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ABSTRACT One key observation is that there are several routing topology flexi-
bilities that can be traded into congestion reduction while ensuring
that timing constraints are satisfied. We express these flexibilities
through the concepts of a soft edge and a slideable Steiner node
and exploit them in global routing through hierarchical bisection
and assignment as in [5, 10]. However, due to interdependence
on timing slack consumption and the presence of slideable Steiner
nodes, the assignment is not straightforward as in [5, 10]. We pro-
pose a network flow formulation so that the timing slack consump-
tions are adaptive to the congestion distributions. Finally, a timing-
constrained rip-up-and-reroute process is performed to overcome
any inabilities of the hierarchical approach in satisfying congestion
constraints. Since the timing performance of initial routing solu-
1. INTRODUCTION tion can be preserved, our method provides a general framework
] ] ) ) that can accommodate any single-net routing scheme and can be
As interconnect is becoming one of the dominant factors affect- applied on any delay model.
ing VLSI performance in deep submicron era, the requirements on
the quality of interconnect routing are becoming stricter, and the 2. PRELIMINARIES
routing problem is consequently growing more difficult to solve. . .
In global routing, a given set of global nets are routed coarsely, in 2.1. Prgblem background and ccingeZStlon mgtrlcs )
an area that is conceptually divided into small regions called rout- We are given a set of nef§’ = {N*, N7, ...}, with each netV"
ing cells. For each net, a routing tree is specified only in terms of being defined by a set of pins* = {vg, v1, ...}, where the source
the cells through which it passes. The number of allowable routes or driver is denoted as). We consider routing in two layers, one
across a boundary between two neighboring cells is limited. One for horizontal wires and the other for vertical wires. As in conven-
fundamental goal of global routing is to route all the nets with- tional global routing, we tessellate the entire routing region into an
out overflow, i.e., the number of wires across each boundary doesarray of uniform rectangular cells. We represent this tessellation
not exceed its supply. Various works have been proposed, for ex-as a grid grapltz(Ve, Ec), whereVe = {g1, g2, ...} corresponds
ample, sequential approach [1], rip-up-and-reroute technique [2], to the set of grid cells, and a grid edige € E¢ corresponds to the
multicommaodity flow based algorithm [3] and hierarchical meth- boundary between two adjacent grid cells. We will refer to a grid
ods [4, 5]. edge simply as houndary The number of wires that are allowed
When interconnect becomes a performance bottleneck in deepto cross a boundary is limited by an upper bound, which is called
submicron technology, merely minimizing congestion is not ad- thesupplyof the boundary and expressedsés). During the rout-
equate. In later works [6, 7, 8], interconnect delays are explicitly ing, the number of wires that are routed across a bountlasy
considered during global routing. In [6], each net is initially routed designated as thdemandd(b). Theoverflow f,, (b) at boundary
in SERT-C [9], after which the congested area is ripped up and b ismax(d(b) — s(b),0). Thedemand densitfor a boundary is
rerouted by locally applying a multicommodity flow algorithm. In  defined adD(b) = d(b)/s(b). We use the metrics of the maximum
[7], beginning with a set of routing trees satisfying timing con- demand densitY .. = maxse g, {D(b)} and the total overflow
straints for each net, a multicommodity flow method is applied to F,, = ZVbEEG fou () to evaluate the congestion reduction.
choose a single routing tree for each net, such that the conges-
tion is minimized. At places where overflow occurs, the wires are 2.2. Soft edges
ripped up and rerouted through maze routing in which the timing A routing tre€eT is described by a set of nod&s= {vo,v1,v2...}
objective is combined with wirelength and congestion. For global and a set of edge& = {e1,e»...}. The location for a node; is
routing on standard cell designs, the work of [8] incorporates the specified by its coordinates; andy;. An edge inE is uniquely
timing issue with an iterative deletion technique. In [10], timing identified by the node paiw;, v;) or the notatiore;; interchange-
constraints are combined with a top-down hierarchical bisection ably, wherey; is the upstream end of this edge.
and assignment method for FPGA routing where the switch delay  Routing in the rectilinear space requires that each edge has a
dominates and wire delays are neglected. fixed orientation, either horizontal or vertical. For example, when
In global routing, congestion and delay are often competing ob- we consider the connection betweenandvs in Fig. 1(b), we
jectives. In order to avoid congestion, some wires must make de-usually choose an upper L-shaped or a lower L-shaped connec-
tours, and the signal delay may consequently suffer. In this paper,tion, both of which are indicated in the dotted lines. In each case,
we propose a new approach to global routing such that both con-a bend (degree-two Steiner) nodeor v} is induced. Since there
gestion and timing objectives can be optimized at the same time.are many uncertainties at the global routing stage, i.e., the detailed
routes are not determined, the specifications on delays need to cap-
*This work is supported in part by the NSF under contract CCR- ture the nature of the delay functions without being completely ex-
9800992 and the SRC under contract 98-DJ-609. act. In this spirit, these two routes and many multi-bend monotone

In this paper, we propose a new approach for VLSI intercon-
nect global routing that can optimize both congestion and delay,
which are often competing objectives. Our approach provides a
general framework that may use any single-net routing algorithm
and any delay model in global routing. It is based on the obser-
vation that there are several routing topology flexibilities under
timing constraints. These flexibilities are exploited for congestion
reduction through a network flow based hierarchical bisection and
assignment process. Experimental results on benchmark circuits
are quite promising.




upper-L For a general form of a partially constructed routing tree, shown
in Figure 2(a), let us consider the process of obtaining an optimal

connection between node, and edge:;;. The dashed lines are

v

°ce g other nodes and edges of this routing tree, &i@ represents the
C closest connection point betweep ande;;. We wish to search
o bl for an optimal connection point within the bounding box defined
\ lowerL P by v; andC'C. Suppose we connegt toe;; at pointy’ (z', '), as
@) (b) (© indicated in Figure 2(b). Let = |¢" — x| + |y’ — yi. If the delay

at an arbitrary sink, is t(v,) and the its required arrival time is
RAT (v,), then thedelay slacks(ve) = RAT (ve) — t(va). The
timing slackS(T") for a routing treel”™ on the netNV* is the min-
imum delay slack among all the sinks in this net. If the objective
is to minimize wire cost subject to timing constraints, the optimal
connection (Steiner) point here is a point with a non-negative net
timing slack, lying as close t6'C as possible. The optimal con-
nection point is likely to be a non-Hanan point suchvain Fig.
2(b). A similiar conclusion is derived in [12].

A careful observation tells us that there are often many Steiner
node locations for a specific value of The set of locations for a
given value ofz form a locus as illustrated by the thickened seg-
ment in Figure 2(b). When we slide the Steiner netlalong this
locus, the lengths of its incident edges are preserved and so is the
delay at each sink. Similar to the rationale for soft edges, we only
specify this locus instead of a point for this Steiner node and call
it asslideable Steiner nod&SN).

Figure 1. Routing with soft edges.

routes connecting, andvz can be regarded to have same delay
performance, if the extra delay from a small number of vias can
be neglected for the same reasorHowever, these routes may
have different influences on the congestion distribution when we
consider multiple nets in global routing. Before these different in-
fluences become clear, it is better to keep the flexibilities on routes
rather than to embed them into the rectilinear space prematurely.
Based on this observation, we may conngcaindvs with a soft
edge which is defined as follows.

Definition 1: A soft edges an edge connecting two nodesv; €

V, such that: 1.z; # z; andy; # y;, 2. its edge length;; is
fixed, 3. the precise edge route betwegrandv; is not deter-
mined.

We will refer to the traditional edges in a rectilinear tree with
fixed orientations asolid edges The soft edge connection be-
tweenwvo andwvs is shown as a solid curve in Figure 1(b). By 3. ALGORITHM
keeping edge:os; soft, we can maintain the flexibility on routes . .
connectingvo andws until we consider congestion in global rout- 31 Algquthm overview )
ing with other nets. In Figure 1(c), in the presence of another net, 1 his algorithm includes three phases: (1) performance driven rout-
a Z-shaped route faros is chosen to reduce congestion without N9 for each net, (2HBA: hierarchical l_)lsectlng of routing regions
hurting the delay. and assigning soft edges to boundaries along the bisector, and (3)

In fact, the concept of soft edge is also useful in single-net rout- TRR: timing-constrained rip-up-and-reroute. N
ing. Consider the process of constructing the Steiner minimum tree N phase 1, each netis routed to meet its timing constraints with-
in Fig. 1(b) in a manner similar to Prim’s minimum spanning tree ©OUt considering congestion. Any single-net performance driven
algorithm. If we begin by connecting sink to sourcevo, and ar-  fouting method, e.g., P-tree [13], RATS tree [14] or MVERT [12],
bitrarily choose the upper-L connection, the Steiner minimum tree €& be applied here. Besides satisfying timing constraints, each
will not be reached. Instead of fixing the edge orientation immedi- routing tree should be soft. This can be achieved through utilizing

ately, we connect them with soft edge:, as shown in Fig. 1(a).
Then, node, is joined to edgeo: at the closest connectid@’C)
point. Theclosest connectiofC'C') point between a node;, and
an edgee;; is defined by its coordinatescc andycc such that
zcco = median(zi, zj, ) andycc = median(y;,y;, yr). In
Figure 1(b), Steiner node; is introduced at th€’C point and the
Steiner minimum tree is obtained.

2.3. Delay properties and slideable Steiner nodes

To measure the signal delay of an interconnect, we employ the El-
more delay model. Although occasional large errors make Elmore

delay unsuitable for critical nets [11], it has a role in global rout-
ing because of its fidelity [9] and simplicity, and is a reasonable

model considering that the routing in global stage is coarse and the

number of nets may be very large.
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Figure 2. Connection between node;, and soft edgee;;.

LLater in our algorithm, we will penalize the excessive use of vias.

soft edges during routing as in the example of Fig. 1 or replac-
ing L-shaped connections in the results with soft edges. Thus, at
the end of phase 1, timing-constrained routing trees are generated
along with topology flexibilities to be exploited in the subsequent
phases.

| source
-
1 sink

! Steiner node

Figure 3. An example of bisection.

In phase 2, a routing region is recursively bisected into subre-
gions in a top-down manner. At the topmost level, the whole rout-
ing region is bisected into left(upper) and right(lower) halves with
the same or similar size by a bisector line which is formed by a col-
umn(row) of consecutive vertical(horizontal) grid cell boundaries.
For example, in Fig. 3, the thickened bisector line is composed



of three boundaried}, b» andbs. Each soft edge that intersects  soft edgee}; € Ex, and the timing slack consumption is mini-
this bisector is assigned to a boundary. After the assignment, amized.
pseudo-pin is inserted into the soft edge at the assigned bound-

ary, and therefore this soft edge is split into two new soft edges

that belong to two separate subregions. One assignment for the
example in Fig. 3 is shown in Fig. 4. In the next hierarchical

level, bisections and assignments are applied on the left(upper) and
right(lower) half region along an orthogonal orientation. This pro-

cess is repeated until the subregion is a single grid cell or a pair of
neighboring grid cells. Thus, at the end of this process, the route

for each soft edge is specified to the detailed level of grid cells it

goes through.

Figure 5. Network formulation of the example in Fig. 3 with-
out considering SSN. The number on each arc is its capacity.

We solve this problem through a formulation of the network
flow problem and applying a min-cost max-flow algorithm [15]
on it. The networlkGr (Vr, Ar) is a directed graph consisting of
a set of verticed’r and arcsdr. The vertex seV/r includes all
boundaries iB and soft edges iU x, plus a source and target.

For the bisection in Fig. 3, its corresponding network is illustrated
in Fig. 5. We do not use SSN at this moment for simplicity and

) ) ) only e3; in T? is included in the network. The usage of SSN will
Figure 4. An assignment result from network flow solution. be introduced in section 3.4.. There are three types of arcs: (1)

The crucial part is to determine how to assign the soft edges to O Sources to every boundary vertex, (2) from some boundary
the boundaries on the bisector line. The basic goal is to assign?EMces to some soft edge vertices, (3) from every soft edge vertex
all of the soft edges without exceeding any boundary supply and tto t'r:1e targeht.t Eac? arc h?s a C,[O.St gnd g %apauty @:ss_octlhated with
without causing any delay violations. In order to make the assign- It. n%lrir?a% );]%er arc, IIS Clcr)wsthlis )?nm IIS c\zpau Y Iri tﬁ ctorre-h
ment feasible, sometimes it is necessary to allow some wires to>PO g bounaary supply. S example, we assume that eac

detour, which inevitably increases delay, i.e., some timing slack boundary has a supply of 2. For each type 2 arc, its capacity is 1

is consumed. In addition to ensuring absence of delay violations, and its cost will be defined later. For each type 3 arc, its capacity

it is naturally desirable that the consumption of the timing slack is is 1 and its costis O.
minimized, since the timing slack may be needed in the subsequent
levels of bisection and assignment. These objectives are achieved
through a min-cost network flow formulation.

The hierarchical bisection and assignment in phase 2 is a
method of divide-and-conquer that has the advantage of simplify-
ing the problem nature. It reduces a two-dimensional problem into
one dimension. However, a decision at a higher hierarchical level @ ®) ©
may overlook the needs at a lower level. In phase 2, any soft edge
that_ could not be assigned in the network s_olution is temporarily Figure 6. Relative positions of a boundary and a soft edge.
assigned to a boundary such that the maximum demand density
is minimized and no delay violation is incurred. These residual ~ An arc from a boundary vertex to a soft edge vertex implies a
overflows will be cleaned in phase 3. candidate assignment between them. Not every pair of boundary

The third phase is a timing-constrained rip-up-and-reroute pro- and soft edge vertices is automatically qualified for constructing
cess. It is similar to traditional rip-up-and-reroute except that a @ type 2 arc between them. For any boundary and any soft edge,
constraint on edge length is imposed to ensure no timing violation. there are three relative positions between them as shown in Fig.
It rips up the edges on a set of most congested boundaries and: N Fig. 6(a), the boundary lies entirely within (the bounding
reroutes them through maze routing. The cost in maze routing is PO of) the soft edge. If we choose an assignment of the soft edge
defined as the summation of demand densities over all boundaried® this boundary, there will be no change in the length of the soft

that a soft edge passes through. edge, and two vias are induced. If a boundary lies partially within
the bounding box of a soft edge, as in Fig. 6(b), we havé&-an
3.2. Basic network formulation intersectionbetween the boundary and the soft edge, where no

. . . . change in the soft edge length is required and one via is induced.
After one bisection, the assignment problem is formulated as: | gither of these two cases, we can always set up an arc between
Assignment problem: Given a bisector line3 composed of a  them without affecting the delay. These arcs are cailsic arcs

set of consecutive boundari¢sy , b2, ...}, and a set of soft edges  and they are the solid type 2 arcs in Fig. 5. The third situation is
Ex = {¢j;|ej, intersectsB}, assign each soft edge to a boundary shown in Fig. 6 (c), where the soft edge does not intersect with
by € B such that there is no overflow on any boundatye B the boundary. In this case, an assignment on this pair will require
or no delay violation on any routing tr§&¢ which has at least one  a wire detour, and we need to check whether or not this may cause



any delay violation. An arc can be constructed for such a pair only must be saturated [15], e.ds, bs), (ei1,t) and(e3;, t) are satu-

if the assignment on this pair will not cause any delay violation. rated. If a soft edge vertegg'.l is in X, its downstream arc must

For the example in Fig. 3, if the timing slack @ remains non-  pe saturated and therefore, it can always be assigned to a boundary

negative when the soft edgg; goes through boundaty, then an without inducing overflow, i.e., it is not in a congested area. On

arc (a dashed line) between them is constructed in Fig. 5. We callthe other hand, if a boundary vertgx is in X (and not all of its

such a construction assaft edge expansioand each expansion  downstream arcs are saturated), its upstream arc must be saturated

implies a timing slack consumption. and the soft edges corresponding to its downstream vertices are lo-
We categorize the trees across the bisector Bniato single- cated in a congested area. Adding an arc from a boundary vertex

crossing trees and multi-crossing trees, which are the trees thay, ¢ X to a soft edge vertex’, ¢ X matches a soft edge in a

crossB only once (such a&2 in Fig. 3) and more than once (such congested area to an uncongésted boundary.

asT' in Fig. 3), respectively. Initially, we construct all the ba- | emma 1: The necessary and sufficient condition to increase the

sic arcs for all the soft edges Fix and perform an expansion for  max-flow fmaz Of @ network is to add a forward arc betweéh

all the soft edges that belong to single-crossing trees. The expangnd X for every min-cu{ X, X) with Upin (X, X) = frmae.

sions of edges in multi-crossing trees will be discussed in the next  \We make a sweep among all the soft edges in multi-crossing

section. _ i _ . trees and pick at most one soft edge from each tree to expand in
The cost of a type 2 arc is defined according to the timing slack order to increase the capacity of min-cut. More precisely speaking,

of its corresponding tree, since one major objective is to mini- for each multi-crossing tre#", from all theby, € X ande’; € X

mize timing slack consumption. If the timing slack of trée is pairs, we choose one with minimum cost to add an arc between
So1a(T") before the assignment, andSs..,(T*) if its soft edge  them if no delay violation is induced. After one iteration of expan-
e;; is assigned to boundaby,, then we define the arc cost as: sions, we run the max-flow min-cut algorithm again to repeat this
_ Sora(T7) process untiUi» (X, X) > |Ex| or no more feasible arc can be
cost(bi, €j;) = . Q) found. Note that the timing slack computation in a later iteration of
Snew(T?) expansions should account for any wire detour in other soft edges

It can be seen that if a soft edge intersects with a boundary en-of the same tree in previous expansions. In the example in Fig. 5,
tirely or partially, its corresponding type 2 arc has a cost of unity. We can make an expansion betwéene X andel; € X if no
As a secondary objective, we hope to reduce the number of vias indelay violation is induced, and then the network problem becomes
the wiring. Therefore, for the situation in Fig. 6(b), we reduce its feasible. The iterative min-cut and expansion technique makes the
cost by a small user-specified offged < ¢ < 1. allocation of timing slack in multi-crossing trees adaptive to the
. . . congestion distribution, and expansions are made only when nec-
3.3. Construction of arcs for multi-crossing trees essary, without waste.

Generally speaking, adding a type 2 arc between a boundary ver- e . .
tex and z;/sogt edgegvertex r?wayt%/r?crease the likelihood of obta%/ning 3.4.  Utilization of slideable Steiner nodes (SSN) -

a feasible network flow solution. Hence, a soft edge expansion is !N phase 1, if we use the MVERT algorithm together with soft
usually desired as long as no delay violation is incurred. One is- €dges, we can have a slideable Steiner node that provides extra
sue that was not discussed in the last section is the procedure foflexibility in routing. The appealing feature of SSN is that when
those soft edges that belong to multi-crossing trees, su@H as we slide it along its locus, the timing performance is preserved.

Fig. 3. The difficulty here is that the timing slack consumptions
for the soft edges are correlated. For some specified timing con-
straints, whether a soft edge can be expanded, or how far it can be
expanded, depends on whether other crossing edges in the same
tree are expanded, and how far they have been expanded. For ex-
ample, in Figure 3, the expansion gﬁ depends on whethes;

has been expanded and how far, i.e.p4®r tob,. In fact, these

soft edges compete with each other on a common timing slack re-
source, which must be allocated properly.

We solve this difficulty by identifying the necessary expansions
through the min-cut method. It is well known that the max-flow
equals the forward capacity of the— ¢ min-cut in a network
flow problem[15]. In the beginning, we run a max-flow algorithm capacity/gain
on the partially constructed network to obtain @n- ¢ min-cut -
(X,X),s € X,t € X. The forward capacity of this cut is de-
noted byU,,in (X, X). If Unin(X,X) > |Ex]|, then itis guar-
anteed that every soft edge can be assigned to a boundary without
any overflow, and thus, no more expansion is necessary. Other- The positions of a SSN within a grid cell do not affect wire con-
wise, the maximum feasible flow is less than the number of soft gestion distributions, hence we can consider one arbitrary position
edges to be assigned, thus we need to increase the capacity of thtor a SSN within a grid cell. For each SSN whose locus intersects
min-cut through additional soft edge expansions. In the example with B, we consider only two candidate positions, each on a dif-
for Fig. 3, before the expansion for multi-crossing trees, the min- ferent side of the bisector linB, such as§ andv, in Fig. 3. We
cut is indicated in the dashed curve in Fig. 5, where the vertices need to consider candidate positions on both sidds, since they
in X are in the shaded region and verticeskirare unshaded. We  result in remarkably different intersections between their incident

Figure 7. Network formulation considering SSN.

can see that the forward capacit,:. (X, X) = 4 while there soft edges and the bisector lie On each side aB, we only con-
are 5 soft edges that need to be assigned, thus, we need to expargider the grid cell that has a boundaryBrsuch that this boundary
some soft edge(s) from the multi-crossing t#ekif possible. intersects the locus of the SSN, since the SSN position in this grid

The min-cut result shows us not only whether more expansions cell can provide the maximum oyerlapgbeyween its incident soft
are necessary but also the congestion distribution information oredge(s) and3. For example, in Fig. 3¢5/, intersects with two
where to make the expansion. Every forward arc in the min-cut boundaries, andbs, while e3,,, would intersect only wittb.. It



is evident that a larger overlap implies a larger number of basic  The total CPU time for three phases of our algorithm on each
arcs which are preferred as they will not consume timing slacks. circuit are listed in the rightmost column in seconds. Since each

For v3 andv3,, all three associated soft edges, , e3,, andejs circuit has different number of nets and the number of pins on one
are included in the vertices in the network as shown in Fig. 7. Ob- net may be between two and several dozens, it would be more
viously, e3; cannot be assigned simultaneously with, or e, . interesting to evaluate the average CPU time on each 2-pin net as

This exclusiveness constraint can be instantiated through addinga normalized comparison. The third colunji| gives the total
a pseudo-verticep and formulating a generalized network flow number of soft edges from the initial routing trees in each circuit.
model [15], where each arc has a gain factor associated with it. It is conceivable that the formulation of soft edges is equivalent
For example, the amount of flow will redué®% after passing to a decomposition to 2-pin nets. Based on this data, the average
through an arc with gain factor 6f5. We solve this generalized  CPU time is found to be 0.06 second/2-pin-net in the worst case.
network flow problem through Wayne'’s algorithm [16].

After the assignment, only one of the candidate SSN positions 5. CONCLUSION
is selected. The locus of the SSN is truncated at the intersectionWe propose a new approach to timing-constrained global routing.
with B, and the part where the selected position located would be We formalize the routing tree topology flexibilities under timing

retained, as shown in Fig. 4. constraints through the concepts of a soft edge and a slideable
Steiner node, and trade these flexibilities into congestion reduc-
4. EXPERIMENTAL RESULTS tion while the timing constraints are satisfied. Experimental results

The experiments aim to test the effect of the proposed al- show that our proposed algorithm can achieve good congestion re-
gorithm on both timing and congestion. Traditional rip-up- Sults while satisfying timing constraints.
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Table 2. Experimental results.
Rip-up-and-feroute TRR HBA HBAFTRR
Circuit Grid | [E] || Fou | Dmaz | DV% || Fou | Dmaz || Fou | Dmaz || Fow | Dmaz | CPU
apte | 45X 55 | 145 0 1.00 9 56 1.50 19 1.83 0 100 [ 71
ami33.1 | 19x 31 | 489 0 1.00 21 15 1.29 10 1.57 0 1.00 | 303
ami33.2 | 19x 27 | 497 0 1.00 12 19 125 0 1.00 0 1.00 | 2656
ami49.1 | 43% 45 | 594 2 1.09 17 11 118 16 1.36 1 109 | 196
ami492 | 44% 44 | 594 0 1.00 12 61 156 0 0.94 0 094 | 1222
xerox.1 | 24x 24 | 583 2 1.06 6 41 138 1 1.06 0 100 | 128
xerox.2 | 28x 32 | 569 0 1.00 11 17 122 1 1.05 0 100 | 163
xerox.3 | 41x 34 | 569 3 1.11 32 43 1.33 0 1.00 0 1.00 | 238
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