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ABSTRACT Also, it is a gridless  rou t ing  

A gene ra l  and p r a c t i c a l  r iver  rou t ing  a lgo r i t hm 
is descr ibed .  It  is a s s u m e d  t h a t  t h e r e  is one l ayer  
for  rou t ing  and  t e rmina l s  a re  on the  b o u n d a r i e s  of 
a n  a rb i t r a r i l y  s h a p e d  r ec t i l i nea r  rou t ing  region.  All 
ne t s  are  two- t e rmina l  ne t s  with p r e - a s s igned  (may  
be different)  widths and  no c ro s sove r  be tween  ne t s  
is allowed. The m i n i m u m  s e p a r a t i o n  be tween  the  
e d g e s  of two a d j a c e n t  wires is i npu t  as the  des ign 
rule.  This a lgo r i t hm as sumes  no grid on the  p lane  
a n d  will always g e n e r a t e  a so lu t ion  if a so lu t ion  
exists.  The n u m b e r  of c o r n e r s  is r e d u c e d  by  
flipping of co rne r s .  An analysis  to de t e rmine  the  
m i n i m u m  space  r equ i r ed  for  a s t r a i t - t ype  r iver  
r o u t i n g  p r o b l e m  is inc luded .  

Let B be the  n u m b e r  of b o u n d a r y  s e g m e n t s  and  
T be the  t o t a l  numbel~ of terminals .  The t ime com-  
plexi ty  ~ of O(T(B+T) ~) and  the  s to rage  r e q u i r e d  is 
0((B+T)~). This a l g o r i t h m  is imp lem en ted  as p a r t  
of the  des ign s t a t i on  u n d e r  d e v e l o p m e n t  a t  the  
Univers i ty  of California,  Berkeley.  

1. I n t r o d u c t i o n  

With the  a d v e n t  of VLSI technolog ies ,  the  com-  
plexi ty  of the  c i rcu i t s  on a single chip has  
i n c r e a s e d  dras t ica l ly .  Mic roprocessors  and  m a n y  
digital  s ignal  p r o c e s s o r s  are  now bui l t  on  a single 
chip. These p r o c e s s o r s  usua l ly  have sets  of d a t a  
busses  which i n t e r c o n n e c t  d i f ferent  c i r cu i t  b locks  
o n  t he  chip. At the  chip p lanning  stage,  t he  
des igne r  can,  in genera l ,  de t e rmine  the s e q u e n c e  of 
the  i npu t  and  o u t p u t  busses  of e a c h  block,  so t h a t  
every  b lock has  the  o u t p u t  busses  o r d e r e d  in t he  
same sequence  as t h a t  of the  i n p u t  busses  of the  
receiving c i r cu i t  blocks.  Since the  i npu t  and  out -  
p u t  busses  of the  b locks  have the  same sequence ,  it 
is possible to m a k e  the  i n t e r c o n n e c t i o n s  be tween  
b locks  on a single layer .  The p r o b l e m  of i n t e r c o n -  
nec t ing  pairs  of pins in two rows with the  same  
s e q u e n c e  on a single layer  is usua l ly  r e f e r r e d  to as 
t he  "r iver  rou t ing  problem"[  1,2,3,4]. 

This p a p e r  p r e s e n t s  a rou t ing  a lgo r i t hm which 
hand les  a m u c h  more  gene ra l  and p r a c t i c a l  r iver  
rou t ing  p rob lem.  This a l g o r i t h m  can  hand le  arbi-  
t ra r i ly  s h a p e d  r ec t i l i nea r  rou t ing  reg ions  with ne t s  
for  which wire widths can  be defined independen t ly .  

a lgor i thm.  The 
m i n i m u m  s e p a r a t i o n  be tween  the  edges  of two 
wires is i n p u t  as a p a r a m e t e r .  This a lgo r i t hm 
g u a r a n t e e s  t h a t  a so lu t ion  can  be f o u n d  if one. 
exists.  The design rule  c h e c k  and  an  analysis  to 
d e t e r m i n e  the  m i n i m u m  space  n e e d e d  for  a s t ra i t -  
type  r iver  rou t ing  p r o b l e m  are  inc luded.  

In sec t ion  2, we i n t r o d u c e  some basic  t e rmino-  
logies and  define the  r iver  rou t ing  problems.  In 
sec t ion  3, t he  a lgo r i t hm for  rou t ing  is p r e s e n t e d .  
In sec t ion  4, the  ca l cu la t ion  of the  m i n i m u m  width 
for  the  s t r a i t - t ype  p r o b l e m  is descr ibed .  

2. Te rmino logy  a n d  P r o b l e m  F o r m u l a t i o n  

A routing region is a c o n t i n u o u s  a r e a  be tween  
c i r cu i t  b locks  t h a t  can  be used  for  rout ing .  It  is 
specif ied by the  b o u n d a r i e s  of each  available layer .  
(Note t h a t  e a c h  layer  may  have  d i f fe ren t  boun-  
daries) .  A terminal  is e i the r  an  i npu t  or o u t p u t  pin 
o n  the  b o u n d a r i e s  of a rou t ing  region.  A t e r m i n a l  
is c h a r a c t e r i z e d  by its locat ion,  width, and  the  
l ayer  it is on. A signal net  (or simply net)  is a se t  
of t e rmina l s  to be i n t e r c o n n e c t e d  by  wires. A rout- 
ing segment is a h o r i z o n t a l  or  ve r t i ca l  wire seg- 
ment  on a specif ied l ayer  which imp lemen t s  all or  
p a r t  of a s ignal  net .  I t  is r e p r e s e n t e d  by its s t a r t -  
ing and  ending points ,  t he  width of the  segment ,  its 
a s s o c i a t e d  layer ,  and  the  signal  ne t  it be longs  to. A 
c o n t a c t  is an a r e a  where  a se t  of layers  are  e lectr i -  
cal ly i n t e r c o n n e c t e d .  It  has  a g e o m e t r y  r e p r e s e n t -  
ing its bound ing  box and  a se t  of a s s o c i a t e d  layers.  

A gene ra l  routing problem cons i s t s  of a rou t -  
ing region,  a se t  of s ignal  ne t  definit ions,  and  a se t  
of des ign  rule p a r a m e t e r s .  A solution to  a rou t ing  
p r o b l e m  is a se t  of rou t ing  s e g m e n t s  and  c o n t a c t s  
inside the  rou t ing  region,  which implemen t s  the  se t  
of s ignal  ne ts  def ini t ions  w i thou t  des ign rule viola- 
t ion.  

A g e n e r a l  river routing problem is a specia l  
case  of the  gene ra l  rou t ing  p r o b l e m  where  

(a) 0nly  one l aye r  is available for  rou t ing  in 
the r o u t i n g  region.  

(b) All t e rmina l s  are  on the  same  layer .  
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(c) Every s ignal  ne t  cons is t s  of exac t ly  two 
te rmina ls .  

(d) Terminals  are  l o c a t e d  in such  a way t h a t  
no c r o s s o v e r  be tween  signal ne ts  is neces -  
sa ry  for  a so lu t ion  to exist. 

(e) The rou t ing  reg ion  has  no in t e rna l  block-  
age. 

Fig. 1 shows an  example  of a gene ra l  r iver  rou t -  
ing problem.  
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Fig.1 An example  of the  gene ra l  r iver  rou t ing  
p r o b l e m  

A strait-type r / v e t  ro~t~g problem is a specia l  
case  of r iver rou t ing  problem.  It is a r iver  rou t ing  
problem,  where  

(a) The rou t ing  region  can  be specified by  two 
opposi te  b o u n d a r y  s egmen t  lists t h a t  are  
bo th  m o n o t o n i c  in e i ther  X or Y direct ion.  

(b) All t e rmina l s  are  on hor izon ta l (ver t i ca l )  
b o u n d a r y  s e g m e n t s  if the  two b o u n d a r y  
s egmen t  lists are  m o n o t o n i c  in the  X(Y) 
di rec t ion.  

(c) Every  signal ne t  has  one t e rmina l  on each  
of the  two b o u n d a r y  s e g m e n t  lists. 

A s t r a i t - t ype  r iver  rou t ing  p r o b l e m  is ho r i zon-  
ta l  if the two bounda r i e s  are m o n o t o n i c  in X direc-  
t ion  and  vice versa.  The s e p a r a t i o n  be tween  the  
two b o u n d a r i e s  is usua l ly  r e f e r ed  to  as the  uddth 
of the  s t rai t .  Fig. ~ is a ho r i zon ta l  s t r a i t - t ype  r iver  
rou t ing  problem.  

I I -  2 
i • 

! 
Fig.2 A s t r a i t - t ype  r iver  rou t ing  p r o b l e m  

3. General  River Routin£ Algor i thm 

An o r d e r e d  list  of s egmen t s  is co~ztinzLo~s if t he  
s t a r t ing  po in t  of every  segment ,  e x c e p t  for  the  f i rs t  
segment ,  is t he  ending poin t  of the  previous  one.  A 
path is a c o n t i n u o u s  list of a l t e rna t i ng  ho r i zon t a l  
and  ver t ica l  rou t ing  segments .  A t e rmina l  con-  

n e c t e d  with the  f irst  s e g m e n t  of a p a t h  will be 
cal led a starting terminal and the  t e rmina l  con-  
n e c t e d  with the  las t  s e g m e n t  is an  ending termi- 
nal .  We assume t h a t  the  widths  of the  rou t ing  seg- 
men t s  of a signal ne t  are  the  same  and  are  pre- 
def ined by the  user.  

This a l g o r i t h m  rou t e s  one n e t  a t  a time. It  
s t a r t s  with the  a s s ignmen t  of the  s t a r t ing  t e rmina l  
for  e a c h  n e t  and the  ne t  o rde r  is d e t e r m i n e d  by the  
s equence  of te rmina ls  on the  bounda r i e s .  P a t h  
sea rch ing  is done by rou t ing  each  ne t  in t u r n  as 
close to the  b o u n d a r i e s  as possible.  U n n e c e s s a r y  
c o r n e r s  are  t h e n  r emoved  by flipping of corners .  

3.1. S ta r t in~  Termina l  Ass ignment  

For  a r iver  rou t ing  problem,  all ne t s  are  two- 
t e r m i n a l  nets .  Without  loss of genera l i ty ,  we 
a s sume  t h a t  every  p a t h  is coun te r - c lockwise  a long 
the  b o u n d a r y .  Every ne t  has  two possible pa th s  
along the boundary. Clearly, the  two possible 
p a t h s  t h e n  c o r r e s p o n d  to the  two possible choices  
of s t a r t i ng  t e rmina l  for  the  net .  Fig. 3 shows two 
possible  pa th s  along the  b o u n d a r y  for  a ne t  IT1,T2]. 
P a t h  P1 has T1 as its s t a r t ing  t e rmina l  and  p a t h  P2 
has  T2 as its s t a r t ing  te rminal .  

The s t a r t ing  t e rmina l  for  a n e t  is chosen ,  
i n d e p e n d e n t l y  of all o t h e r  nets ,  such  t h a t  the  
s h o r t e r  p a t h  is se lected.  This is done by ca lcu la t -  
ing the  to t a l  length  of the  b o u n d a r y  s egmen t s  
coun te r - c lockwise  be tween  the  s t a r t ing  and  ending 
t e rmina l s  and  c o m p a r e  it  with half  of the  to ta l  
l eng th  of the  b o u n d a r i e s  of the  rou t ing  region.  In 
fig. 3, p a t h  P1 is s h o r t e r  t h a n  p a t h  P2. So, t e rmina l  
T1 is ass igned  to be the  s t a r t ing  t e rmina l  for  the  
net .  

3.2. Net  Orderin£ 
Since every  p a t h  is coun te r -c lockwise  and  

begins  a t  the  s t a r t ing  terminal ,  t h e r e  are  con-  
s t r a in t s  on the  o rde r  of the  ne ts  to be rou ted .  A 
n e t  is r o u t e d  only a f t e r  all nets ,  which have one or 
m o r e  t e rmina l s  on the  coun te r -c lockwise  po r t i on  of 
the  b o u n d a r i e s  be tween  the  s t a r t ing  and  ending 
t e rmina l s  of the  net ,  have  been  rou ted .  

To de t e rmine  the  n e t  order ,  we f irs t  g e n e r a t e  a 
c i r c u l a r  list  of all t e rmina l s  o r d e r e d  in c o u n t e r -  
clockwise d i rec t ion  acco rd ing  to the i r  pos i t ions  on 
the  bounda r i e s .  A p l ana r i t y  check  is p e r f o r m e d  to 
see w h e t h e r  t he re  exist  c rossovers  by using a 
s tack .  If so, t h e n  the  inpu t  p r o b l e m  is no t  a r iver 
rou t ing  problem.  Otherwise,  we o rde r  the ne ts  as 
follows: 

NET-ORDERING 

(1) s t ack  ST = empty;  
i = l ;  
N = the  to t a l  n u m b e r  of signal nets ;  
T = any  t e rmina l  in the  c i r cu la r  list; 
Every s t a r t ing  t e r m i n a l  is m a r k e d  as NOT 
PUSHED. 
Every ending t e rmina l  is m a r k e d  as NOT 
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T, II 

T2 
Fig.3 Two possible  p a t h s  along the  b o u n d a r y ,  

p a t h  P1 is sho r t e r ,  so t e r m i n a l  T1 is as- 
s igned as the  s t a r t ing  te rminal .  

MATCHED. 

(2) while i <= N 
begin  

if T is a s t a r t ing  t e rmina l  t h a t  is NOT 
PUSHED, 
begin  

p u s h  T on ST; 
m a r k  T as PUSHED; 

end 
else 
begin  

if T is an  ending t e rmina l  t h a t  is NOT 
MATCHED, 
begin  

if T and  the top e l emen t  of ST 
be long to  the  same net ,  
begin  

m a r k  T as MATCHED; 
pop the top e l emen t  f r o m  ST; 
ass ign  the  n u m b e r  i to the  
net ;  
i n c r e m e n t  i by  one; 

end; 
end; 

end; 
T = n e x t  t e rmina l  in the  c i r cu la r  list; 

end;  

Assert :  The ne ts  are  o r d e r e d  in inc reas ing  
o r d e r  of the  ass igned  number .  

Fig. 4 shows the  s t a r t ing  t e r m i n a l  for  each  ne t  

S ! 

and  the  ne t  o rde r ing  is ~1,7,6,5,4,2,3 I. 
s 

3 4 

s 2 I 18S 

J ; 

Fig.4 
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The s t a r t ing  t e r m i n a l  for  e a c h  ne t  and  
the n e t  o rde r ing  ~ 1,7,6,5,4,2,3~ 

3.3. Pa th  Searching  
For  e a c h  n e t  in turn ,  two c o n t i n u o u s  con-  

s t r a i n t  s e g m e n t  lists are  c r e a t e d  by  t r a c ing  
t h r o u g h  the  b o u n d a r y  s e g m e n t s  and  the  exist ing 
rou t i ng  s egmen t s  t h a t  are  exposed to t h e  c u r r e n t  
net .  A p a t h  is t h e n  f o r m e d  by rou t ing  c o u n t e r -  
clockwise as close to one  of the  c o n s t r a i n t  list as 
possible,  beginning a t  t he  s t a r t i ng  t e rmina l  and  
s topping  at  the  ending t e rmina l  of the  net .  The 
p a t h  is t h e n  c h e c k e d  aga ins t  t he  o t h e r  c o n s t r a i n t  
list  fo r  design rule violat ion.  If a violat ion occurs ,  
it m e a n s  t h a t  t he re  is n o t  e n o u g h  space  for  any  
so lu t ion  to exist, and  f r o m  the  topo logy  of the  
c u r r e n t  rout ing,  the  use r  c an  easi ly de t e rmine  
where  the  space  should  be added.  

Fig 5 shows c o n s t r a i n t  lists ' a b c d '  and  ' ihgf '  fo r  
n e t  A and  the  p a t h  c r e a t e d  by rou t ing  as close to 
list ' abcd '  as possible.  The p a t h  is t h e n  c h e c k e d  
aga ins t  the  list ' ihgf '  for  des ien  rule violat ions.  

'c 
d • 

;__J 

1 @ 
r-1 V 

9 

h 

Fig.5 C-armtraint lists ' abcd '  and  ' fghi '  for  ne t  
A and  the  p a t h  c r e a t e d  by rou t ing  as 
close to one  of the  c o n s t r a i n t  list as 
possible.  

3.4. Corner Winimization 
After we have done the path searching for all 

nets without design rule violation, we already have 
a solution. Every net has a unique path associated 
with it. All paths are pushed outward against the 
boundaries and the excess space remains in the 
center of the routing region. Fig 6 shows an exam- 
ple of the routing after path searching. 

The corner minimization is done in a sys- 
tematic way of flipping corners toward the inside of 
the routing region. We minimize the corners of one 
net at a time. The order of the nets for this opera- 
tion is just the reverse of the order determined by 
the previous net ordering step. The net that is 
routed last is minimized first. Equivalently, we are 
minimizing the corners of the paths from inside 
nets toward the outside nets of the routing region. 

Every corner of a path belongs to one of the 
eight possible cases as shown in Fig.7. Since every 
path is routed in the counter-clockwise direction, 
four of the cases can have their corners flipped 
toward the inside of the routing region. In fig.7, 
cases a,b,c,d can be transformed to cases e,f,g,h by 
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Fig.0 A boundary-packed solution after path 
searching 

flipping toward the inside, where the inside is indi- 
cated by a black dot. A constraint segment list is 
generated by the same way as in the path search- 
ing step. Before we flip a corner, we first check 
whether the flipping will generate any design rule 
violation against the constraint list. If it does not 
have any design rule violation, we will flip the 
corner and thus eliminates two corners of the path. 
Otherwise, we skip this corner and check the next 
corner of the path. Fig 8 shows one path before 
and after flipping of corners. 

3.5. S,mm~ry 

In summary, this river routing algorithm routes 
all nets against the boundaries of the routing 
region and then tries to minimize the number of 
corners. The first step "starting terminal assign- 
ment" tries to select a shorter path for each net 
and spread the nets against all boundaries. It 
should be noted that if the problem can be routed 
without crossovers, this assignment will not cause 
any crossover to occur. Based on the assignment, 
the net order is determined by using a stack. Let T 
be the total number of terminals. The while loop in 
NET-ORDERING will be executed at most 2T times 
since at mast two cyc les  around the circular termi- 
nal list is necessary if the problem is a river rout- 
ing problem. Because of the assumption that all 
paths are counter-clockwise against the boundary, 
the paths are generated easily by going along the 
constraint list. Finally, the corner minimization is 
done in reverse net order by flipping the corners 
toward the inside of the routing region. This step 
efficiently generates a very desirable final layout 
due  to  t he  f a c t  t h a t  all  p a t h s  a r e  d i s t r i b u t e d  
a r o u n d  t h e  whole r o u t i n g  r eg ion  and  the  f l ipping 
o p e r a t i o n  is v e r y  efficient .  

3.6.  E x i s t e n c e  o f  A S o l u t i o n  

A so lu t ion  of a r ive r  r ou t i ng  p r o b l e m  is 
bo'ur~d,.ry-p,,.cl,:ed if a n d  only  if no p a t h  c a n  be  
r e p l a c e d  by  a n o t h e r  p a t h  which  is no  f a r t h e r  f r o m  
the  b o u n d a r y  a n y w h e r e .  Given a r ou t i ng  so lu t ion  
with n ne t s .  The r o u t i n g  reg ion  is d ivided in to  n + l  
sub reg ions .  If we i m ag i ne  t h a t  we s t a n d  inside one  
of the  sub reg ions ,  a un ique  b o u n d a r y - p a c k e d  solu- 
t ion  c a n  be  o b t a i n e d  b y  push ing  all  t h e  n e t s  
a g a i n s t  t he  b o u n d a r i e s .  Fo r  a lega l  " s t a r t i n g  t e r m i -  
na l  a s s i g n m e n t " ,  i t  un i que l y  d e t e r m i n e s  one  s u b r e -  
g ion  whe re  we s t and .  The so lu t ion  we g e t  a f t e r  
p a t h  s e a r c h i n g  a n d  b e f o r e  c o r n e r  m i n i m i z a t i o n  is 
the un ique  b o u n d a r y - p a c k e d  so lu t ion  a s s o c i a t e d  

with  t h e  " s t a r t i n g  t e r m i n a l  a s s i g n m e n t "  we ge t  in 
t he  f i rs t  s t ep  of t h e  a lgo r i thm.  

Given a r i ve r  r o u t i n g  p r o b l e m ,  t h e r e  a lways  
ex i s t s  a legal  " s t a r t i n g  t e r m i n a l  a s s i g n m e n t " .  Fo r  
a n y  legal  " s t a r t i n g  t e r m i n a l  a s s i g n m e n t " ,  t h e r e  
ex is t s  a un ique  b o u n d a r y - p a c k e d  so lu t ion  if a solu- 
t ion  exis ts .  This a l g o r i t h m  f i r s t  g e n e r a t e s  a legal  
" s t a r t i n g  t e r m i n a l  a s s i g n m e n t "  and  t h e n  t r i e s  to 
find t h e  un ique  b o u n d a r y - p a c k e d  so lu t ion  assoc i -  
a t e d  wi th  t he  a s s i g n m e n t .  Clearly,  if t he  a l g o r i t h m  

L-'+ C 
(a ]  [b]  [c}  (d} 
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a n d  a f t e r  f l ipping of 

can not find the unique boundary-packed solution, 
it implies that no boundary-packed so!ution exists, 
'which in turn implies that there is no solution, 

4. Ca l cu l a t i on  of The  Min imum Width F o r  A S t r a i t -  
t y p e  River  Rou t ing  P r o b l e m  

In the algorithm described above, we have 
implicitly assumed that the given routing region 
has a fixed topology. The algorithm will generate e, 
solution if a solution exists, and returns a partially 
routed layout if there is no solution for the prob- 
lem. If a solution exists, the excess space can be 
obtained by using the boundary-packed layout. 
However ,  if a so lu t ion  does  n o t  exist ,  t h e  i n f o r m a -  
t ion  a b o u t  t he  m i n i m u m  a d d i t i o n a l  s p a c e  n e e d e d  
c a n  only  be  pa r t i a l l y  o b t a i n e d  by  us ing  the  i n co m-  
p le t e  l ayou t .  

Fo r  a s t r a i t - t y p e  r i ve r  rou t ing  p r o b l e m ,  t h e  
m i n i m u m  width  c a n  be  c a l c u l a t e d  e x a c t l y  b e f o r e  we 
do the  a c t u a l  rou t ing .  The c a l c u l a t i o n  s t a r t s  wi th  a 
p s e u d o - r o u t i n g  w i t h o u t  des ign  ru le  c h e c k  a n d  t h e n  
t h e  m i n i m u m  width  is d e t e r m i n e d  to i n su re  t h a t  no 
des ign  ru le  v io la t ion  will occur .  

4. I. Pseudo-Routing A~oritbrn 

Let us describe this algorithm for a horizontal 
strait-type river routing problem as shown in Fig. 2. 
As before a signal net for this type of problem con- 
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sists of two terminals .  There,  one is on the  u p p e r  
b o u n d a r y  and  the  o t h e r  is on the  lower b o u n d a r y .  
Let  Xui be the  x c o o r d i n a t e  of the  t e rmina l  of s ignal  
n e t  i on  the  u p p e r  b o u n d a r y  and  Xli be the  x coor -  
d ina te  of the  t e rmina l  of signal ne t  i on the  lower 
b o u n d a r y .  Signal n e t  i will be cal led a fa l l ing n e t  
if Xui < Xli, a trivial net  if Xui = Xli, and  a rising 
n e t  if Xui > Xli, 

Algorithm-" P s e u d o - r o u t i n g  

This a l g o r i t h m  p r o c e e d s  n e t  by net ,  in the  
o r d e r  f r o m  left  to r ight ,  g e n e r a t i n g  a se t  of rou t ing  
s e g m e n t s  for  e a c h  n e t  in tu rn .  Fu r the r ,  the  set  of 
rou t ing  s egmen t s  for  e a c h  ne t  is g e n e r a t e d  by the  
simple p r o c e d u r e :  

(1) If t he  ne t  u n d e r  c o n s i d e r a t i o n  is a tr ivial  
net ,  we simply make  a s t r a i g h t  ver t ica l  
rou t ing  s e g m e n t  c o n n e c t i n g  the  two te rmi-  
nals  and  p r o c e e d  to the  nex t  net .  If the  
n e t  is n o t  a tr ivial  ne t ,  we g e n e r a t e  a con- 
t inuous c o n s t r a i n t  s egmen t  list. This list 
of s egmen t s  cons i s t s  of the  rou t ing  seg- 
m e n t s  of the p rev ious  ne t  jus t  r o u t e d  (or 
the  lef t  b o u n d a r y  s egmen t s  if the  ne t  is 
t he  l e f tmos t  ne t )  and  por t ions  of e i ther  

the  problem.  So thic a l g o r i t h m  will always g e n e r a t e  
a so lu t ion  if one exists.  

t h e  u p p e r  or  lower (for rising or  falling 
net )  b o u n d a r y  segmen t s  be tween  the  pre-  
vious n e t  and  t e rmina l  of the  net .  

(2) Genera t e  a c o n t i n u o u s  list  of s e g m e n t s  
with c u r r e n t  n e t  width b y  licking along the  
r igh t  edge of the  c o n s t r a i n t  s e g m e n t s  with 
the  s e p a r a t i o n  equal  to the  m i n i m u m  spac-  
ing be tween  a d j a c e n t  wire edges.  Note 
t h a t  b o u n d a r y  s egmen t s  have width equal  
to zero.  

(3) Genera t e  two ver t i ca l  rou t ing  s e g m e n t s  
f r o m  the  two t e rmina l s  of the  ne t  to the  
s e g m e n t  list  ob t a ined  in s tep  (2). Delete 
t h e  s e g m e n t s  to the left  of the  ve r t i ca l  
cu t l ine  t h r o u g h  the  left  t e rmina l .  The 
resu l t ing  c o n t i n u o u s  s e g m e n t  list  is the  
rou t ing  s e g m e n t s  of this net .  

Fig. 9 shows the  rou t ing  o p e r a t i o n  for  n e t  Z. 
The c o n s t r a i n t  s e g m e n t  list cons is t s  of the  rou t ing  
s e g m e n t s  of n e t  1 and  por t ions  of the lower boun-  
d a r y  be tween  the  two t e rmina l s  of ne t  1 and  n e t  2. 
A c o n t i n u o u s  list  is g e n e r a t e d  by licking along the  
c o n s t r a i n t  list  and  the  the  resu l t ing  rou t ing  seg- 
m e n t  list is o b t a i n e d  for  n e t  2. 

Informal ly ,  we r o u t e  one ne t  a t  a Lime in the  
o r d e r  f r o m  lef t  to  r ight .  If the  n e t  u n d e r  con-  
s ide ra t ion  is a falling net ,  we go downward  f r o m  the 
lef t  t e r m i n a l  of the  ne t  as far  as we can,  and  t h e n  
lick along the  u p p e r  edge of the  c o n s t r a i n t  seg- 
m e n t  list as close as possible unt i l  we r e a c h  the  
r i gh t  t e r m i n a l  of the  net .  If the  n e t  is a r ising net ,  
we do the  similar  o p e r a t i o n  e x c e p t  we go upward  
i n s t ead  of downward.  No design rule  c h e c k  is per -  

formed against the opposite boundaries. If the net 
is trivial, we simply connect the two terminals 
directly by a straight vertical routing segment. 

The intuition behind this algorithm is that no: 
space to the left of the routing segments of a net 
can be used by the nets to its right. Since we route 
the nets from left to right, we would like to route a 
net in such a way that we leave the maximum avail- 
able space to the right of the routing segments. 
Also, we have imphcitly assumed that both the left 
and right boundaries consists of a single vertical 
segment. It is easy to see that, for each net, no 
rou t ing  s e g m e n t  needs  to a p p e a r  to the  left  of its 
l e f t  t e rmina l .  So, we rou t e  the  ne t s  by s tack ing  all 
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Fig.9 C o n s t r a i n t  s e g m e n t  list, l icking ope ra -  
t ion,  and  the  resu l t ing  rou t i ng  seg- 
m e n t s  of a p s e u d o - r o u t i n g  for  n a t  2 

r is ing ne t s  aga ins t  the  u p p e r  b o u n d a r y ,  and  all fal- 
ling ne t s  aga in s t  the  lower b o u n d a r y .  Fig. 10 shows 
the  resu l t  of a t e s t  example.  

Note t h a t  this a l g o r i t h m  can  hand le  a rb i t r a r i l y  
s h a p e d  rec t i l i nea r  r ou t i ng  reg ion  as long as the  
u p p e r  and  lower b o u n d a r i e s  are  m o n o t o n i c  in the  X 
di rec t ion .  

If B is the  n u m b e r  of b o u n d a r y  s e g m e n t s  and  T 
is the  to ta l  n u m b e r  of t e rmina ls .  :~he t ime complex-  
i ty for  this  algorith;~n is O(T(B+T) ~) and  the  s t o r age  
r equ i r ed  is O((B+T)~). 

4.2. Calculation of The Minimum Width 

The basic constraint on the width of the 
strait-type routing problem is that all routing seg- 
ments must be inside the routing region, ie. 
between upper and lower boundaries. Since the 
pseudo-routing algorithm proceeds in such a way 
that all rising nets are stacked upward against the 
upper boundary and all falling nets are stacked 
downward against lower boundary. We can imagine 
that the upper boundary segments, and the rising 3 4 6 6 ? 8  I011 
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Fig.10 P s e u d o - r o u t i n g  for  a s t r a i t - t y p e  r ive r  
r o u t i n g  p r o b l e m  

n e t  s e g m e n t s  ( e x c e p t  fo r  t hose  v e r t i c a l  r o u t i n g  
s e g m e n t s  t h a t  c o n n e c t  to t h e  lower  b o u n d a r y ) ,  
f o r m s  a r igid body.  Similarly,  t h e  lower b o u n d a r y  
a n d  the  fal l ing n e t  s e g m e n t s  ( e x c e p t  fo r  the  r o u t -  
ing s e g m e n t s  t h a t  c o n n e c t  to  the  u p p e r  b o u n d a r y ) ,  
f o r m s  a n o t h e r  r igid body.  The c o n c e p t  is shown in 
Fig. 11. Now, we c a n  p u t  the  two rigid bod ies  as 
c lose  t o g e t h e r  as poss ib le  w i thou t  des ign  ru le  viola-  
t ion  a n d  c a l c u l a t e  the  e x c e s s  s p a c e  or  t h e  
m i n i m u m  a d d i t i o n a l  s p a c e  n e e d e d  to have  a solu-  
t ion.  With t he  c a l c u l a t e d  m i n i m u m  width,  t h e  
r e s u l t  of the  p s e u d o - r o u t i n g  /s a so lu t ion  to t he  
p r o b l e m .  Since the  g e n e r a l  r iver  r ou t i ng  a l g o r i t h m  
g u a r a n t e e s  t h a t  a so lu t ion  c a n  be  found  if one  
exis ts .  We now c a n  use  the  c a l c u l a t e d  width  a n d  do 
t h e  a c t u a l  rou t ing  b y  using the  g e n e r a l  r ive r  r o u t -  
ing a lgor i thm.  

Let  B be the  n u m b e r  of b o u n d a r y  s e g m e n t s  a n d  
T be  the  t o t a l  n u m b e r  of t e r m i n a l ~  the  t ime  com-  
p l ex i ty  fo r  th is  ana lys i s  is 0(B(B+T)~). 

UPPER RIClI) BOI)Y 

 UU. u 
• 0UER R~C'~ BODY 

Fig.11 F o r m u l a t i o n  of t he  two rigid bod ies  

5 .  E x p e r i m e n t a l  r e s u l t s  

The two a l g o r i t h m s  a re  i m p l e m e n t e d  in the  C 
l a n g u a g e  on a VAX-11/780 r u n n i n g  the  B e r k e l e y  
Unix o p e r a t i n g  sys t em,  as  p a r t  of t he  a u t o m a t i c  
p l a c e m e n t  a n d  rou t i ng  p a c k a g e  of the  des ign  s ta -  
t ion  u n d e r  d e v e l o p m e n t  a t  t he  Univers i ty  of Cali- 
fo rn ia ,  Berke ley .  

Fig. 12 shows the  r e s u l t  of an  exam pl e  r o u t e d  
b y  the  g e n e r a l  r ive r  r ou t i ng  a lgor i thm.  There  a re  
12 b o u n d a r y  s e g m e n t s  and  14 t e r m i n a l s  and  the  
t ime  r e q u i r e d  is 0.3 CPU s econds .  Fig. 13 is a 
s t r a i t - t y p e  r ive r  r ou t i ng  p r o b l e m  wi th  22 b o u n d a r y  
s e g m e n t s  a n d  28 t e r m i n a l s .  The ana lys i s  fo r  t he  
m i n i m u m  width  t a k e s  0.2 s e c o n d s  and  the  a c t u a l  
r ou t i ng  t a k e s  1.0 seconds .  Fig. 14 is a p r a c t i c a l  
p r o b l e m  with 126 t e r m i n a l s  a n d  12 b o u n d a r y  seg- 
m e n t s .  The exces s  space  h a s  b e e n  d e t e c t e d  and  
r e m o v e d  b y  us ing  the  b o u n d a r y - p a c k e d  solut ion.  
The t ime  r e q u i r e d  is 7 seconds .  

6 .  C o n c l u s i o n s  

A g e n e r a l  r i ve r  r ou t i ng  a l g o r i t h m  is desc r ibed .  
This a l g o r i t h m  c a n  r o u t e  s ignal  n e t s  with d i f fe ren t  
wid ths  inside an  a r b i t r a r i l y  s h a p e d  rou t ing  reg ion  
with  one  l aye r  fo r  rou t ing .  I t  g u a r a n t e e s  t h a t  a 
so lu t ion  c a n  be  f o u n d  if one  exis ts ,  a n d  the  solu-  
t ion  is v e r y  c lose  to  t he  m a n u a l  l ayout .  The 
ana lys i s  to  find the  m i n i m u m  width fo r  a s t r a i t - t y p e  
r ive r  r o u t i n g  p r o b l e m  g u a r a n t e e s  t h a t  an o p t i m a l  
so lu t ion  c a n  be  found .  A s imple  g e n e r a l i z a t i o n  of 

t he  a l g o r i t h m  c a n  h a n d l e  a r ive r  r ou t i ng  p r o b l e m  
with  m u l t i p l e - t e r m i n a l  ne t s .  

3 4 g 

b 
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Fig.12 An e x a m p l e  r o u t e d  by  the  g e n e r a l  r ive r  
r o u t i n g  a l g o r i t h m  
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Fig.13 A s t r a i t - t y p e  r ive r  r o u t i n g  p r o b l e m  
a n a l y z e d  and  r o u t e d  

Fig. 14 A la rge  and p rac t i ca l  example 
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