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Abdgtract : This paper presents a novel full-chip scalable routing framework that simultaneously considers the rou-
ting congestion and the circuit performance. In order to bridge the gap ,the presented f ramework calls the detailed
router immediately after a global route is extracted. With the interleaving mode of global routing immediately fol-
lowed by detailed routing,accurate routing resource and congestion inf ormation can be obtained,which provides
valuable guidance for the following global routing process. The framework features the fast pattern and framed
shortest path global router ,a maze-based congestion-driven detailed router ,and better interaction between the two
routers. In the framework ,timing critical nets can be assigned higher priority f or performance concern,and differ-
ent net ordering techniques can be adopted for different routing objectives. The framework is tested on a set of
commonly used benchmark circuits and compared with a previous multilevel routing framework. Experimental re-
sults show that the presented framework obtains significantly better routing solutions than the previous one consid-
ering circuit perf ormance,routing completion rate,and runtime.
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1 Introduction

As VL SI technology reaches very deep sub-
micron feature sze and gigahertz clock frequen-
cies,the timingissueis becoming more critical. The
interconnect has become the dominating factor in
determining the performance of the overall chip.
Thus,the routing has become a more challenging
problem. The objective of routingis not only to ac-
complish a high completion rate within an endur-
able runtime but also to satidy other constraints,
such as timing and crosstalk.

Traditionally ,due to the high complexity of
the routing problem it has been solved by the di-
vide-and-conquer approach in two sequential star
ges:global routing and detailed routing. In litera
tures,many algorithms in global and detailed rou-
ting have been presented for the above-mentioned
two-stage flat routing framework. Those algo-
rithmsfall into two categories: sequential and con-
current methods. A sequential method routes nets
one by one in a predefined order based on maze
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searching!*?! or line-probe'™ techniques. A concur-
rent method routes nets s multaneousy with nego-
tiation-based iterative approaches* or flow-based
methods®"!

As VL Sl technology advances,the traditional
two-stage flat routing framework confronts the
scaling problem for large industrial designs. As a
result ,hierarchical approaches are adopted to han-
die large routing problems® ' . The drawbacks of
hierarchical approaches are the constraint of higher
level routing solutions on lower level ones and the
lack of detailed routing information at higher lev-
s,

In Ref [12] ,thefirst multilevel routing frame-
work was proposed and proven to be more effective
for large routing problems than the traditional two-
stage flat framework and the hierarchical ap-
proach. In Ref. [11], some improvements were
made to make the multilevel framework more com-
plete and effective. However , this framework is
based on gridless detailed routing. In Ref.[13] ,an-
other multilevel routing (MR) framework based on
grid routing was proposed. Unlike Ref. [12] ,the
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grid-based multilevel routing ,framework integrates
global routing,detailed routing,and resource esti-
mation during the coarsening stage. MR proves
success ul in solving the routing problem with a
high routing completion rate and a short runtime.
Thenin Refs. [14 16] ,s0me improvements were
made to adapt the framework for routing cons der-
ing performance,antenna effects,and X-based ar-
chitecture. In Ref. [17] ,the framework was adopt-
ed for gridless routing conddering optical proxi mi-
ty correction. In spite of the great success of MR,
there are some insufficiencies in the basc frame-
work consdering the timing and performance is
sue ,which will be discussed in the next section.

Inspired by the previous works on multilevel
routing ,we present in this paper a novel grid-based
full-chip scalable routing framework (SRF) that
takes congestion and performance into consdera
tion. Compared with MR ,our SRF has the follow-
ing distinguishing features:

(1) Two routing stages,trying and then re-
routing ,are used in SRF without coarsening and
uncoarsening steps. First, we decompose all the
nets into two-pin subnets by the minimum span-
ning tree (MST) algorithm ,with each subnet cor-
responding to one edge of the MST. Then we push
the subnetsinto a priority queue using the criticali-
ty-driven least flexihility prior net ordering tech-
nique. During the trying stage,we route the sub-
nets one by one in the queue order with fast global
routers followed by a congestion-driven detailed
router. The fast global routers include a pattern
router and a framed shortest path router , which
finds a global route for each subnet with minimum
wire length and congestion in the frame bounded
by the pins. Each time a subnet is routed ,the corre-
sponding routing resources are updated immediate-
ly. During the rerouting stage,the failed subnets
are routed by the framed shortest path router and
then the detailed router. The frame of the shortest
path router isincreased little by little until the sub-
net is routed or the entire routing area is covered.
The scheme in which the global router is immedi-
ately followed by the detailed router resultsin bet-
ter interaction between global routing and detailed
routing. Thus an accurate resource estimate can be
obtained ,which greatly benefits future global rou-
ting decisons.

(2) Thecriticality-driven least flexihility prior

net ordering technique is introduced to route the
nets consdering routing completion as well as tim-
ing and performance.

(3) A grid-base detailed router is adopted with
some optimization techniques such as congestion
driven maze backtrace and point-to-path maze
searching.

With the net ordering technique, SRF gives
special concern for timing and reduces the delay of
the timing-critical nets. With much better timing
results and little loss in other objectives, SRF is
promisng.

2 Detailed viewof MR

Now we have a detailed view of the MR pres
ented in Ref. [13]. In MR ,there are some draw-
backsin performance. MR routes the two-pin sub-
netsin a sequential order ,which is bascally small
net first. Snce timing is critical in very deep sub-
micron technology ,long and critical nets should be
special concerned in routing to meet the timing
constraint. Thus the small net first ordering
scheme is not reasonable or suitable for perform-
ance-driven routing in current VL SI designs. The
impact of the net ordering scheme can be concealed
when the routing resources are abundant. Howev-
er ,when the resources are limited ,the defect will e
merge ,resulting in longer delay or even failure in
routing for the long and critical nets.

We downloaded the ource code of MRfrom http :

cc. ee. ntu. edu. tw/  ywchang/ research. html and
tested it on commonly used benchmark circuits.
Table 1 shows the routing results of the critical
nets. The’ Circuit” column gives the names of the
circuits, whose detailed information is shown in
Table 3. Here we only use two routing layers to
make the problem more clear. We select a random
number of the longest nets,whose pins occupy the
largest areas,and mark them as critical. Snce in-
formation about the critical netsor the longest nets
is not available before the detailed routing is fin-
ished ,we have to adopt such heuristics to choose
the possible critical nets. However ,it is easy to un-
derstand that in this way ,we can always select the
long nets. The® Crit. Ratio” cloumn gives the ratio
of the wire length of critical nets to the total wire
length after routing in the SRF system. We use the
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SRF system to calculate the data because SRF can
route 100 % of all the test examples,whereas MR
cannot. The* # Net” column gives the total num-
ber of nets,and the® # FN” cloumn givesthe num-
ber of failed netsin MR routing. The® # FCN” col-
umn denotes the number of failed critical nets,and
theé’ Ratio” column shows the ratio of the number
of failed critical nets to the number of total failed
nets. From Table 1 ,we can see that except for Pri-
mary 1, Primary 2,and Struct ,whose routing re-
sources are still abundant ,critical nets take up to
42 9% of the total failed netsfor other test exam-
ples. Even for the 100 % routed circuits,the wire
lengths of the critical nets must be longer than
they ought to be. Thisis because the long and criti-
cal nets are routed after the small nets,and they
probably have to detour because of the pre-routes.
However , the critical nets with enlarged wire
length will probably violate the timing constraint ,
which isforbidden in current VL SI design.

Table 1 Routing results of MR for critical nets

Circuit QU Ratip #Net | #FN | #FCN Ratio
! % | %
Mccl 26.4 1694 8 3 37.5
Primary 1 10.7 2037 0 —
Primary 2 17.2 8197 0 —
S13207 30.5 6995 15 3 20.0
S15850 31.7 8321 21 9 42.9
38417 42.4 21035 28 5 17.9
38584 40.6 28177 50 4 8.0
9234 23.6 2774 1 12.5
Struct 38.7 3551 0 —
5378 17.2 3124 21 7 33.3

Now we explain why net ordering in MR is
bascally small net first. Table 2 shows the net rou-
ting condition of MR on the original circuits with
unreduced routing layers. The* # Subnet” column
denotes the number of two-pin subnets after M ST-
based net decomposition. The' Coarsening” column
shows the number of routed subnetsin the coarse-
ning stage,and the* Uncoarsening” column gives
the number of failed subnets during coarsening,
which need to be refined during uncoarsening.
From Table 2 ,we can see that most nets are routed
in the coarsening stage,and only a few failed nets
remain for the uncoarsening stage.

Table 2 Nets routed during coarsening of MR

Circuit # Subnet Coarsening U ncoar sening
Mccl 1694 1693 1
Primary 1 2037 2037 0
Primary 2 8197 8197 0
S13207 6995 6995 0
S15850 8321 8320 1
38417 21035 21034 1
S38584 28177 28176 1
0234 2774 2774 0
Sruct 3551 3551 0
$H378 3124 3120 4

However ,during the coarsening stage ,detailed
routing is done on each level in a sequential order
defined by the coarsening process. Consdering the
characteristics of the coarsening process, the de
fined net ordering is bascally small net first. How-
ever ,there are exceptions. In Fig. 1 ,we can see that
although net i isa small net ,because of its special
location in the routing area,it is routed at the end
of the coarsening stage. On the other hand, since
net re ison the routing tiles that will first be mer-
ged during the coarsening stage,it will be routed
prior to net . Thus,nets are ordered according to
their relative postionson the routing tiles,not just
small net first. For the above-mentioned reasons,
we draw the concluson that the primitive net orde-
ring scheme in MR is not suitable for current rou-
ting,which must take into consderation timing
performance.

«—»
Net n,

Fig.1 Net ordering during coarsening stage of MR

3 Net ordering in SRF

In light of the observation in Section 2 ,we &
dopt a more reasonable and effective net ordering
technique that gives special concern to the critical
nets to improve the timing and the performance of
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the circuits. In the SRF system,nets are first de
composed into two-pin subnets using the minimum
spanning tree (MST) agorithm. Then the subnets
are routed one by one. In order to achieve a high
completion rate and satigactory timing results,we
sort all the subnetsinto an appropriate order. The
orting criterion consders the following two fac
tors:

(1) Critical netsfirst

Snce long nets often run into timing prob-
lems,we give them higher priority for routing. In
the implementation ,we select a random number of
the longest nets ascritical nets and route their cor-
responding subnetsfirst to reduce the delay. We al-
0 regard other nets which need special concern as
critical nets. Thus the optimal routing solution for
the nets with special optimization requirements can
be obtained.

(2) Least flexibility first

This criterion deal s with the difficulty of rou-
ting a subnet. Thefreedom of a subnet is defined as
the weighted sum of the size of the horizontal mini-
mum cut set and the vertical minimum cut set in
the undirected grid graph within the rectangular
area formed by the two pinsof the subnet. Figure 2
illustrates the minimum cut sets of subnet n. In
Fig.2,the sze of the horizontal minimum cut set
(he) is5 ,and the sze of the vertical one (vo) is9.

14
. e 227 4

Vertical cut set  +—
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Fg.2 Minimum cut set of a subnet

The smaller the cut set szeis,the more difficult it
isfor the subnet to be routed with optimal wire
length. We formulate this notion of the freedom of
a subnet ,which can be calculated as follows:
freedom =a x min( hc,vec) + max( hc, vc)

(1)
whered is a user-defined parameter which makes
the first term min ( hc, vc¢) dominate the second
one. Then we assign each subnet apriority whichis
computed as follows:

priority =B x criticality - freedom  (2)
wherep is defined by the user and makes the first
term dominate the second one. The criticality is 1
or 0 ,according to whether the subnet iscritical. We
can see that the val ue of priority ispostivefor crit-
ical nets and negative for others. With the priority
calculated for each subnet ,we can build a priority
queue and route the subnets according to the queue
order.

4 dobal router

In the SRF system,there are two stages for
routing a subnet. Thefirst one triesto route a sub-
net with minimum wire length, 0 we call it the
trying stage. The second oneisthe rerouting stage,
during which failed subnets from the trying stage
are rerouted ,possbly with longer wire length.

During the trying stage ,we route the subnets
in the predefined order described in Section 3. For
each subnet ,wefirst try to routeit using the global
router if it is not alocal net within one routing tile.
Then the global router calls the detailed router to
finish the routing. The global router runsin a cer-
tain rerouting pattern. When one global routing re-
sult is not feadble ,another result will be extracted
from the global router and fed to the detailed rout-
er for rerouting. The rerouting process continues
for several iterations until detailed routing succeeds
or the predefined number of iterationsis reached.

The global routersin the trying stage include
the line-pattern router ,U-pattern router ,L-pattern
router , Z-pattern router and the framed shortest
path (SP) router. The pattern routers are based on
thosein Ref.[18].Line and U-pattern routers are
used for line-shape subnets,whereas L- and Zpat-
tern routers are for L-shape subnets. Each router
calls the detailed router to finish routing. If one
router fail s ,thefollowing router will be called for a
further try. Figure 3 illustrates the four pattern-
based routes. When pattern routersfail ,we use the
framed SP router ,which is based on the shortest
path algorithm!™ . Both the Zpattern router and
the framed SP router need a cost function for guid-
ance in path searching.Let G= (V, E) be the rou-
ting graph of the frame bounded by pins of the
subnet and R(n) ={d e Eand eis selectedfor the
route of n} be a global routefor subnet n. Then the
cost for the global route R(n) can be calculated as



7 Yao Hailong et al. :  Full-Chip Scalable Routing Framework Considering Congestion and Performance 1205

; based on the maze-searching algorithm. In order to
U route obtain a high completion rate, we have adopted
i buss i some heuristics, such as congestion-driven back-
_______ P trace and point-to-path maze searching. In order to

ine route [ i i K
cure the blindness of the maze routing algorithm,

Z route {1 . . . .

; we introduce the notion of grid dendty to encour-
Pin & age the backtracing of less congested areas. During

Fig.3 Pattern-based routes

follows:
c(R(n)) = Z)f(e) (3

Here f (€ isthe cost functionfor using the edge e.
The cost function is computed asfollows:
f(e) = a/2% % + b/ 2" e +
c/ 2% e + dle + foe (4)
Here c. and de are the capadty and dendty of edge e,
repectivdy ,we. and wde are the wiring capacity and
wiring dendty of the routing tile asodated with edge
e,reyectively ,which measures the routing congestion
in the tile, tc and tde are the through capacity and
through dendty of the assodated routing tile, respec
tivdy ,which indicates the number of remaining cross
ing through routesof thetile,leisthe length of edge e,
@ is the number of overflows of edge e during detailed
routing ,and a,b,c, d,e,and f are user-defined parame-
ters.

With the above-mentioned cost function for
global routes,the Zpattern router and the framed
SP router can calculate the minimum cost route and
feed it to the detaled router. If the detailed router
succeeds ,a procedure for updating the routing re-
sources will be called. Otherwise,the overflow of
the failed routing edge isincreased.

During the rerouting stage ,the global router is
the framed SP router. The difference between the
trying stage and the rerouting stage lies in the
frame sze of the searching area. In the rerouting
stage ,the frame increases little by little to the en-
tire routing area if all previous routing attempts
fail. When the frame has increased to the entire
routing area and the routing still fail s after a prede-
fined number of iterations,we accept the failure of
the subnet and start to reroute other subnets.

5 Congestion-driven detailed router

The detaled router is a grid-based router

the routing procedure ,we keep a map of the dens-
ty values of all the detailed routing grids. The den-
sity value of a detailed routing grid is calculated as
follows:

x+DIS y+DIS
d(x, = 1 X - Xu|+
( y) Xq :ZDIS Vi :zms (l ' l
[y-y|+1) (5

where DIS is a user-defined parameter which con-
trols the dendty area sze of a routing grid. The
task of this calculation seems time-consuming ,but
in fact, the initial calculation can be done very
quickly ,within one second for all the test cases
with DIS set at 6. Thisis because we calculate the
grid dendty from obstacles rather than from the
grid itself. For the given test cases,we use over-
the-cell routing ,which is the same asin Ref.[13].
There are only drawn-up pins which block the routes.
If there are npinsdrawn up ,the time complexity of the
cdculation will be O(nxDIS).

During the backtrace stage,we compare the
dengty values of the grids with the same cost and
select the one with the least density value. The
congestion-driven backtrace may potentialy in-
crease the number of vias. But we can add some
cost for aturn during the backtrace and balance be-
tween the congestion and the number of vias.

6 Overview of the SRF routing flow

Now we have an overview of the SRF routing
flow. The main steps of SRF are shown in Fig. 4.
First ,nets are decomposed into two-pin subnets u-
sng the MST algorithm. Then we calculate the pri-
ority value for each subnet and push them into a
priority queue. Steps 3 12 are carried out during
the trying stage and each subnet is attempted to be
routed with minimum possible wire length. For
each subnet , first we check whether the subnet is
of line-shape, that is, whether the routing tiles
where the two pins resde are of the same x or y
coordinates. If the two pins arein the same routing
tile ,which means the subnet is a local net ,we still
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regard it as line-shaped and equip the Line-pattern
router for this trivial case. If the subnet is of line
shape ,then it will first be passed to the Line-pat-
tern router for line routing. If line routing fails,the
subnet will be routed by the U-pattern router. The
U-pattern router routes subnets in a predefined
bounding box which serves as a restriction of the
searching space and the total wire length. Howev-
er ,if the subnet is not of line shape it isfed to the
L-pattern and Zpattern router.

1. Decompose nets into two-pin subnets by MST algorithm;
2. Push the subnets into a priority queue;
3. FOR each subnet n, DO

4. IF nis line-shape, THEN

S. Line-pattern route n;

6. If not success flag, U-pattern route n;
7. ELSE

g. L-pattern route n;

If not success flag, Z-pattern route n;

10. IF not success flag, SP route n;

11. IF not success flag, store » into failed subnet list;
12. END FOR

13. FOR each failed subnet n, DO

14.  FOR iteration, DO

1S. Increase the bounding box of the frame;

16. FOR j iteration, DO

17. SP route n;

18. IF success flag, goto Step 20;
19. END FOR

20. ENDFOR

21. END FOR

Fg.4 Main stepsof the SRF routing flow

The two routers try to route the subnet one
after another if the subnet is not easly routed. If
the subnet remains un-routed after the pattern
routers,the SP router will be adopted for afurther
try. During the trying stage,the bounding box of
the SP router is determined by the bounding box of
the subnet pins. If the SP router fails,we declare
failure of the subnet during the trying stage and
store it for processing during the rerouting stage.

When all the subnets are processed during the
trying stage,steps 13 21 start the rerouting stage
and attempt to reroute the failed subnets. During
the rerouting stage ,the failed subnets are rerouted
by the SP router one by one in the same predefined
priority order. The only difference in the SP router
between the trying stage and the rerouting stage
liesin the sze of the bounding box for routing.
During the rerouting stage ,the sze of the bounding
box increases gradually to the entire routing area.
For each sze of the bounding box ,the SP router is
called for several iterations until the routing suc-
ceeds. If the bounding box has reached the entire

routing area and the subnet remains unrrouted af-
ter all the iterations,we have to accept the failure
and mark the subnet failed.

Snce the detailed router iscalled by the global
routers,it does not appear in Fig.4. Each time the
detailed router succesd ully routes a subnet ,a pro-
cedure for routing resource update is called. Thus,
the resource estimate can be very accurate,which
results in better interaction between the global
routing and the detailed routing of the SRF routing
flow. The accurate routing resource estimation and
better interaction between the routing stages can
greatly improve the routing completion rate over
the tradition approaches.

7 Experimental results

We have implemented the SRF systemin C+
+ ona SUN Enterprise V880 and have tested it on
a set of commonly used benchmark circuits. Table
3illustrates the detailed information of the original
test circuits. Snce there are abundant routing re-
sourcesin the original circuits,both MR and SRF
can route 100 % of all the circuits. To prove the &f-
fectiveness of SRF ,weonly use two routing layers.
Note that SRF can support multilayer routing.
Snce test case Mcc2 istoo large to be solved by the
two systemsin areasonable time ,we do not list the
caseinthetable. In Table 3 ,thefirst column shows
the names of the circuits,the second one denotes
the layout dimensions,the column under® # Sub-
net” column gives the number of the two-pin sub-
nets,the’ # Pin” column gives the total number of
pins,and the® #Layer” column shows the number
of routing layersin the original circuits.

Table 3 Benchmark circuits

Gircuit Sze/ld m # Subnet # Pin # L ayer
Mccl 39000 x 45000 1694 3101 4
Primary 1 7552 x 4988 2037 2941 3
Primary 2 10438 x 6468 8197 11226 3
S13207 6590 x 3640 6995 10562 3
S15850 7040 x 3880 8321 12566 3
S38417 11430 x 6180 21035 32210 3
S38584 12940 x 6710 28177 42589 3
S9234 4020 x 2230 2774 4185 3
Struct 4903 x 4904 3551 5717 3
S5378 4330 x 2370 3124 4734 3
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Table 4 shows the experimental results of MR
and SRF. The" Crit. Ratio” column gives the ratio
of the wire length of critical netsto the total wire
length after routing by the SRF system. The criti-
cal nets are selected from nets whose pins occupy
the largest area. Only the number of the netsis se-
lected randomly. It is easy to understand that such
nets are always long nets which can easily runinto
timing violation.* Comp. of Crit.” and“ Comp.
rate” denote the routing completion rate of the
critical nets and all nets. The routing completion
rate is calculated as the ratio of the routed number
of nets to the total number of nets’ WL of Crit.”
and“ WL"” give the wire length of the critical nets
and all nets respectively! Runtime” indicates the
runtime of both routing systems and” Imp.” re-
presents the improvement ratio. From the results,
we can see that our SRF routing system can route

Table 4 Experimental

all 10 test cases with a 100 % routing completion
rate, while MR can route 100 % of only 3 cases
which still have abundant routing resources with 2
routing layers. Since these 3 cases still have plenty
of routing resource,long nets do not have to de-
tour much to be routed in MR. That is why SRF
improves the wire length of the critical nets only a
little over MR in these 3 cases. Since long nets of -
ten run into timing problems,they require special
concern and should be routed with as short a wire
length as possible. Thus the performance of the
SRF system turns out to be better than M R. At the
same time, the total wire lengths of the SRF are
no worse than MR even though SRF has routed
more nets. Finally ,SRF runs faster than MR by up
to 382 5%. Thus, as far as routability, perform-
ance,and scalability are concerned ,SRF proves to
be a more effective full-chip routing system.

results of MR and SRF

Circuit Crit. Ratio | Comp. of Crit. WL of Crit./107 Comp. rate Runtime/ s WL /107
| % MR SRF MR SRF _|Imp./ % MR SRF MR SRFE _|Imp./ %[ MR SRF
Mccl 26.4 0.963 1 755 723 4.4 0.990 1 569.3 | 497.9 | 14.3 2880 2850
Primary 1 10.7 1 1 11.3 11.1 1.7 1 1 384.9 [ 205.3 87.4 105 104
Primary 2 17.2 1 1 74.7 73.1 2.1 1 1 2133.7] 749.9 | 184.5 428 426
S13207 30.5 0.960 1 6.16 5.87 4.8 0.996 1 198.0 89.4 121.4 19.9 19.9
S15850 31.7 0.899 1 7.73 7.23 6.8 0.995 1 670.4 | 253.6 | 164.4 24.6 24.7
S38417 42.4 0.978 1 23.6 22.6 4.2 0.998 1 606.1 | 365.8 65.7 54.9 54.1
S38584 40.6 0.986 1 31.9 30.2 5.8 0.997 1 2452.3] 966.1 | 153.8 76.3 75.1
S9234 23.6 0. 966 1 1.52 1.43 6.2 0.995 1 35.9 21.9 63.7 6.40 6.35
Struct 38.7 1 1 34.6 34.0 1.8 1 1 547.4 | 113.5 | 382.5 88.7 87.8
S5378 17.2 . 788 1 1.28 1.17 8.0 0.988 1 72.1 50.8 41.8 8.37 8.54
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