t i o n t y p e ,  p < 0.03 01 )  o n r e s p o ns e  t i me .  T h e  s i g ni f i c a nt  e f f e c t  
o f  t e s t  t y p e  ma k e s  s e ns e —t h e  t r e e  w a s  i nva r i a b l y  mo r e  d i f f i c u l t  t h a t  t h e  l i s t . 

F o r  l i s t s ,  vi s u a l i z a t i o n t y p e  h a d  a  s i g ni f i c a nt  e f f e c t  ( p = 0.04 4 1 )  o n r e s p o ns e  t i me .  
T h e  r e s p o ns e  t i me s  f o r  t h e  b a r  vi s u a l i z a t i o n mo d e  w e r e  no t  s i g ni f i c a nt l y  l e s s  t h a n 
t h o s e  f o r  t e x t  ( p = 0.4 5 4 3 ) .  T h e  r e s p o ns e  t i me s  f o r  c o l o r  w e r e  no t  s i g ni f i c a nt l y  
l e s s  t h a n t h o s e  f o r  t e x t  ( p = 0.2 2 3 5 ) .  T h e  r e s p o ns e  t i me s  f o r  c o l o r  w e r e  no t  
s i g ni f i c a nt l y  l e s s  t h a n t h o s e  f o r  b a r  ( p = 0.3 5 3 6 ) . 

F o r  t r e e s ,  vi s u a l i z a t i o n t y p e  h a d  a  s i g ni f i c a nt  e f f e c t  ( p = 0.01 72 )  o n r e s p o ns e  t i me .  
T h e  r e s p o ns e  t i me s  f o r  t h e  b a r  vi s u a l i z a t i o n mo d e  w e r e  no t  s i g ni f i c a nt l y  l e s s  t h a n 
t h o s e  f o r  t e x t  ( p = 0.2 4 75 ) .  T h e  r e s p o ns e  t i me s  f o r  c o l o r  w e r e  s i g ni f i c a nt l y  l e s s  
t h a n t h o s e  f o r  t e x t  ( p = 0.006 4 ) .  T h e  r e s p o ns e  t i me s  f o r  c o l o r  w e r e  s i g ni f i c a nt l y  
l e s s  t h a n t h o s e  f o r  b a r  ( p = 0.001 1 ) . 
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T h e  s t a t i s t i c a l  r e s u l t s  r e ve a l  t h a t ,  w h i l e  t h e  c o l o r  vi s u a l i z a t i o n mo d e  r e s u l t e d  i n 
s i g ni f i c a nt l y  f a s t e r  u s e r  r e s p o ns e  f o r  mo r e  c o mp l e x  d a t a  ( t r e e s ,  a s  o p p o s e d  t o  
l i s t s ) ,  t h e r e  w e r e  no  o t h e r  s i g ni f i c a nt  d i f f e r e nc e s . 

E r r o r  r a t e s  f a vo r e d  t e x t  mo d e  b y  f a r  i n t h e  l i nk e d  l i s t  t a s k ,  b u t  b o t h  i nf o r ma t i o n 
vi s u a l i z a t i o n mo d e s  b e a t  o u t  t e x t  mo d e  i n e r r o r  r a t e s  f o r  t h e  t r e e  t a s k .  T h i s  ma y  
i mp l y  t h a t  t h e  i nf o r ma t i o n vi s u a l i z a t i o n t e c h ni q u e s  a r e  u s e f u l  i n r e d u c i ng  e r r o r s  
i n a na l y s i s  o f  mo r e  c o mp l e x  d a t a  s t r u c t u r e s . 

A  2 -w a y  A N O V A  a na l y s i s  r e ve a l s  t h a t  o nl y  t e s t  t y p e  ( l i s t  o r  t r e e )  h a d  a  s i g ni f i c a nt  
e f f e c t  ( p < 0.04 8 6 )  o n e r r o r  r a t e .  T h e  s i g ni f i c a nt  e f f e c t  o f  t e s t  t y p e  ma k e s  s e ns e —
t h e  t r e e  w a s  i nva r i a b l y  mo r e  d i f f i c u l t  t h a t  t h e  l i s t . 

6.4  D i s c u s s i o n  

T h e  s u b j e c t s  e x p r e s s e d  i nt e r e s t  i n t h e  i nf o r ma t i o n vi s u a l i z a t i o n a s p e c t  o f  t h e  t o o l ,  
b u t  vo i c e d  c o mp l a i nt s  a b o u t  s o me  mi no r  b u g s  e x p e r i e nc e d  d u r i ng  t h e  b a r  a nd  
c o l o r  vi s u a l i z a t i o n mo d e  t e s t s .  T h e s e  b u g s  ma y  h a ve  a f f e c t e d  t h e  r e s u l t s ,  
r e d u c i ng  t h e  r e s p o ns e  t i me s  a nd  i nc r e a s i ng  t h e  e r r o r  r a t e s  f o r  t h e  b a r  a nd  c o l o r  
mo d e s . 

D u r i ng  a nd  a f t e r  t e s t i ng ,  u s e r s  e x p r e s s e d  t h e i r  o p i ni o ns  o f  t h e  t o o l ,  w i t h  a nd  
w i t h o u t  t h e  b a r / c o l o r  i nf o r ma t i o n vi s u a l i z a t i o n mo d e s .  T h e y  me nt i o ne d  t h a t  t h e  
t o o l  w a s  u s e f u l  f o r  i d e nt i f y i ng  t h a t  t h e r e  i s  a  b u g  i n a  p r o g r a m a nd  f o r  l o c a t i ng  
t h e  b u g  i n t h e  d a t a  s t r u c t u r e ,  b u t  w a s  l e s s  u s e f u l  d u r i ng  t h e  p r o c e s s  o f  a c t u a l l y  
f i x i ng  t h e  b u g .  T h i s  ma y  b e  d u e  t o  t h e  e x t e r na l  na t u r e  o f  t h e  t o o l  i t s e l f —i t  g i ve s  
a  g o o d  p i c t u r e  o f  t h e  d a t a  s t r u c t u r e  a s  a  w h o l e ,  b u t  d o e s  l i t t l e  t o  i l l u mi na t e  t h e  
c o d e  b e h i nd  t h e  d a t a  s t r u c t u r e ,  s a ve  t o  no t i f y  t h e  u s e r  o f  t h e  e f f e c t s  o f  a  l i ne  o f  
c o d e . 
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O ve r a l l ,  t h e  r e s u l t s  a r e  p r o mi s i ng  f o r  t h i s  s p e c i f i c  i nf o r ma t i o n vi s u a l i z a t i o n 
c o nc e p t ,  g r a p h i c a l  d a t a  r e p r e s e nt a t i o n,  c o nc l u d i ng  t h a t  i t  c a n t o  i nc r e a s e  t h e  
p r o g r a mme r ’ s  a b i l i t y  t o  mo r e  q u i c k l y  l o c a t e  e r r o r s  i n d a t a  s t r u c t u r e s ,  a t  l e a s t  f o r  
c o mp l e x  d a t a  s t r u c t u r e s .  T h e  mo r e  q u i c k l y  a n e r r o r  c a n b e  l o c a t e d ,  t h e  mo r e  
q u i c k l y  i t  c a n b e  s o l ve d .  T h e  r e s u l t s  o f  t h i s  e x p e r i me nt  i mp l y  o n a  b r o a d e r  s c a l e  
t h a t  i nf o r ma t i o n vi s u a l i z a t i o n c o nc e p t s  c a n a s s i s t  t h e  p r o g r a mme r  i n va l i d a t i o n 
t e s t i ng  a nd  i n d e b u g g i ng .  W h e t h e r  o r  no t  o t h e r  i nf o r ma t i o n vi s u a l i z a t i o n 
c o nc e p t s  f a r e  a s  w e l l  a s  g r a p h i c a l  d a t a  r e p r e s e nt a t i o n w i l l  r e q u i r e  t e s t i ng  f o c u s e d  
o n t h o s e  o t h e r  i nf o r ma t i o n vi s u a l i z a t i o n c o nc e p t s . 

W i t h  r e s p e c t  t o  t h e  d i f f e r e nc e  b e t w e e n i nf o r ma t i o n vi s u a l i z a t i o n mo d e s  a nd  p l a i n 
t e x t  mo d e ,  u s e r s  me nt i o ne d  t h a t  t h e  b a r s  a nd  c o l o r s  w e r e  mo r e  h e l p f u l  i n 
l o c a t i ng  ma j o r  a no ma l i e s  i n d a t a  s t r u c t u r e s  t h a n t h e  p l a i n t e x t  mo d e .  O f  t h e  f o u r  
u s e r s ,  t h r e e  p r e f e r r e d  u s i ng  t h e  b a r  o r  c o l o r  mo d e s  t o  u s i ng  t h e  p l a i n t e x t  mo d e . 
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C h a p t e r  7  

C H A P T E R  7:  C O N C L U S I O N S  A N D  F U T U R E  W O R K  

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

1 . T h e  f o l l o w i ng  i nf o r ma t i o n vi s u a l i z a t i o n t e c h ni q u e s  c a n b e  a d a p t e d  t o  t h e  
d o ma i n o f  vi s u a l  d e b u g g i ng  t o  i mp r o ve  t h e  vi s u a l  d e b u g g i ng  e x p e r i e nc e :   
g r a p h i c a l  va l u e  r e p r e s e nt a t i o n,  z o o m a nd  p a n,  O ve r vi e w + D e t a i l ,  
F o c u s + C o nt e x t ,  d i r e c t  ma ni p u l a t i o n,  l a y o u t ,  a nd  vi s u a l  no t i f i c a t i o n. 

2 . V i s u a l  D e b u g g i ng  r e q u i r e s  mo r e  i n-d e p t h  i mp l e me nt a t i o n t h a n t h a t  o f  a  t e x t -
b a s e d  d e b u g g e r ,  b u t  u s i ng  t h e  l a t t e r  a s  a n u nd e r l y i ng  d e b u g g e r  c a n ma k e  
i mp l e me nt a t i o n o f  a  vi s u a l  d e b u g g e r  e a s i e r . 

3 . I nf o r ma t i o n vi s u a l i z a t i o n f e a t u r e s  s u c h  a s  t h o s e  d e s c r i b e d  c a n b e  
i mp l e me nt e d  w i t h o u t  r e q u i r i ng  a d d i t i o na l  i np u t  f r o m t h e  u s e r .  S p e c i f i c a l l y ,  
t h e s e  f e a t u r e s  c a n b e  a d d e d  w i t h  r e q u i r i ng  t h e  u s e r  t o  mo d i f y  t h e i r  c o d e  o r  t o  
d e s c r i b e  t o  t h e  vi s u a l  d e b u g g e r  t h e  s t r u c t u r e  o f  t h e i r  u s e r -d e f i ne d  c l a s s e s . 

4 . B a s e d  o n a  s ma l l  p i l o t  s t u d y ,  i nf o r ma t i o n vi s u a l i z a t i o n t e c h ni q u e s  h a ve  b e e n 
s h o w n t o  i nc r e a s e  e f f i c i e nc y  i n d e t e c t i ng  e r r o r s ,  a  k e y  s t e p  i n f i x i ng  b u g s . 

7.2   Summary of Contributions 

1. D e sig n.   A l i st  w a s e n u m e r a t e d  o f se v e n  i n fo r m a t i o n  v i su a l i z a t i o n  t e c h n i q u e s 
t h a t  c a n  b e  a d d e d  t o  a n d  sh o u l d  b e  a b l e  t o  i m p r o v e  t o d a y ’ s v i su a l  d e b u g g e r s, 
a n d  h o w  t h e se  t e c h n i q u e s c a n  b e  u se d  i n  v i su a l  d e b u g g e r s.  B e n e fi t s a n d  
c o n se q u e n c e s o f i n d i v i d u a l  t e c h n i q u e s a s w e l l  a s c o m b i n a t i o n s o f t e c h n i q u e s 
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w e r e  p r o v i d e d .  I n  a d d i t i o n , a  d e si g n  w a s d e v e l o p e d  t o  c o m b i n e  a l l  o f t h e se  
t e c h n i q u e s i n t o  a  si n g l e  u se r  i n t e r fa c e . 

2. A rc h ite c ture .   Ge n e r a l  v i su a l  d e b u g g i n g  i ssu e s w e r e  d e sc r i b e d , a  l i st  w a s 
e n u m e r a t e d  o f se v e r a l  so ft w a r e  d e si g n  t e c h n i q u e s t h a t  a r e  h e l p fu l  i n  
i m p l e m e n t a t i o n  o f a  v i su a l  d e b u g g e r , a n d  i ssu e s sp e c i fi c  t o  i n c o r p o r a t i o n  o f a  
v i su a l  d e b u g g e r  i n t o  r e a l  c o m m e r c i a l  d e b u g g i n g  so ft w a r e  ( e .g . M i c r o so ft  
V i su a l  S t u d i o )  w e r e  d i sc u sse d . 

3 . E v al uation.   A sm a l l  p i l o t  t e st  w a s c o n d u c t e d  t o  d e m o n st r a t e  t h e  p o t e n t i a l  
o f i n fo r m a t i o n  v i su a l i z a t i o n  i n  v i su a l  d e b u g g i n g . 

4 . I mp l e me ntation.  T h r e e  t o o l s w e r e  d e v e l o p e d  t h a t  d e m o n st r a t e  t h e  a b i l i t y  t o  
i m p a r t  i n fo r m a t i o n  v i su a l i z a t i o n  c o n c e p t s o n t o  t h e  v i su a l  d e b u g g i n g  d o m a i n .  
V DB  i s a v a i l a b l e  fo r  d o w n l o a d  a t  h t t p : / / i n fo v i s.c s.v t .e d u / d a t a st r u c t / , a n d  
V DB 2 w i l l  so o n  b e  a v a i l a b l e  fo r  d o w n l o a d  a t  t h e  sa m e  l o c a t i o n . 

7. 3   F uture  R e se arc h  

1. T h e  e n u m e r a t e d  l i st  o f i n fo r m a t i o n  v i su a l i z a t i o n  t e c h n i q u e s i s c e r t a i n l y  n o t  
e x h a u st i v e .  As n e w  i d e a s a r e  d e v e l o p e d  i n  t h e  r e l a t i v e l y  n e w  fi e l d  o f 
i n fo r m a t i o n  v i su a l i z a t i o n , m a n y  o f t h e se  m a y  p l a y  w e l l  i n t o  t h e  h a n d s o f 
v i su a l  d e b u g g e r  d e v e l o p e r s.  As t h e se  c o n c e p t s a r i se , t h e y  t o o  sh o u l d  b e  
st u d i e d  t o  d e t e r m i n e  t h e i r  p o t e n t i a l  i n  t h e  v i su a l  d e b u g g i n g  d o m a i n . 

2. T h e  M i c r o so ft  V i su a l  S t u d i o  su i t e  o f d e b u g g e r s i s n o t  t h e  o n l y  d e b u g g e r  w i t h  
w h i c h  a  v i su a l  d e b u g g e r  m a y  b e  i n t e g r a t e d .  I n  fa c t , o t h e r  v i su a l  d e b u g g e r s 
h a v e  b e e n  d e v e l o p e d  o n  t o p  o f se v e r a l  o t h e r  d e b u g g e r s.  T h e se  v i su a l  
d e b u g g e r s m a y  b e  e n h a n c e d , o r  n e w  v i su a l  d e b u g g e r s c r e a t e d , t o  e x p a n d  
i n fo r m a t i o n  v i su a l i z a t i o n  t o  d e b u g g e r s o t h e r  t h a n  V i su a l  S t u d i o ’ s. 
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3 . T h e r e  i s m u c h  fo r m a l  e v a l u a t i o n  w o r k  t h a t  sh o u l d  b e  d o n e  t o  b e t t e r  
u n d e r st a n d  t h e  fu l l  e ffe c t s o f i n fo r m a t i o n  v i su a l i z a t i o n  c o n c e p t s o n  v i su a l  
d e b u g g i n g .  T h e  p i l o t  t e st  w a s a  si m p l e  d e m o n st r a t i o n  t h a t  sh o u l d  b e  
e x p a n d e d  o n  t h r o u g h  l a r g e r  a n d  m o r e  fo r m a l  t e st i n g .  F o r  i n st a n c e , V DB 2 
c a n  n o w  b e  u se d  i n  l o n g i t u d i n a l  st u d i e s o f d a t a  st r u c t u r e s st u d e n t s t o  
d i sc o v e r  t h e  l o n g -t e r m  e ffe c t s o f u si n g  su c h  a  v i su a l  d e b u g g e r . 

4 . Wh i l e  t h e  V i su a l  De b u g g e r  2.0  i s i n t e n d e d  t o  i m p l e m e n t  t h e m  a l l , i t  i s st i l l  
o n l y  a  d e b u g g e r , i d e a l l y  t o  b e  i n c l u d e d  w i t h  a n  I n t e g r a t e d  De v e l o p m e n t  
E n v i r o n m e n t  su c h  a s M i c r o so ft  V i su a l  S t u d i o .  T h o u g h  V DB 2 i s t i g h t l y  
i n t e g r a t e d  w i t h  V i su a l  S t u d i o  a s a n  Ad d I n , a  v i su a l  d e b u g g e r  b u i l t  d i r e c t l y  i n t o  
V i su a l  S t u d i o  i s c e r t a i n l y  a n  a r e a  o f r e se a r c h  t h a t  c o u l d  b e  d e v e l o p e d . 

5 . Use r  r e sp o n se  d u r i n g  t h e  e m p i r i c a l  e v a l u a t i o n  r e v e a l e d  t h a t  t h e  t o o l  w a s 
m u c h  l e ss u se fu l  i n  fi x i n g  b u g s t h a n  i t  w a s fo r  fi n d i n g  b u g s.  S o m e t h i n g  
sh o u l d  b e  d o n e  t o  i n c r e a se  t h e  u se r ’ s a b i l i t y  t o  u se  t h e  V i su a l  De b u g g e r  2.0  t o  
fi x  b u g s a ft e r  t h e  u se r  h a s n o t e d  t h e i r  e x i st e n c e .  T h i s m a y  b e  d o n e  b y  
i n c r e a si n g  t h e  a sso c i a t i o n  b e t w e e n  a  d a t a  st r u c t u r e  a n d  p a r t s o f t h e  c o d e  t h a t  
m a n i p u l a t e  i t .  F o r  e x a m p l e , c l i c k i n g  o n  a  m e m b e r  v a r i a b l e  o f a n  o b j e c t  i n  t h e  
v i su a l  r e p r e se n t a t i o n  o f t h e  d a t a  st r u c t u r e  c o u l d  h i g h l i g h t  t h e  sp e c i fi c  l i n e s o f 
c o d e  t h a t  r e fe r  t o  t h a t  m e m b e r  v a r i a b l e . 

6 . V a r i a t i o n s o f t h e  g r a p h i c a l  d a t a  r e p r e se n t a t i o n  t e c h n i q u e  c a n  e a si l y  b e  
e x t e n d e d .  T h e  v i su 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 o n l y  b a r  a n d  c o l o r  m o d e s, 
b u t  a  v i su a l  d e b u g g e r  m i g h t  u se  a  c o m b i n a t i o n  o f t h e  b a r  a n d  c o l o r  
t e c h n i q u e s, u si n g  c o l o r e d  b a r s o f v a r y i n g  sh a d e  and w i d t h .  A p a r t i c u l a r  t y p e  
o f v a r i a b l e  c o u l d  u se  t w o  c o l o r s i n st e a d  o f o n e —o n e  fo r  p o si t i v e  v a l u e s a n d  
o n e  fo r  n e g a t i v e  v a l u e s.  C i r c u l a r , p i e -c h a r t -l i k e  v i su a l i z a t i o n s c a n  b e  
c o n c o c t e d , o r  e v e n  h i st o g r a m s c a n  b e  u se d  fo r  m o r e  c o m p l e x  d a t a . 
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7 . T h e  V i su a l  De b u g g e r  2.0  c u r r e n t l y  fo c u se s o n l y  o n  v i su a l i z a t i o n s t h a t  
r e p r e se n t  p r i m i t i v e  d a t a  v a l u e s su c h  a s i n t e g e r s a n d  fl o a t i n g  p o i n t  v a l u e s, b u t  
w i t h  e n o u g h  i m a g i n a t i o n , o n e  c a n  c o m e  u p  w i t h  v i su a l i z a t i o n  t e c h n i q u e s t h a t  
c a n  b e  a p p l i e d  t o  e n t i r e  n o d e s o r  g r o u p s o f n o d e s.  F o r  e x a m p l e , i f a  g r a p h i c  
c o u l d  b e  c o n j u r e d  a s a  su i t a b l e  r e p r e se n t a t i o n  fo r  a  n o d e  o f a  p a r t i c u l a r  st a t e , 
w h e r e  t h e  st a t e  i s d e r i v e d  fr o m  a  se q u e n c e  o f m u l t i p l e  m e m b e r  v a r i a b l e s, 
t h e n  t h a t  g r a p h i c  c o u l d  su b st i t u t e  o r  a d d  t o  t h e  n o d e  a n d  i t s d a t a  i n  m u c h  t h e  
sa m e  w a y  t h a t  t h e  b a r s a n d  c o l o r s su p p l e m e n t  t h e  t e x t u a l  v a l u e s o f t h e  
i n t e g e r  v a l u e s. 



 

 10 2 

R E F E R E N C E S  

[ 1]  AC T -E u r o p e . “Usi n g  t h e  GN U V i su a l  De b u g g e r .” M a r . 18 , 20 0 2. 
<h t t p : / / l i b r e .a c t -e u r o p e .fr / g v d / g v d .h t m l > 

[ 2]  S . B a a se  a n d  A. V . Ge l d e r . C o m p u t e r  A l g o r i t h m s :  I nt r o du c t i o n t o  D e s i g n and 
A nal y s i s , T h i r d  E d i t i o n . Ad d i so n  We sl e y  L o n g m a n , R e a d i n g , M A. Ap r . 20 0 0 . 

[ 3 ]  R . M . B a e c k e r  a n d  A. M a r c u s. “De si g n  P r i n c i p l e s fo r  t h e  E n h a n c e d  
P r e se n t a t i o n  o f C o m p u t e r  P r o g r a m  S o u r c e  T e x t ”. I n  P r o c e e di ng s  o f  C H I  ‘ 8 6 , 
H u m an F ac t o r s  i n C o m p u t i ng  S y s t e m s . AC M  P r e ss. 19 8 6 . 

[ 4 ]  B . B . B e d e r so n , e t . a l . “P a d + + :  A z o o m a b l e  g r a p h i c a l  sk e t c h p a d  fo r  
e x p l o r i n g  a l t e r n a t e  i n t e r fa c e  p h y si c s.” J . V i s. L a n g . C o m p u t . 19 9 6 . 

[ 5 ]  M . H . B r o w n  a n d  R . S e d g e w i c k . “A sy st e m  fo r  a l g o r i t h m  a n i m a t i o n .” I n  
P r o c e e di ng s  o f  t h e  1 1 t h  annu al  c o nf e r e nc e  o n C o m p u t e r  g r ap h i c s  and i nt e r ac t i v e  t e c h ni q u e s , 
p a g e s 17 7 -18 6 . AC M  P r e ss. 19 8 4 . 

[ 6 ]  A. E . R . C a m p b e l l , G. L . C a t t o , a n d  E . E . H a n se n .  “L a n g u a g e -i n d e p e n d e n t  
i n t e r a c t i v e  d a t a  v i su a l i z a t i o n .”  I n  P r o c e e di ng s  o f  t h e  3 4 t h  t e c h ni c al  s y m p o s i u m  o n 
C o m p u t e r  s c i e nc e  e du c at i o n, p a g e s 215 -219 . AC M  P r e ss. 20 0 3 . 

[ 7 ]  W. S . C l e v e l a n d  a n d  R . M c Gi l l .  “Gr a p h i c a l  P e r c e p t i o n :  T h e o r y , 
E x p e r i m e n t a t i o n , a n d  Ap p l i c a t i o n  t o  t h e  De v e l o p m e n t  o f Gr a p h i c a l  
M e t h o d s.”  I n  J o u r nal  o f  t h e  A m e r i c an S t at i s t i c al  A s s o c i at i o n, p a g e s 5 3 1—5 5 4 .  
S e p t . 19 8 4 . 

[ 8 ]  C . C o o k , M . B u r n e t t , a n d  D. B o o m . “A b u g ' s e y e  v i e w  o f i m m e d i a t e  v i su a l  
fe e d b a c k  i n  d i r e c t -m a n i p u l a t i o n  p r o g r a m m i n g  sy st e m s.” I n  P ap e r s  p r e s e nt e d at  
t h e  s e v e nt h  w o r k s h o p  o n E m p i r i c al  s t u di e s  o f  p r o g r am m e r s , p a g e s 20 -4 1, Al e x a n d r i a , 
V A. AC M  P r e ss. 19 9 7 . 

[ 9 ]  D. De e -L u c a s a n d  J . H . L a r k i n . “L e a r n i n g  F r o m  E l e c t r o n i c  T e x t s:  E ffe c t s o f 
I n t e r a c t i v e  O v e r v i e w  fo r  I n fo r m a t i o n  Ac c e ss.” I n  C o g ni t i o n and I ns t r u c t i o n, 
p a g e s 4 3 1-4 6 8 . 19 9 5 . 

[ 10 ]  G. W. F u r n a s. “Ge n e r a l i z e d  fi sh e y e  v i e w s.” I n  P r o c e e di ng s  o f  t h e  S I G C H I  
c o nf e r e nc e  o n H u m an f ac t o r s  i n c o m p u t i ng  s y s t e m s , p a g e s 16 -23 , B o st o n , M A. AC M  
P r e ss. Ap r i l  19 8 6 . 



 

 10 3  

[ 11]  C . Gu t w i n .  “I m p r o v i n g  fo c u s t a r g e t i n g  i n  i n t e r a c t i v e  fi sh e y e  v i e w s.” I n  
P r o c e e di ng s  o f  t h e  S I G C H I  c o nf e r e nc e  o n H u m an f ac t o r s  i n c o m p u t i ng  s y s t e m s , p a g e s 
26 7 -27 4 . AC M  P r e ss. 20 0 2. 

[ 12]  GV U L a b o r a t o r i e s. “3 D C o m p u t a t i o n  V i su a l i z a t i o n .” J u n e  6 , 20 0 1. 
<h t t p : / / w w w .c c .g a t e c h .e d u / g v u / so ft v i z / 3 d c v / 3 d c v .h t m l > 

[ 13 ]  GV U L a b o r a t o r i e s. “P o l k a .” J u n e  6 , 20 0 1. 
<h t t p : / / w w w .c c .g a t e c h .e d u / g v u / so ft v i z / p a r v i z / p o l k a .h t m l > 

[ 14 ]  GV U L a b o r a t o r i e s. “V i su a l i z a t i o n  fo r  P r o g r a m  Un d e r st a n d i n g  a n d  
De b u g g i n g .” 
<h t t p : / / w w w .c c .g a t e c h .e d u / g v u / so ft v i z / v i sd e b u g / v i sd e b u g .h t m l > 

[ 15 ]  GV U L a b o r a t o r i e s. “V i su a l i z a t i o n  o f O b j e c t -O r i e n t e d  P r o g r a m s.” J u n e  6 , 
20 0 1. <h t t p : / / w w w .c c .g a t e c h .e d u / g v u / so ft v i z / o o v i z / o o v i z .h t m l > 

[ 16 ]  D. R . H a n so n  a n d  J . L . K o r n . A S i m p l e  a n d  E x t e n si b l e  Gr a p h i c a l  De b u g g e r . 
I n  P r o c e e di ng s  o f  t h e  U S E N I X  1 9 9 7  A nnu al  T e c h ni c al  C o nf e r e nc e , p a g e s 17 4 -18 3 , 
An a h e i m , C A. J a n . 19 9 7 . 

[ 17 ]  M . C . K a st e n . Da t a  S t r u c t u r e s i n  C O B O L . M a r . 18 , 20 0 2. 
<h t t p : / / h o m e .sw b e l l .n e t / m c k 9 / c o b o l / t e c h / st r u c t .h t m l > 

[ 18 ]  E . K o u t so fi o s a n d  S . C . N o r t h . Ap p l i c a t i o n s o f Gr a p h  V i su a l i z a t i o n . I n  
P r o c e e di ng s  o f  G r ap h i c s  I nt e r f ac e , p a g e s 23 5 -24 5 , B a n ff, Al b e r t a , C a n a d a . AC M  
P r e ss. 19 9 4 . 

[ 19 ]  C . L a ffr a  a n d  A. M a l h o t r a .  “H o t Wi r e  -- A V i su a l  De b u g g e r  fo r  C + + .”  I n  
U S E N I X  S i x t h  C + +  T e c h ni c al  C o nf e r e nc e , C a m b r i d g e , M A. 19 9 4 . 

[ 20 ]  Y . K . L e u n g  a n d  M . D. Ap p e r l e y .  “A r e v i e w  a n d  t a x o n o m y  o f d i st o r t i o n -
o r i e n t e d  p r e se n t a t i o n  t e c h n i q u e s.”  I n  A C M  T r ans ac t i o ns  o n C o m p u t e r -H u m an 
I nt e r ac t i o n, p a g e s 126 -16 0 . J u n e  19 9 4 . 

[ 21]  S . C . L o c k e . Gr a p h  T h e o r y . S e p t . 1, 20 0 1. M a r . 18 , 20 0 2. 
<h t t p : / / w w w .m a t h .fa u .e d u / l o c k e / g r a p h t h e .h t m > 

[ 22]  S . M c C r i c k a r d . “At t u n i n g  n o t i fi c a t i o n  d e si g n  t o  u se r  g o a l s a n d  a t t e n t i o n  
c o st s.” I n  C o m m u ni c at i o ns  o f  t h e  A C M , V o l u m e  4 6 , I ssu e  3 , p a g e s 6 7 -7 2.  
AC M  P r e ss. 20 0 3 . 



 

 10 4  

[ 23 ]  H . N a sc i m e n t o .  “A fr a m e w o r k  fo r  h u m a n -c o m p u t e r  i n t e r a c t i o n  i n  d i r e c t e d  
g r a p h  d r a w i n g .”  I n  A u s t r al i an s y m p o s i u m  o n I nf o r m at i o n v i s u al i z at i o n, p a g e s 6 3 -
6 9 , S y d n e y , Au st r a l i a . 20 0 1. 

[ 24 ]  W. P i e r so n  a n d  S . H . R o d g e r . We b -b a se d  An i m a t i o n s o f Da t a  S t r u c t u r e s 
Usi n g  J AWAA.  I n  T w e nt y -ni nt h  S I G C S E  T e c h ni c al  S y m p o s i u m  o n C o m p u t e r  
S c i e nc e  E du c at i o n, p a g e s 26 7 -27 1, R e n o , N e v a d a . AC M  P r e ss. 19 9 8 . 

[ 25 ]  R . R a o  a n d  S . K . C a r d .  “T h e  t a b l e  l e n s:  M e r g i n g  g r a p h i c a l  a n d  sy m b o l i c  
r e p r e se n t a t i o n s i n  a n  i n t e r a c t i v e  fo c u s+ c o n t e x t  v i su a l i z a t i o n  fo r  t a b u l a r  
i n fo r m a t i o n .” I n  P r o c e e di ng s  o f  t h e  A C M  S I G C H I  C o nf e r e nc e  o n H u m an F ac t o r s  i n 
C o m p u t i ng  S y s t e m s . AC M  P r e ss. Ap r i l  19 9 4 . 

[ 26 ]  P . R o y  a n d  R . S t . De n i s. “L i n e a r  F l o w c h a r t  Ge n e r a t o r  fo r  a  S t r u c t u r e d  
L a n g u a g e ”. AC M  S I G P L A N  N o t i c e s , p a g e s 5 8 -6 4 . AC M  P r e ss. 19 7 6 . 

[ 27 ]  P . S a r a i y a .  E f f e c t i v e  F e at u r e s  o f  A l g o r i t h m  V i s u al i z at i o ns .  T h e si s.  Au g u st , 20 0 2. 
[ 28 ]  C . S h a ffe r , L . S . H e a t h , a n d  J . Y a n g . “Usi n g  t h e  S w a n  Da t a  S t r u c t u r e  

V i su a l i z a t i o n  S y st e m  fo r  C o m p u t e r  S c i e n c e  E d u c a t i o n ”. I n  P r o c e e di ng s  o f  t h e  
T w e nt y -S e v e nt h  S I G C S E  T e c h ni c al  S y m p o s i u m  o f  C o m p u t e r  S c i e nc e  E du c at i o n, p a g e s 
14 0 -14 4 , P h i l a d e l p h i a , P A. AC M  P r e ss. 19 9 6 . 

[ 29 ]  C . S h a ffe r . “S w a n :  A Da t a  S t r u c t u r e  V i su a l i z a t i o n  S y st e m .” F e b r u a r y  12, 
20 0 1. <h t t p : / / si m o n .c s.v t .e d u / S w a n / S w a n .h t m l > 

[ 3 0 ]  N . C . S h u . V i s u al  P r o g r am m i ng . N e w  Y o r k :  V a n  N o st r a n d  R e i n h o l d  C o , 19 8 8 . 
[ 3 1]  J . T . S t a sk o . “T AN GO :  A F r a m e w o r k  a n d  S y st e m  fo r  Al g o r i t h m  

An i m a t i o n .” I E E E  C o m p u t e r , 23 ( 9 ) , p a g e s 27 -3 9 . 19 9 0 . 
[ 3 2]  J . T . S t a sk o . “An i m a t i n g  Al g o r i t h m s w i t h  X T AN GO .” S I G A C T  N e w s , 

23 ( 2) , p a g e s 6 7 -7  1. 19 9 2. 
[ 3 3 ]  J . T . S t a sk o  a n d  E i l e e n  K r a e m e r .  “A M e t h o d o l o g y  fo r  B u i l d i n g  Ap p l i c a t i o n -

S p e c i fi c  V i su a l i z a t i o n s o f P a r a l l e l  P r o g r a m s.”  I n  J o u r nal  o f  P ar al l e l  and 
D i s t r i b u t e d C o m p u t i ng , 18 ( 2) : 25 8 -26 4 . J u n e  19 9 3 . 

[ 3 4 ]  J . T . S t a sk o  a n d  J . F . We h r l i . “T h r e e -Di m e n si o n a l  C o m p u t a t i o n  
V i su a l i z a t i o n ,” I n  P r o c e e di ng s  o f  t h e  1 9 9 3  I E E E  S y m p o s i u m  o n V i s u al  L ang u ag e s , 
p a g e s 10 0 -10 7 , B e r g e n , N o r w a y . Au g u st  19 9 3 . 



 

 10 5  

[ 3 5 ]  J . T . S t a sk o  a n d  D. F . J e r d i n g .  “Usi n g  V i su a l i z a t i o n  t o  F o st e r  O b j e c t -
O r i e n t e d  P r o g r a m  Un d e r st a n d i n g .”  T e c h n i c a l  R e p o r t  GI T -GV U-9 4 / 3 3 , 
Gr a p h i c s, V i su a l i z a t i o n , a n d  Usa b i l i t y  C e n t e r , Ge o r g i a  I n st i t u t e  o f 
T e c h n o l o g y , At l a n t a , GA. J u l y  19 9 4 . 

[ 3 6 ]  J . T . S t a sk o  a n d  S . M u k h e r j e a .  “T o w a r d  v i su a l  d e b u g g i n g :  i n t e g r a t i n g  
a l g o r i t h m  a n i m a t i o n  c a p a b i l i t i e s w i t h i n  a  so u r c e -l e v e l  d e b u g g e r .”  I n  A C M  
T r ans ac t i o ns  o n C o m p u t e r -H u m an I nt e r ac t i o n ( T O C H I ) , V o l u m e  1, I ssu e  3 , p a g e s 
215 -24 4 . S e p t e m b e r  19 9 4 . 

[ 3 7 ]  J . T . S t a sk o  a n d  D. F . J e r d i n g . “T h e  I n fo r m a t i o n  M u r a l :  A t e c h n i q u e  fo r  
d i sp l a y i n g  a n d  n a v i g a t i n g  l a r g e  i n fo r m a t i o n  sp a c e s.” I n  P r o c e e di ng s  o f  t h e  
I E E E  V i s u al i z at i o n ‘ 9 5  S y m p o s i u m  o n I nf o r m at i o n V i s u al i z at i o n, p a g e s 4 3 -5 0 , 
At l a n t a , GA. O c t o b e r  19 9 5 . 

[ 3 8 ]  J . T . S t a sk o .  “Usi n g  S t u d e n t -B u i l t  Al g o r i t h m  An i m a t i o n s a s L e a r n i n g  Ai d s.”  
T e c h n i c a l  R e p o r t  GI T -GV U-9 6 / 19 , Gr a p h i c s, V i su a l i z a t i o n , a n d  Usa b i l i t y  
C e n t e r , Ge o r g i a  I n st i t u t e  o f T e c h n o l o g y , At l a n t a , GA. Au g u st  19 9 6 . 

[ 3 9 ]  J . T . S t a sk o  a n d  D. F . J e r d i n g . “V i su a l i z i n g  i n t e r a c t i o n s i n  p r o g r a m  
e x e c u t i o n s.” I n  P r o c e e d i n g s o f t h e  19 t h  i n t e r n a t i o n a l  c o n fe r e n c e  o n  
S o ft w a r e  e n g i n e e r i n g , p a g e s 3 6 0 -3 7 0 , B o st o n , M A. AC M  P r e ss. 19 9 7 . 

[ 4 0 ]  D. T u n k e l a n g . A P r a c t i c a l  Ap p r o a c h  t o  Dr a w i n g  Un d i r e c t e d  Gr a p h s. 
T e c h ni c al  R e p o r t  C M U -C S -9 4 -1 6 1 , C a r n e g i e  M e l l o n  Un i v e r si t y , S c h o o l  o f 
C o m p u t e r  S c i e n c e . 19 9 4 . 

[ 4 1]  M . Wi g g i n s. “An  o v e r v i e w  o f p r o g r a m  v i su a l i z a t i o n  t o o l s a n d  sy st e m s”. I n  
P r o c e e d i n g s o f t h e  3 6 t h  a n n u a l  S o u t h e a st  r e g i o n a l  c o n fe r e n c e , p a g e s 19 4 -
20 0 . 19 9 8 . 

[ 4 2]  A. Z e l l e r . D e b u g g i ng  w i t h  D D D .   J a n . 3 , 20 0 0 . F r e e  S o ft w a r e  F o u n d a t i o n , I n c . 
M a r . 18 , 20 0 2. <h t t p : / / w w w .g n u .o r g / m a n u a l / d d d / h t m l _ m o n o / d d d .h t m l > 

[ 4 3 ]  A. Z e l l e r  a n d  D. L ü t k e h a u s. DDD — A F r e e  Gr a p h i c a l  F r o n t e n d  fo r  UN I X  
De b u g g e r s. A C M  S I G P L A N  N o t i c e s , 3 1( 1) : 22–27 . AC M  P r e ss. J a n . 19 9 6 . 



 

 10 6  

V I T A 

J o h n  A. C o st i g a n , I I I , so n  o f J o h n  A. a n d  C h e r y l  A. C o st i g a n , J r ., w a s b o r n  i n  
F o r t  B r a g g , N o r t h  C a r o l i n a , o n  S e p t e m b e r  23 , 19 8 1.  Aft e r  a  l i fe t i m e  o f c o n st a n t  
m o v i n g  d u e  t o  h i s fa t h e r ’ s i n v o l v e m e n t  i n  t h e  Un i t e d  S t a t e s Ar m y , J o h n  
g r a d u a t e d  fr o m  L a k e  B r a d d o c k  S e c o n d a r y  S c h o o l  i n  B u r k e , V i r g i n i a , i n  J u n e  
19 9 9 .  H e  i m m e d i a t e l y  e n r o l l e d  a t  V i r g i n i a  P o l y t e c h n i c  I n st i t u t e  a n d  S t a t e  
Un i v e r si t y  ( V i r g i n i a  T e c h ) , w h e r e  h e  e a r n e d  a  B .S . i n  C o m p u t e r  S c i e n c e , w i t h  a  
m i n o r  i n  M a t h , i n  M a y  20 0 2.  T h e  fo l l o w i n g  y e a r , i n  Ap r i l  20 0 3 , J o h n  su c c e ssfu l l y  
d e fe n d e d  h i s t h e si s, “Ap p l y i n g  I n fo r m a t i o n  V i su a l i z a t i o n  T e c h n i q u e s t o  V i su a l  
De b u g g i n g ,” i n  p a r t i a l  fu l fi l l m e n t  o f h i s M .S . i n  C o m p u t e r  S c i e n c e  fr o m  V i r g i n i a  
T e c h .  J o h n  h a s b e e n  i n  a n d  o u t  o f c o m p u t e r  sc i e n c e  i n t e r n sh i p s si n c e  t h e  e n d  o f 
h i s so p h o m o r e  y e a r  o f h i g h  sc h o o l , a n d  h e  c u r r e n t l y  h o l d s a  p e r m a n e n t  p o si t i o n  
a s S o ft w a r e  E n g i n e e r  w i t h  Ar g o n  E n g i n e e r i n g  i n  F a i r fa x , V A. 


