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A New Performace-Driven Global Routing Algorithm
for Cell-Based Layout
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The global routing problem based on critical path-based timing analysis is formulated as a
multi-commodity multi-terminal flow problem. The initial routing trees are generated by two
net-based performance-driven Steiner tree algorithms. Later, some nets are rerouted to release
over-congested channels. As long as the total accumulated delay on the critical paths affected
by the nets still satisfy the constraints on the paths, the rerouted trees are accepted. The
experimental results based on ISCAS benchmarks show that our method can obtain the same
chip size as those which ignore timing completely, while achieving comparable path delay with
the net-based method.
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1 Introduction

Interconnection delay has become a dominant fac-
tor in circuit performance of a VLSI chip. Intercon-
nection capacitance and resistance cannot be ignored
for delay calculation since they are comparable to gate
capacitance and output driver resistance under submi-
cron technology [6, 18].

Since the global routing step in VLSI layout design
determines a route for each signal net, these routes af-
fect the interconnection delay. It is one of the most
important problems to be considered for the purpose
of maximizing the overall chip performance. In most
previous timing-driven approaches, the main objective
of global routing is to minimize the total length of
each net on critical paths [8, 13]. Recently, several
approaches have been proposed to minimize both the
total length of a net and the longest path from the
source pin to any sink pin, becaunse shortest total wire
length alone may not yield minimum delay under sub-
micron technology [4, 5, 14]. In [2, 12], routing tree
construction methods for minimizing the delay between
the source and sinks in a net were described. These ap-
proaches were based on the assumption that the timing
constraints on critical paths can be satisfied by obtain-
ing the minimum delay Steiner tree for each net. It
is likely that this requirement forced upon each net is
more strict than actually necessary, because the actu-
al timing requirement is specified for the paths not for
each individual net.

This paper proposes a new performance-driven glob-
al routing method for gate array and standard cell lay-
out based on critical path timing analysis. A distribut-
ed RC model [1, 9, 15, 16] is adopted for interconnec-
tion delay. An upper bound of the interconnection de-

lay of each segment (partial path from the source to

a sink in a net) on a critical path is derived from the
estimation based on the delay model.

The performance-driven global routing problem is
formulated as a multi-commodity multi-terminal flow
problem [3, 11]. As the input, a set of initial possible

routes for each net is created by the efficient performance-

driven Steiner tree algorithms [12] which consider the
timing requirement in the construction process. With
multi-commodity approach, all initial routes are treat-
ed simultaneously. Then, if any channel is over con-
gested, some nets have to be rerouted to release the
heavily congested channels. The rerouted tree of the

net should be checked with respect to the delay bound
of critical paths for timing requirement. As long as the
total wiring delay on a critical path satisfies the con-
straint, the route is acceptable. So even for some net
where the delay between the source pin and the sink
pin exceeds the constraint for that sink pin, the accu-
mulated total delay on the critical paths affected by
that net may still satisfy the constraint on the paths,
and the route of the net should not be rejected. This
is a major difference between our propesed path-based
method and previous net-based methods. Unnecessary
rejection of the nets’ routes may result in increase of
channel density, and thus chip area.

The global routing algorithm is applied to three IS
CAS benchmark circuits: C2, C7, and s13207. For each
data, the following three timing modes are tested and
compared:

(i) no timing analysis,
(ii) net-based timing analysis, and

(iil) critical path-based timing analysis.

The experimental results show that the critical path-
based method can obtain the very close maximum or
total channel density as the "no timing analysis” mode,
while achieving comparable path delay with the net-
based method.

2 Timing Model

Let u be the index of the source pin and v be the
index of the sink pin in a net n. In order to calculate
the wire delay del(n,v) at sink pin v, a distributed RC
delay model from [1, 9, 15, 16] is referenced. The circuit
is modeled by a voltage source with the on-resistance of
the transistor - Rtr, distributed RC lines of resistance
R;, capacitance Cj, and loading capacitors Cr; (see,
Fig.1). Take sink pin ¢; in Fig.1 as an example, the
delay time at sink pin 25, del(s, t2), is approximated by
the following equation:

del(s,t3) = f*Rtr*(Ciy + Ciz2 + Co1 +Cp1 + Cap
+C3 4+ Cr2 + Ca + CLs) + B+ Ry *(Ciz
+Co1 4 CpLi+Caz + Ca+ Cra + Cy ‘
+C13) + f*Ra*(Coz + C3 + Cpo + Cy
+Cr3) 4 fxRy*(C3 + Crs)

where § equals 2.21 which yields the 90 percent of the
signal’s final delay time [16].
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Figure 1. Multi-terminal net interconnection delay model.

In the case where tree-structured interconnections
are used for connecting a multi-terminal net, the delay
time at sink pin v in net n, del(n,v), has an upper
bound Del(n,v) given by the following equation:

del(n,v) < Del(n,v) = p*(Rtr + r1*L(u,v))

*(Cl*W+C,‘") (1)

where r; and ¢; are wire resistance and capacitance per
unit length, respectively. W is the total wire length
of the net, L{u,v) is the path length from the source
pin u to the sink pin v, and Cj, is the total loading
capacitance of all sink pins of the net. Equation (1) is

used in following sections for sink delay estimation.

3 Timing Analysis

In this paper, cell delay is ignored in the estimation
of signal propagation delay of a critical path, since it is
constant and not affected by any global routes. Critical
path information is obtained from placement output.

3.1 Net-Based Approach

One of the easy ways to obtain a good performance
design is to route each net such that the delay between
the source pin and each sink pin is less than the speci-
fied timing constraint on the sink.

Let 7(n, v) be the delay bound for sink pin v in net
n. The routing tree for the net should satisfy:

del(n,v) < 7(n,v), Vn.

(2)

It is clear that the required performance is guaranteed
if the route of every net satisfies the constraint; howev-
er, it may be too strict to require all nets to be routed
with the "minimum” delay, because this would cause
possible channel congestion.

3.2 Path-Based Approach

Let p be a critical path, which is represented as
P vg — Vi PP i gt — -

— VIR %t o,
where vi" and 17 are pins of a cell (v™ ~2v°* means
that pins v" and v°*! belong to the same éell), and
u© — v represents the segment from source pin = to
sink pin v. If a segment v — v (u,v € n) is on a
critical path p, v — v is said to be included in p, and
denoted by (u — v) € p. The delay of segment v — v
is denoted by del(u — v).

Generally a VLSI designer specifies the timing re-
quirement as the delay bound between signal input to
a chip and its output response from the chip. Thus,
it is necessary to check the delay of a critical path be-
tween I/O pads. Let P denote the set of all critical
paths, and T(p) be the timing constraint for critical
path p: Q; — --- = Qo (p € P) between I/O pads
Q1 and Qo. The path delay should satisfy:

Z del(u = v) < T(p), Vpe P. (3)

(u—v)€p

In our global routing algorithm, the timing con-
straint 7(p) for each critical path p is given by the
placement program RITUAL [17]. T(p) is computed
by the delay of each net on p from the output of regis-
ter to the input of gate based on the clock cycle time.

According to the above restriction, nets may not be
routed with its minimum delay. When the tree of a net
on a critical path is rerouted to release the congested
area, the timing constraints specified on each net may
be violated, but the rerouted tree may still be accepted
as long as the constraint on the critical path is satisfied.

In our global routing, the path-based timing anal-
ysis method is adopted. Our global routing algorithm
generates an initial routing tree for each net accord-
ing to the timing constraint for each net on a criti-
cal path (i.e., the net-based timing analysis method).
Then, routes of some nets are modified in order to de-
crease the channel congestion based on the path-based
timing analysis method. It is clear that the satisfac-
tion of timing constraint on the path (Inequality (3))
is the necessary condition of satisfaction of timing con-
straint of the nets on that path (Inequality (2)), while
the later is the sufficient condition of the former. In
other words, the timing constraint is loosened so that
more nets can be rerouted in the global routing pro-
cess to release the congested area, which results in



smaller maximum channel density compared with the
net-based timing analysis while the timing constraints
on the critical paths are still satisfied.

4 Problem Formulation

4.1 Definitions

Let G = (V, E) denote the global routing graph
shown by the dotted lines in Fig.2. The chip is dissect-
ed into blocks of regions which are represented by V, a
set E of edges represents the adjacencies among those
blocks, which can be further classified as E = EygUEy,
where Ep represents the routing channels, Ey repre-
sents the connection of vertical adjacent blocks. Each
edge e € E is assigned a capacity C(e). Each row of the
dissected region covers a channel. Ey, denotes the set
of horizontal edges in channel 7. Ch denotes the set
of channels (equuding the top and bottom channels)
on the chip. The channel density for channel » € Ch
is denoted by A,. For gate array layout, each edge
e € Ey, has the same fixed channel capacity C.p. Al-
so, a distance function d(e) is assigned to each e € F
to represent the cost of edge e. '
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Figure 2. Dissection of chip area for graph generation.

Let N denote the set of nets to be routed on G
under timing constraint. Each net n € N has a de-
mand B(n) which is set to one in general. The routing
of net n can be formulated as embedding a routing
tree t into G. Since G(V, F) is a finite graph, so ¢ is
simply a subset of E. The distance of ¢ is defined as:
D(t) = 3_ ¢, d(e), which can be interpreted as the cost
function for routing ¢.

Let T, be a set of all possible routing trees for net n
which satisfy the timing constraint. Obviously, |T,| is
finite. Furthermore, since only the best tree according
to the distance function is generated during each rout-
ing iteration, |T,| is expected to be relatively small.
f(n,t) is denoted as the flow of routing tree t € T, for

net n. 6(n,t,€) is a binary function defined to indicate
whether tree t for net n passes edge e. The flow on edge
e is defined as F(e} = 30 ey 2oier, f(n,t) * 8(n,t,€).

4.2 Linear Programming Formulation

for Gate Array

In gate array léyout, C.p is-fixed, so the goal in
global routing is to search for a flow solution which
minimizes the maximum channel density M. If in the
final solution, M > C.j, then the routing is not feasi-
ble. As chip height is defined as the product of maxi-
mum channel density and number of rows on the chip,
so minimizing M also means minimizing chip height.
The global routing problem is formulated as the linear
programming problem in the following:

minimize: M
subject to:
> f(nt) > B(n), yneN
teT,
F(e) £ M, Ve€ Ey,,Yr € Ch
F(e) < Cle), Ye€ E,
Z Del(u—v) < T(p), Vpe P
(u—2)€Ep

\%

f(n,t) 2 0, VteT,, VneN
F(e) > 0, Ve€ E.

The first constraint specifies that the total fractional
flow of all possible routing trees for net n satisfies the
demand for that net. The second constraint defines
M as the maximum channel density. The third one
demonstrates that the total flow on each vertical edge
in E, must be restricted by its capacity. The fourth one
specifies the timing constraint for each critical path,
which is enforced by the fact that the routing tree t is
picked from the set T;, which only contains those trees

satisfying the timing requirement.

4.3 Linear Programming Formulation
for Standard Cell

In standard cell layout, C.; is adjustable, so the
goal in global routing is to search for a flow solution
which minimizes the total channel density 3 A,. Here
chip height is defined as the summation of channel den-
sities of all rows on the chip, so minimizing > Ar also
means mininﬁzing chip height. The linear program-
ming problem is formulated as:




minimize: AL
subject to:
2 f(mt) 2 B(n), VaeN
teTy
F(e) < A,, Ve€ Ey_,Vr € Ch
F(e) < C(e), Ye€ E,
Z Del(u—v) < T(p), VpeP
(u—v)€p
f(n,t) >0, VteT,,VneN
Fe) > 0, Ye€ E.

The second constraint defines A4, as the channel densi-
ty. Other constraints have the same meaning as in the
gate array case.

5 Global Routing

In this section, two major issues are discussed.
The first is the generation of Steiner trees which satis-
fy the timing constraint.. Various performance-driven
Steiner algorithms are used for generating the initial
trees for global routing and the rerouted trees for re-
leasing the congested area. The second is a multi-
commodity multi-terminal flow global routing algorithm.
The global routing algorithm discussed here adopts the
methodology in [3], but with different Steiner tree ap-
proaches and enforced timing analysis during the rout-
ing process to guarantee the satisfaction of specified

timing constraints.

5.1 Performance-Driven Steiner Tree
Algorithms

(1) Initial Performance-Driven Steiner Tree Con-
struction

Two performance-driven Steiner tree algorithms (ID-

W and CFD) [12] are used to construct the initial rout-

ing trees for the global routing process which satisfy the

specified timing constraints. (For details, please refer

to [12].)

A) Iterative Dreyfus-Wagner based algorithm (IDW)
The first approach is an iterative Dreyfus-Wagner

based Steiner tree algorithm (IDW). Its essence calls
for two recursions, which derives the Steiner tree of a

given set of nodes from the Steiner trees of its subsets.
It is an extension of original Dreyfus-Wagner algorithm
[7], but instead of minimizing the total wire length of

the net, it adopts a more general objective, i.e., to min-
imize the delay upper bound at the sink - Del(n,v) in
Eq. (1) which incorporates both the total wire length
and the distance between the source and the specified
sink (minimizing Del(n, v) can guarantee that the real
delay at sink - del(n,v) will be restricted below a lim-
it). The nonlinear effect of the timing model discussed
in Section 2 is approximated by using the methodology
of gradient descent approach.

The algorithm starts with an initial solution. Dur-
ing each iteration, the coefficients of the objective func-
tion are updated after the locally optimal solution is
found, then the new objective is to be minimized. This
process continues until the result converges or the num-

ber of iterations goes beyond a given limit.

B) Constructive force directed algorithm (CFD)
Due to the exponential nature of the IDW algo-
rithm, it only works efficiently for nets with small num-

ber of pins. For large nets, a constructive force directed
Steiner tree algorithm (CFD) is used. The algorithm
first maps the original pins of the net onto the routing
graph and denotes them as active nodes. A weighted
medium point (WMP) is computed for each active node
J in such a way that it tends to be closer to those nodes
near j. Then two directions wwpp(f) and wg(y) are
defined for each j in the routing tree which point to
the WMP and the source S, respectively. A growing
direction is determined for j by combining ws(j) and
wwamp(j) with an appropriate balancing factor.

Initially, pins of the net are mapped onto the graph
as active nodes. Each active node grows in the cho-
sen direction one step at a time. The moving paths are
recorded accordingly. Previous active nodes are deacti-
vated and the newly arrived nodes become active, and
then their WMPs are calculated and the new growing
directions are decided. If two paths are touched in the
growing process, the two active nodes are merged into
one. This construction process stops when all growing
segments are merged into one tree. Since both the total
wire length and the distance between the source and
each sink are considered in the construction process by
setting a proper balancing factor, CFD algorithm re-
sults in minimizing the delay at the sinks.

(2) Performance-Driven Steiner Tree Improve-
ment (STI)

During the global routing process, the congested
portions are rerouted to reduce the routing density



under current tree configurations. The congestion is
measured by distance function d(e) which is discussed
later. For each tree t for net n, the most expensive
edge is identified by d(e). Let S and T denote the two
subtrees separated by e. The path connecting S and T
is deleted and S and T' are reconnected by applying a
variant of Dijkstra’s shortest path algorithm [10]. The
newly rerouted tree is checked by the timing analysis
methods described in previous section. If it results in
violation of the specified timing constraint, then it is
not included in the valid routing tree set T,.

5.2 Performance-Driven Global
Routing Algorithm

(1) Edge Distance Calculation

A) Gate Array

Initially, there is no flow on the edges, so d(e)
is set as the inverse proportion of the capacity C(e),
d(e) = 1/C(e). After initialization, d(e) is defined as
the exponential function of the edge congestion, d(e) =
exp(a x F(e)/C(e)), where a is a constant. « is set as
the extent of penalty of the congested area, which can
be tuned according to the precision of computing envi-
ronment to avoid overflow.

B) Standard Cell

Initially, d(e) = 1/C(e) for each edge e € Fy, and
d(e) = 1/C for each edge ¢ € Ex, where C is the av-
erage of capacities C(e)’s of all vertical edges. After
initialization, the d(e) for each vertical edge e is de-
fined as: d(e) = exp(a * F(e)/C(e))/k, where k = K *
2eek, exp(a* F(e)/C(e)) and K is a constant coefhi-
cient. For each horizontal edge e € Ep,: d(e) = exp(os*
F(e)/A;)/Sr, where S, = 3., exp(a* F(e)/Ar),
which is used to normalize the distance function.

(2) Global Routing Algorithm GR
The essence of the algorithm can be summarized
in four steps (S1-S4).

Algorithm GR
S1: Initialization and generation of initial
performance-driven Steiner trees;
S2: while solution is not e-optimal do
$2.1: Compute edge distance and generate
new routing Steiner trees under the

timing analysis method;

S2.2: Check if solution is e-optimal;
52.3: Select and rerout net;

S3: Solution integerization;

S4: while not feasible do

S4.1: Improve integerized solution.

Steps S1 and S2 work toward achieving an e-optimal so-
lution with fractional flows under the condition of tim-
ing constraint. Here, e-optimal means that the error
margin between the current flow and its upper bound
is less than or equal to a given € [3]. Step S1 achieves
an initial feasible solution. The algorithms IDW and
CFD are applied here to generate such initial feasible
routing trees that the delay constraint for each net (In-
equality (2)) is satisfied. It is clear that the generated
routes satisfy the timing restriction for each critical
path (Inequality (3)). Step S2.1 updates edge distance
and recomputes the improved Steiner tree for each net
under timing constraint. The improvement of a routing
tree is performed by the STI algorithm. For a modi-
fied tree of net n, each critical path p including net n is
checked to decide whether the path p satisfies the delay
restriction T (p). If not, the modified tree is rejected.
Step 52.2 determines whether the solution is e-optimal.
If it is, then it breaks from the loop and proceeds on to
the integerization. Otherwise, Step S2.3 selects a net
to reroute and the amount of flow to be rerouted.

Steps S3 and S4 control the multi-commodity flow
integerization. Step S3 integerizes the fractional flow
solution. For each net n, the current flow of each tree
is regarded as a probability. A tree t is selected ac-
cording to the probability, and its flow f(n,?) is set to
the demand B(n). Based on the result of integeriza-
tion, Step 4.1 identifies the overflow edges, updates the
edge distances, and reroutes the nets which utilize the
overflow edges. Step S4 improves the solution until ei-
ther no further improvement is possible, or the solution
becomes valid.

6 Experiment Results

The performance-driven global routing algorithm
has been implemented in C language on DEC station
3100 under UNIX. Three ISCAS benchmark circuits,
C2, C7, and 513207 have been tested. The three bench-
mark specifications are listed in Table 1. The global
routing graph is similar to the one used in [3, 11]. The
placement results and timing information are obtained




from the placement program RITUAL [17] developed
at U.C. Berkeley. Those timing information includes
the delay requirements at each sink pin of the nets and
critical path specifications. The sink delay information
is used for net-based timing analysis, while the critical
path information is used for path-based timing analysis
method. Three timing analysis modes are defined and
tested for comparison:

Mode 0: No timing analysis during the gioba.l
routing process.

Mode 1: Net-based timing analysis method.

Mode 2: Critical path-based timing analysis method.

Table 2 shows the global routing results for gate ar-
ray (GA). The maximum channel densities under three
different timing modes are listed. Table 3 compares
the changes in actual critical path delays under three
different modes. The maximum, minimum and average
percentage of increase of critical path delay under Mode
Oand Mode 2 compared with Mode 1 are reported. The
running CPU time for largest benchmark data s13207
under Mode 2 (@=0.001 and the channel capacity=18)
is less than 215 minutes.

Table 1. Benchmark Specification

Circuit | Cells | Nets | Critical Paths | Gxid Description
Rows | Columns
Cc2 590 963 8 10 20
c7 2150 | 2465 2 19 38
|s13207 | 4267 | 5757 15 25 50

Table 2. Maximum Channel Density

Maximum Channel Density
Circuit Timing Mode 0O | Timing Mode 1 | Timing Mode 2
c2 5 ’ 5
c7 9 11 9
13207 18 19 18

Table 3. Delay on Critical Paths for Gate Array

Porcentage of Increase of Dalay on Critical Paths
Clrcult Timing Mode 0 Timing Moda 2
min nax ave min max ave
Cc2 20,97 | 69.01 | 42.61 -1.31 0.00 -0.52
Cc7 2061 | 77.16 | 48.89 0.84 1.06 0.95
$13207 30.77 | 60.18 | 45.23 -3.29 -0.55 -1.57

Table 4 shows the global routing results for stan-
dard cell (SC). The total channel densities under three
different timing modes are listed. Table 5 compares
the changes in actual critical path delays under three
different modes.

Table 4. Total Channel Density

Maximum Channel Density
Circuit Timing Mode 0 | Timing Mode 1 | Timing Mode 2
Cc2 40 44 40
c7 152 164 153
s13207 409 420 410

Tabie 5. Delay on Critical Paths for Standard Cell

Parcentage of Incresss of Dalay on Critical Paths
Circuit Timing Mode 0 Timing Mode 2
min max ave min max ave
c2 13.48 | 56.42| 38.56 0.21 2.47 1.05
c7 31.39 44.28 | 37.83 -2.63 0.32 -1.31
$13207 33.33 | 54.55] 38.78 | _3.50 1.91 -1.45

Results show that Mode 0 achieves the smallest
maximum channel density (GA) and the smallest total
channel density (SC) with large critical path delay be-
cause no timing analysis is conducted. Mode I restricts
the delay on critical path but results in increment in
maximum channel density (GA) and total channel den-
sity (SC) because timing analysis is conducted for each
rerouted net, so some rerouted trees are rejected un-
necessarily. Mode 2 achieves the same maximum chan-
nel density (GA) and very close total channel density
(SC) as Mode 0 while still keeping the critical path de-
lay comparable with Mode 1, because only the routing
trees for nets on critical paths are analyzed. (Note that
routing results of both Mode I and Mode 2 satisfy the
timing constraint for all critical paths.) This demon-
strates that the path-based timing analysis method is
effective, and leads to smaller chip height than the pre-
viously used net-based approach.

7 Conclusions

We have proposed a new performance-driven glob-
al routing algorithm which concentrates on critical paths
composed of nets in order to satisfy delay restriction for
a complete circuit. The experimental results show that
our router with critical path delay constraints can ob-
tain the same chip size as the one which ignores timing.
Moreover, much smaller chip size is achieved compared
with the net-based one while keeping the comparable
critical path delay.
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