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Short Papers

Creating and Exploiting Flexibility in routing solution is the key factor. Routability of the circuit depends
Rectilinear Steiner Trees on the congestion of the routing. Most global routers use congestion
maps to help designers understand the results of global routing. If the
Elaheh Bozorgzadeh, Ryan Kastner, and Majid Sarrafzadeh design appears congested after the global route, designers alter the top
level floorplan or placement of cells inside the block to get a better

) congestion before starting a detailed routing job.
Abstract—The global routing problem decomposes the large, complex

routing problem into a set of more manageable subproblems. The highcor- ~ Steiner tree construction is an essential part of global routing (the
relation between the output of the global router and the detailed router problem is formally defined later in Section I1). The early set of Steiner
enables the designer to efficiently use the global route to refine the de- tree algorithms focused on minimizing the total wire length as the ob-

sign quickly before running the full detailed route. Hence, routability of ;. : : ; _
the global routing solution is the key factor. The routability of the circuit jective (see [19] for an overview). As wire delay has become increas

depends on the congestion of the routing. In this paper, we study Steiner Ingly more important, Steiner tree algorithms have focused on min-
trees in terms of routability. We introduce the notion of flexibility, a geo-  imizing the delay of the net. Recently, there has been much focus on

metric property associated with Steiner trees. We show that the flexibility —algorithms which simultaneously consider buffer insertion, wire sizing,
ofa St_einer tree i_s related_ to its routability. The r_nain contributior_1 ofthis  snd/or Steiner tree construction [11], [15], [18].
paper is an algorithm which takes a stable Steiner tree as an input and
maps it to a more flexible Steiner tree. Any existing Steiner tree algorithm Typically, critical nets are a small subset of the overall number of
can be used for the initial construction of the Steiner tree. Experiments with nets. However, the number of critical nets are increasing with today’s
a global router on a subset of nets show that routing congestion is improved pg\ technology. The delay of noncritical nets is not crucial to the
by apg’ roximately 20% locally throughout the region where those nets are performance on the circuit. Therefore, these nets should be routed in
routed. a manner which increases the likelihood that the detailed router can
find a final, valid solution. Yet, we do not know of any previous Steiner
tree algorithms which explicitly consider routability. Mostly routability
is referred to as the density of routing edges in global routing. There
. INTRODUCTION exist many different global routing algorithms both in industry and re-
) N ) search. In most of these techniques, the congestion is handled itera-
With today’s silicon technology, not c_)nly_ has the effect of Interconﬁvely. There are other techniques which are not based on net ordering.
nect delay on total path delay become significant, butit has also beco ?5] a Steiner tree-based global router is presented. The proposed al-
dominant. The router_ must _have good Controllabilit_y and predictabiligoritk’]m finds a weighted Steiner tree for a net while the weight of a
on congestion and iming issues so that the design can convergergé*'on represents the demand of the region. The aim is to optimize the

timing and interconnect without excessive routing iterations. length and density simultaneously. In [6], a performance-driven Steiner
A standard cell router needs to handle a very large number of sn}?g

. algorithm is proposed. The objective is to minimize the delay func-
standard cells. Current standard cell routers are mainly area—baﬁga

. . . of Steiner tree. Global routing problem is formulated as multiter-
gridded routers. These routers extensively employ rip-up and rerojfig, multicommodity flow problem. The objective is to maximize the
(search and repair) algorithms to clean up design rule violations. T,

. ) erall routability by minimizing the edge congestion for a set of nets.
advent of deep subml_cron (DSM) technology has greatly compllcatﬁg[:a]l an approximation algorithm for multicommodity flow is used
the standard cell routing procedure. for global routing which can reduce the congestion significantly. In that

Routing l_JsuaIIy involves two st_eps: global and detal_led rOUtIn%’aper, it is assumed that the algorithm can query a subroute to give a
Global routing creates an approximate path for every interconnegtainer tree of a net with fixed length
even though this path is not yet physically exact. Detailed routing then ) . " - )
follows, determining the width and spacing needed for each different/n this work, we study Steiner trees in terms of routability. We in-
metal layer. The global router should consider a number of differeffpduce the notion of flexibility, a geometric property associated with
Steiner trees. Flexibility in routing edges has been exploited in many of

metrics including—but not limited to—minimizing the delay of the ) o - )
each net, reducing the size of the chip, minimizing the number of vid2€ 8Pove-mentioned existing research to improve the routing conges-

and distributing the routes equally across the routing area [19]. THEN: To the best of our knowledge, there has not been any work which
important problem facing global routing is to develop subsolutior}ges to maximize the flexibility in rou_tlng tree;. In this work, our focus
such that they can be solved by detailed router. A global routing sofg-n°t {0 Propose a new global routing algorithm or to develop a new
tion with minimum delay and chip size accomplishes nothing if th@Igorlthm to construct a new Steiner t_ree, but to m_troduce and under-
detailed router can not find a solution. Hence, routability of the globﬁ}and_the Pfope_”_V_Of er_X|b|I|ty for Steiner trees. W't_h no deep und_er-
standing of flexibility, this property has been exploited (not fully) in
several global routing techniques. For example, flexibility in Steiner
Manuscript received March 12, 2002; revised July 11, 2002 and Novemhgses has been exploited in the timing-driven global routing proposed
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Global Bins

Cells | 1 s j ®

Global Edges

Fig. 1. (a) Placement of cells into global bins. (b) The corresponding grid graph.

The main contribution of this paper is an algorithm, which takestarminals are fully connected. Integer grid routing is assumed. The
Steiner tree as an input and produces a more flexible Steiner tree. Ttngte edges of a net are the set of edges used in the routing of that net.
only restriction on the initial tree is that it must be stable (stability is A global bin is a rectangular partition of the chip. By partitioning
defined in Section II-B). The new, flexible tree is guaranteed to have ttiee chip into many rectangular regions and placing the cells into these
same total length. Any existing Steiner tree algorithm can be used fegions, we have a placement using global bins. The boundaries of the
the initial construction of the Steiner tree. As an example, our techniggkbal bins are global bin edges.
to map one Steiner tree to another tree with the same length but morén this paper, we assume that a global placement of cells and their
flexibility can be used in querying the subroutine to obtain new Steingrterconnections are given by some placement engine. Each cell is as-
trees for the nets in the approximation algorithm described in [3]. Herymed to be placed in the center of the global bin. The global bins and
it means that the new Steiner tree might be found by changing the roatiges can be transformed into a grid graph (see Fig. 1). The intercon-
of flexible edges for the net only. As a consequence, our algorithnmections between the cells can be modeled by nets.
can be applied or integrated into global routing algorithms to reduceThe capacity (also known as supply) of edgss c.. It is the max-
the congestion locally. The preliminary version of this work has beemum number of nets that can be routed owver:. is a fixed value
published in the2001 Proceedings of Design Automation Conferendbat is based on the length of the edge and the technology used in cre-
[7], where only the concept of flexibility in global routing is proposedating the chip. The routing demand afspecified agl., is defined as
The detailed analysis of creating and exploiting flexibility is presentatie number of route edges crossing edg8imilarly, the demand of a
here in this work. vertexwv is d,,.. Here, the demand corresponds to the number of routes

The paper proceeds as follows. In Section I, we give some basiat pass though the vertexequivalently, the global bin). An edge
routing definitions, define the minimum Steiner tree problem and overflown if and only if thed. > c.. Formally, the overflow of an
some associated properties of Steiner trees including flexibility. Bdge is
Section lll, the problem of generating flexibility in Steiner trees is )
formulated. Then our algorithm is described, which takes an existing overflow, = {de —ce— 1t if de > ce _ @
Steiner tree as input and increases its flexibility. In Section 1V, 0, otherwise

experimental results which study the impact of flexibility during ¢t is a threshold value which allow to go abover. without an

?;??ﬂur::au&r;?kairneg;ifiigt%d' We conclude and give some possmlm(')%sérﬂow penaltyt is used since you can often route up teets though

neighboring bins without affecting the congestion of those biris.
usually a small constant (between 2-5). Using the global bin and global

II. PRELIMINARIES edge notation, the total overflow of a routing is
A. Global Routing Definitions n
. . . overflow = Z overflow, 2
A grid graph is a graph#(V, E) such that each vertex corre-

e=1

sponds to a point in a plane (an example is shown in Fig. 1). A

net = {(z1,y1,), (x2,y2),(23,93),...,(n,y.)} iS an unordered wheren is the number of bin edges. The total overflow reflects the
set of points on a grid graph. A single point of the net is referred &hortage of routing resources for a particular set of edge capacities.
as a terminal. A routing of a net is a set of grid edges such that tiibe objectives of our global router is a linear function of the overflow
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ment which is still perpendicular and incident to the parallel segments.
Slide transformation and flip transformation are shown in Fig. 2.

Ho et al. introduced the notion of stability under rerouting in an
RST [16]. An RST is stable if there is no pair of edges such that their
bounding boxes intersect or overlap except at a common endpoint (if
any) of the two edges. Equivalently, a stable RST will not have over-
laps when the edges are routed with minimum length. From this point
forward, any reference to an RST assumes that the tree is stable. Fig. 3
Fig. 2. (a) RST with flexible edges. (b) RST with no flexible edges. shows examples of stable and unstable RSTs.

(@T1 (b) T2

0 C. Pattern Routing

e Since we are focusing on routability, we define the cost of the Steiner
tree as a linear function of the overflow and route length. We need to
assign a routing (rectilinear route) to the edges which are neither ver-

Bounding box tical nor horizontal (e.g., edgein Fig. 3). We choose to pattern route

of edge e such edges. Pattern routing is the notion of using predefined patterns to
embed an edge on the grid graph. Usually these are simple patterns such

O as an L-shaped (one-bend) or a Z-shaped pattern (two-bends), route re-

stricted within bounding box. In this paper, we restrict our pattern route
Stable RST Unstable RST definition to L-shaped or Z-shaped patterns.
Fig. 3. Examples of (a) stable and (b) unstable RSTSs. Pattern routing has many benefits. First, it has a lower runtime com-
plexity when compared to maze routing [13] which is a commonly used
) ) ) routing algorithm. Second, a pattern routed net has small delay since
of a route and the route length. Our industrial experience shows Hiahroduces a constant predetermined number of vias and routes the

overlap

g

bounding box of edge e

(@)

total overflow is a good measure of congestion [8]. net with minimum wirelength. Finally, by properly choosing a subset
-~ ] of nets to pattern route, the global routing solution is more predictable
B. Rectilinear Steiner Tree (RST) without hindering the overall quality of the routing solution; this gives

Given a netV (set of nodes called terminals of the A&} embedded high level computer-aided design tools (e.g., placement engine, floor-
in a grid graphG(V, E), an RST is a tre@ interconnecting the termi- planner) higher accuracy when estimating routing metrics such as con-
nals of N and some arbitrary poinf3 € V. The pointsP are known as gestion, routing area, and wirelength [8].
the Steiner points (also called Steiner noded) 6fhe RST problem is
to find an RST of minimum length (Steiner minimal tree). The lengtR- Flexibility
of a Steiner tree is the sum of the length of the edges of the tree. In then this section, we define the property of flexibility. We argue that
RST problem, the distance is definedlin metric (rectilinear metric), flexibility relates to the routability of the Steiner tree.
in which the distance between two nodes is the sum of the differencen flexible edge is an edge by which two nodes are directly con-
of their » andy coordinates. The construction of a rectilinear Steinefected with more than one segment. Therefore, the flexible edge has
minimal tree has been given much attention and shown to be NP-casfie or more corner points (staircase shape, L-shaped, or Z-shaped).
plete. [14]. Flexible edges allow more than one minimum length route. If an edge

Formally, a segment is a horizontal or vertical line segment cofsrouted with minimum rectilinear length, the route is contained within
necting its two end points in the plane. Degree of each point is at mésé bounding box of. An inflexible edge has only one minimum length
four. Steiner points have the edge degree of at least three. corner poirgigiing. Given a flexible edge with coordinates of its two endpoints as
a point with degree 2 with noncollinear segments that is not a termingl, , y,) and (-2, y»), X. andY. are defined as follows:

Two points are directly connected if they are connected by a sequence
of one or more segments including only corner points. Such a route has Xe=|x1 — a2 | 3
staircase shape. Ye=|y1i—9y2|. (4)

For any given RST, there is a corresponding tree grapti(),
which is called topology. Vertices @¥(1") correspond to the terminals X andY” are called the: andy coordinates of edge, respectively.
and Steiner points of RST. Note that the corner-points are not ver-The number of distinct two-bend routes (equivalently Z-shaped) with
tices of the graph. Edge,(j) connects verticesand;j if and only ifthe  minimum length isX + Y and the number of distinct one-bend (equiv-
corresponding points are directly connecte@’inAs long as the edges alently L-shaped) routes with minimum length is two. In this paper, the
between the vertices remain consistent, the topology is considered flexible edges are shown as diagonal edges in the figures to show that
changed. In a given RST, location of Steiner nodes can change stlare are more than one possible rectilinear routes for such an edge.
that topology does not change (see Fig. 2). Similarly in gr&ph’), Looking at Fig. 2, we show two RSTs for the same net. One tree
the degree of vertices is bounded by four. If the Steiner pofrats edge has some flexible edges while the other has only inflexible edges. Both
degree of four, it is called cross point. T-point is a node with degreeti@es have the same rectilinear length and topology. Assume that the
in which one of the incident edges is perpendicular to the other tvgbhaded area is congested. The flexible tree is able to avoid the con-
incident edges. gested region while the inflexible tree has no choice but to be routed

In [2], Hwanget al. define two different transformations for RSTs:through the congested area if each edge is routed with minimum recti-
flipping and sliding. Each transformation maps one such tree to anottiaear length.
without moving the positions of the terminals and without increasing We need to define a function which evaluates the flexibility of a given
the length of the tree. Depending on the direction of transformatioeglge. The function should reflect the routability of the edge. Addition-
there are four different slides and flip moves. In slide, a segmeyer-  ally, a functiong(e) corresponding to edgeshould have the following
pendicular and incident to parallel segments, is replaced by a new sggperties:
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Fig. 4. Examples of stable and unstable pgiih an RST.
Fig. 6. Unstable move.
e gle) = 0whenX. =0orY. = 0.
« g(e) is a monotonically increasing function &f. andy.. Theorem 1: In a stable RST, if the Steiner poipthas a flexible
Two suggested flexibility functiong, andg., are shown in (5) and edge, the degree gfis 3. Only one flexible edge can be incident to a
(6) Steiner point.
Proof: More than one flexible edge cannot be incident to the
) =g (X, V) = 0, if Xc=0o0rY. =0 Steiner point due to the stability of the RST. The examples of stable
gi(e) =g (Xe, ¥o) = X.+Y., otherwise and nonstable Steiner points in a tree are shown in Fig. 4. ]
(5) No Steiner cross-point can have a flexible edge. Steiner point with

edge degree 3 is either a T-point (not incident to a flexible edge) or
including a flexible edge. When a Steiner point is incident to a flexible
edge, we refer to that point as a flexible point (see Fig. 4).
equal to half the length of the bounding box of edgdhe value of Definition: The Steiner p(_)lnp in a stabl_e RST is movable if we
. - - . can movep to any other location while keeping the RST stable and the
functiong.(e) corresponding to edgeis the area of the bounding box L ) .
topology unchanged. Similarly, an edgis movable ife can be moved

of edgee. The flexibility of a Steiner tree is computed by summing th%nd the resulting RST remains stable with no change in tapology.

flexibility over all the edges. Equa_tlon (7) deflr_1es the flexibility on a Theorem 2: There is no single movable node in a stable RST. At
subtre€l’. A number of other functions can be introduced as ; .
least two adjacent nodes (two Steiner nodes) have to be moved.
. Proof: In order to make segmentmore flexible,p can move
G(T) = Z g(e) = Z 9(Xe, Yo). ) in six different directions (see Fig. 5). Changing the connectivity be-
et et tween Steiner nodes and terminals is not allowed. To discover the re-
quirements, the moving of nodealong all possible directions is in-
vestigated. Figs. 5, 6 and 7 are referred during the proof. By moving
p towards any of directions 2,3,5,6, the RST gets unstable unless the
In this section, we present an algorithm which maps a given R$@pology of the RST changes. In Fig. 6, pojnis moved towards di-
to another RST with maximum increase in the flexibility of the Steineection 6. At most one edge would be located on the right sigkeanid
tree. First, we formally define the problem. Next, we describe our algthie rest will be on the left side gf or along the vertical borders. Only
rithm to maximize the flexibility of a given RST. Our algorithm solvesone of the edges on the left sidegofan be flexible and only one edge

,(]2((3) :<(]2(X€5}/6) = )(g X Y; (6)

Functiong, (e) corresponding to flexible edgereturns the value

Ill. CREATING FLEXIBILITY IN RECTILINEAR STEINER TREES

the problem optimally subject to a set of constraints. can be horizontal. In all different configurations of the edges the RST
would be unstable.
A. Problem Formulation If nodep is moved towards direction 1, no edge in direction 4 should

exist. Otherwise, moving poiptmakes RST become unstable. There-
fore, pointp cannot be a T-point with the collinear incident edges per-
pendicular to segment By moving pointp to pointp + Al in direction

1, the tree is unstable unless paintis movable in direction 1 as well.

By movingp, in parallel withp in direction 1, the tree would remain
stable while the topology also remains unchanged (see Fig. 7). This
shows that two incident nodes (i.e., an edge) have to be moved. In other
words, moving one node results in moving one of the nodes incident to

IThis assumption slightly simplifies the problem. The problem can be efdat. Basically, poinp: needs to be a T-point or flexible point where
tended without it. in both cases the two collinear incident edges are along direction 1.

* Given a stable RST,
» Map itto a stable RST" such thatG(T') — G(T), the increase
in flexibility of the RSTT', is maximized,
 Subject to:
- Topology and stability remain unchanged,
- Each edge is routed with minimum rectilinear length,
- No edge is degraded in flexibility.
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Fig. 7. Moving Steiner poinp along direction 1.
S f1 s

(@) (b)
Fig. 8. Movable segment

Moving towards direction 4 is similar to direction 1. [ |

Note that an edge can also be moved only from one end point. Wh
an edge is moved from both ends, the incident edges to both end no
of the edge are moved from one end. We do not consider such edge ® o
movable edge. We will see later that such edges can be flexible car
dates or parallel edges of movable sets. i

Theorem 3: An edges in a stable RST is movable along direction
y if both vertices incident to the segment are Steiner points with ed
degree 3 and have incident edges towards the same direction, i.e., ur- () (d)
rectiony, which ig the dlirection of mpve for edge Fig. 9. Movable set with movable edge

Proof: Consider Fig. 8. According to the proof of Theorem 2, an

edge is movable in either a horizontal or vertical direction while both . ) . )
ends are moved. When nogis moved towards direction there hasto (€ Set of flexible candidates among the adjacent edgespmoving
existan edge incident to the node towards direcidfithere is no edge ©d9€s, the flexibility of edges inF; increasesR. is the set of edges
¢ incident top’ towards directiory, the bounding boxes of the edgesS*cluding the ones belonging f, M., andF.. For an example of a
incident top’ will overlap after edgep' is moved towards direction. Mmovable set, see Figs. 9 and 10. )
That violates stability of RST. Therefore, there must be an edge incidenfl "€ Movable setis a subtree with four leaves and two internal nodes.
to ' in directiony. Since RST is stable and edge degreg’ds three, It is similar t_o the_deflmtlon of a full cgmponent in Stelr_1er tree. Full
the other edge incident o is in darkened region shown in Fig. g component is defined as a subtree with leaves of terminals [2]. How-

Therefore, Steiner point’ has an incident edge towards directipn ever, in a movable set, the leaves need not be the terminals.
and the edgp)’ is movable. m Corollary 2: If the leaves of a subtree of the movable components

According to Theorem 3, the conditions under which an edge can e the terminals, the movable set is a full rectilinear Steiner component

moved are similar to slide transformation in an RST. The difference{dth four nodes.
that, in a movable edge, topology cannot change. Therefore, by movij gAIgorithm
the movable edge in a given RST, it is mapped to another RST with

the same topology. We can refer to the movable segment as a slidingig. 9 shows four different movable sets £,). The movable sets

segment as well. have different subsets of edgeshh. The edges adjacent toare dif-
Corollary 1: On a movable edge, slide transformation can be afgrentin terms of flexibility. The movable setin Fig. 9(a) has no flexible
plied while topology does not change. candidate i.e.F; = 0. The other movable sets have at least one flex-
A subtree consisting of movable segmerind a set of edges adja- ible candidate. The flexible subsef&.{ are {1} in Fig. 9(b), { f2} in
cent tos, F, can be defined as a movable setf;) Fig. 9(c), and ¥, f4} in Fig. 9(d). Edgey: is already a flexible edge.
However, by moving segmeasthe flexibility of f> canincrease. Edges
(s,Eo) = {P:, M, Fi} f1, fs, andf, become flexible after segmests moved. In Fig. 9(a),
moving segment produces no additional flexibility. In the other cases,
* P, ={ei € Es,ea € Esier # ez, ey || ea}; the flexibility of the RST increases by moving segmenthis implies
o M, : {s}; that at least one flexible candidate has to exist in a movable set in order
* I's = {e € E; — P; U M; | eisflexible candidatg; to increase the flexibility of the RST by moving the movable edge.
*R,=FE,—P,UM,UF, Theorem 4: In a stable RST, by moving a movable edge, flexible

whereF is the set of all adjacent edgessdincluding segment. £,  edge(s) can be generated or the flexibility of an edge(s) can increase if
consists of three different edge subsélsis the set of the two parallel atleast one of the two vertices incident to the movable edge is a flexible
edges according to TheoremM. is the movable segment, i.e..F; is node with an incident edge towards the moving direction.
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parallel edge e, 1) 3¢ € E., (\Eey.c € Pey.e € Pu,
Segment; and segment, have a same parallel edge.
a) V(s1) NV (s:) # 0.
The moving direction of both must be the same. Other-

hi wise the degree af cannot be three. This is overlap type

é 1. This case is shown in Fig. 11(a). In order to have the
ﬂexllble ] >parallel edge same topology and maximize the flexibility, the amount
1 ] of movement for each segment would be

Y

movable segment {(s1) = {(s2) = min (6(31 ), 6(35)).
. b) 1;(31)“‘;(32) = @
flexible candidate V(s) is the set of nodes incident ta If the moving
direction of both is the same, no overlap would occur
Fig. 10. Flexible segment generated by algoritBenerate_flexible_Tree [Fig. 11(b)]. When they move in opposite directions,

overlap can occur. The two cases in which overlap occur
are shown in Fig. 11(c) and (d).

In Fig. 11(d), the segment overlaps withs; as well.
This case is complicated and will be discussed later. This
is a combination of overlap types 1 and 2.

In the case shown in Fig. 11(c), overlap can occur if the
following condition holds

Proof: If both endpoints of the moving edge in a movable set are
T-points, no flexible edge can be generated by moving the movable
edge. [ ]

In order to increase the flexibility of an RST, we first need to search
for movable sets which have the potential to generate flexible edges.
Movable sets in an RST can be foundii E), whereE is the edge
set of the Steiner tree. According to Theorem 3, each edge is checked
whether it is movable with an incident flexible candidate.

When a movable set is found, the movable segment can move along This is overlap type 2.
the parallel edges. The maximum movement is the minimum length 2) s1 € Fu, Vs € F.,.
of the two parallel edges incident to the movable segment. In other The moving edge; is the flexible edge of segmest. This
words, this is the maximum range for sliding transformation onamov- o <o me as intersection 1 Fig. 11(a).
able segment without changing the topology of an RST. In Fig. 10, the3) s1 € P, Vs €P,,

maximum length of sliding i$... = min(h1, h2) whereh; andh: The movable edge of a set is a parallel edge of another set. The
are the lengths of the parallel edges. Since topology should notchange, .5 cases are shown in Fig. 12. The first case does not overlap,
the segment can move as far as one grid before it reaches the end node ) i the second one is similar to the overlap shown in Fig. 11(d).

of any of the two parallel edges. According to Theorem 3, by moving 4) 51 = s AN Es, # E.,.

a movable edge, the flexibility of the RST improves without changing Such a case will not happen since the RST is stable.
the wirelength and topology. However, by maximizing the flexibility 5)ec P, Ae€ F,

of a movable set, we may restrict the flexibility of another movable set. N
We discuss this situation, called overlap, next.

0+, < D.

The parallel edge of; is a flexible edge in set,. The con-
figuration is the same as the one shown in Fig. 12(b).
6) e € F,, Ne € F,,
C. Overlap in Movable Sets This case is shown in Fig. 13. Fig. 13(a) exists when two
Once every individual movable setis found in a given RST, the ques- ~ Sets have the same flexible edge in the same moving direction.
tion is: Are the movable segments independent and by moving all of [N this case, there is another movable set between those, which
them, can maximum flexibility be obtained? In order to answer the  has overlap case 1 with both of them. This is a chain of case 1
question, we need to see how movable segments can overlap. with overlap type 1. There is no overlap in the case shown in
When there is no overlap, we easily compute the flexibility function ~ Fig. 13(b).
for each moving segment. Since the flexibility function is monotoni- According to the study on all possible intersections between the two
cally increasing, in terms of the andy coordinates of the edges, themovable sets, there are two types of overlap that can occur.
maximum ofG occurs if each moving edge is moved to its maximum « Overlap Type 1occurs when a parallel edge of two movable sets
limit. Unfortunately, the flexibility cannot be computed independently  is the same and inequalities mentioned in intersection one hold.
for two overlapping segments. « Overlap Type 2occurs when the flexible edge of a movable seg-
Two movable segments have overlap with each other in either of the ment is a parallel edge of the other moving set.
two following cases. Theorem 5: Each movable segment set can have at most two over-
1) The movement of movable edgés limited by the movement of laps of type 1 and two overlaps of type 2.
the other movable edge (Fig. 11). Proof: Since each movable set has two parallel edges, each can
2) Moving the movable edge increases flexibility of an edge, have overlap (type 1) with another movable set. A movable set has at
while the movement of some other movable segmégdids to a most two flexible edges. Therefore, at most, two overlaps of type 2
decrease in the flexibility of (Fig. 12). can occur by flexible edges being the parallel edges of the two other
Two movable sets intersect if their corresponding edge sets shamavable sets. Overlaps of more than four lead to edge degree 4 for the
common edge. There are six possible intersections between any Steiner nodes at two ends of movable edges which contradicts with the
movable sets. Only three of them cause overlap between the segmentsperties of movable set. [ ]
Let (s1, Es,) and 62, E,,) be two movable segments ahd s; ) and In Fig. 14, movable sets(, F, ) overlaps with segmentsd, F.,),
V(s2) be the pair of incident nodes for segmenands., respectively. (ss, Es,), (s4, Es,), and 65, Es,). Two of the overlaps are overlap
The six different intersections between the two sets are as follows: type 1 and the other two overlaps are of type 2.
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Fig. 11. Intersection between two movable sets with shared parallel edge.
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Fig. 12. Intersection when a parallel edge being another moving edge.
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Fig. 13. Two movable segment sharing a flexible candidate.

When movable sets are being found in an RST, overlaps among &ah edge can participate at most in two movable sets according to
movable set can be detected as well. When an edge is being revisildtkorem 5, the complexity of the algorithm to find the movable sets
it means that the edge has already been recognized as a membemndftheir overlap still remain@(E). The first loop of the pseudocode
another movable set which has already been found. In such a casestimvn in Fig. 15 finds the movable sets and the overlaps among the
algorithm checks whether such an intersection generates overlap. Seets.
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@)
O Algorithm Generate_flexible_tree
w2 w3 s5 w5 o
o wé s4 Input: E,g. - Edge set of an RST of a multi-terminal net.
l # Output: RST, |
s2 s3
Ix Iy for eachedge ¢ in Eyop
f if Is_movable(e) and Flexible_exist(e)
G O Create_movable_set (¢, movable_set(e)
wl sl w’l

Check_and_update_overlap(movable_sefe), overlapList)
Fig. 14. Maximum overlap of a movable set with other movable sets.

for each movable_set M = (s, E s )
In both types of overlap, we need to measure the flexibility in orde
to decide on moving the movable segments. The behavior of the overl if No_overlap (M, overlapList)
will depend on the flexibility function. If the movable sets overlap with
each other, the maximum of flexibility function can not be obtained by )
maximizing the flexibility function for each movable set. Therefore,
dealing with overlaps depends on the definition of flexibility function.
We show how to resolve the overlap if flexibility functions introduced
in Section 1I-D are used. return RST,
Consider the moving sets shown in Fig. 16. In both figures, segment

51 overlaps with segment . We will study how the decision on moving Fig- 15.  AlgorithmGenerate_flexible_trepseudocode.
the overlapping edges is made by using each flexibility function men-
tioned in Section II-D. Note that in the following discussion, variableggges can be found by solving a linear equation. If there is more than
x; Ory; is used to define the amount of sliding for the movable segmege overlap between the movable sets in suliigi@e functionG(T)
si in the movable sets(, ;). They are not related to coordinates ofs formulated in terms of variables associated with each movable set.
the points on the plane but variables of the flexibility functions whefing values of the variables are assigned suchGiid) is maximized.
movable segment is movedl; andY; correspond to the andy coor- |y poth types of overlap@(T') is maximized when the variables are
dinates of edge; before any segment is moved nonzero. Therefore, when resolving the overlap among a set of mov-
able sets, we use the case with nonzero variables in equatidn.
Therefore G(T') can be defined as an equation of a set of independent
variables which can be maximized in linear time in terms of the number
of variables in the equation

Move_segment(s, RS T"L)W

Solve_overlap_and_move(overlapList, RS Tnew )

0, if X.=0o0rY, =0

bgi(e) = g1(Xe, Ye) = {X 1Y, otherwise

This function is a discontinuous function &t = 0 orY. = 0. If
overlap 1 occurs like the one shown in Fig. 16(a), the flexibility func-
tion of the subtred -, a union subtree of overlapping movable set 1
and movable set 2, will be

>g2(e) = X X Y,

This function is a nonlinear continuous monotonically increasing
function in terms ofX. andY.. If overlap type 1 occurs [Fig. 16(a)],

G(T12) y1 can be represented as = d — y2, then, the function will be
=G(y1. y2) linear in terms ofy> and the problem can be linearly solved. The linear
Xo +y2 y1=0Ay2 #0 solution would lead to acceptance of just one of the two moving sets.
=< X1+ y2=0Ay1 #0 . In the case of overlap type 2 as shown in Fig. 16(b), the flexibility
Xo+p+Xi 4+ (y1 #FOANy2 #0Ay1 +y2 < D) function of two overlapping moving segments will be

®)
G(leg) :G(L,y) = (X1+X2)'y+X3-;lf—éL"y. (10)
The maximum of& occurs whery; # 0, y2 # 0, andy; + y= = D. X
If overlap type 2 occurs as shown in Fig. 16(b), the flexibility of The Hessian matrixY{*G) is indefinite. The function creates a

subtre€T’ » is formulated as saddle point. The maximum occurs on the limitstofindy. So, four
points need to be checked to find the greatest valuéfor
G(T2) =G(z,y) Note that for the case when a segment has overlaps from both types
X1+ X2 + 2y, ifz=0Ay#0 on one parallel edge as shown in Fig. 11(d), the variable associated with
={ X5+, fy=0Aa#0 . (9 movable set, can be defined in terms of the variable associated with

X1 4+ Xo 4+ X5 + 29, ify£0Az£0 moving segment, . Therefore, the problem will be reduced to finding

a maximum of a function of two variables with overlap type 2.
The maximum of#(T 2) occurs wherr # 0 andy = lax (z < In Fig. 15, algorithmGenerate_flexible_treis presented. The first

w1). The value ofv is not fixed, but it has to be nonzero. The value opart finds movable setdMovableLis} and the overlaps between these
2 can be chosen such that the segment passes through a less congestedverlapLis). Using appropriate data structures, the first “for” loop
area. takesO(|E|) time. The second “for” loop moves the independent mov-
Wheng; is used as the flexibility function, in the case of overlafble sets individuallysolve_overlap_and_mov(esolves the conflict
type 1 or 2 in the subtrees of RST, the decision on moving the movalbletween overlapping sets while maximizing the flexibility of the RST.
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w3
w2 s2

2
A

1 yl wl yT sl

wl w2

sl

(@) (b)
Fig. 16. Example of overlap (a) type 1 and (b) type 2 for movable sets4,, ) and 62, E., ).

The complexity of the second part depends on the complexity of the TABLE |

flexibility function. BENCHMARK CIRCUIT INFORMATION
Ifthereisachain of configurations as shownin Fig. 14@nd used as Data Num | Num Num Global

a flexibility function, the expression of flexibility function will include File Cells Nets Pins Bins

all of the quadratic terms of overlapping sets. Finding the maximum of
G is exponential in terms of number of movable sets in the overlapping
chain. We expect these chains to be short in most applications.
Theorem 6: The algorithm Generate_flexible_treesolves the
problem of maximizing flexibility in a given RST under the defined
flexibility function g and constraints as formulated in Section IlI-A.

avqglarge | 25278 | 33298 | 90665 | 256 x 64
avgsmall | 21584 | 30038 | 84081 30 x 80
avgsmall.2 | 21584 | 30038 | 84081 80 x 80
biomed 6417 | 7052 | 22253 20 x 40
biomed.2 | 6417 | 7052 | 22253 | 40 x 40

If flexibility function ¢ is a linear function, the algorithm runs in ibmO1.1 | 12036 | 13056 | 45815 | 64 x 64
polynomial time. Ifg is quadratic function, the algorithm complexity ibm01.2 | 12036 | 13056 | 45815 | 256 x 64
can be pseudopolynomial in terms of number of the movable sets in ibm05.1 | 28146 | 29647 | 127509 | 64 x 64
overlapping chain. ibm05.2 28146 | 29647 | 127509 | 256 x 64
Proof: After all of the movable sets are discoverét £)), those ibm10.1 68685 | 75940 | 298311 | 64 x 64
moving edges which do not overlap with any other movable sets (inde- ibm10.2 68685 | 75940 | 298311 | 256 x 64
pendent sets) are moved as far as possible. For those that do overlap,  primaryl 833 1156 3303 8 x 16
functionsolve_overlap_and_movgfinds the maximum value of flex- primary2 3014 3671 12014 16 x 16

ibility function for the overlapping segments and determines the limit
of move for each of the two segments. According to the aforementioned
details about resolving the overlap, the maximum valugGF; ) pro-  characteristics of the benchmarks, and then we present experiments to
vides the most flexible configuration for subtr&e. Therefore, the al- show that flexibility is related to routability.

gorithm is able to find the most flexible RST. The time complexity of

the algorithm depends on the flexibility functign If ¢ is linear (like A. Benchmarks

g1), the overlaps are solved in polynomial time as described above. Inr, perform our experiments, we used the Microelectronics Center
the case where flexibility function ig = X - 1" and the chain ok  of North Carolina (MCNC) standard-cell benchmark circuits [17] and
moving edges overlap (type 2), the maximum flexibility is found byenchmarks from the ISPD98 suite [12]. The characteristics of the
checking all the maximum limit of overlapping movable edges. Thergjycyits are shown in Table 1. The circuits were placed into using the
fore, the complexity can grow up pseudopolynomially in term# 0f pragon global and detailed placement engine [20] which is comparable
whe_re_k is the number o_f movable sets in the overlapping chaml in quality to the commercial version of Timberwolf [21]. The ISPD’98
Itisimportant to mention that the RST, resulted from algoritBem-  yenchmarks are slightly modified [20] so that they could be placed.
_erate_flexibIeTtre{ahas the same Wirelgngth as the.originz_zll RST There The MCNC benchmarks are relatively small compared to today’s de-
is no degradationin the length of the given RST while flexibility is maxsjgns and are questionable for use with the fixed-die placement engines
imized. We have shown that movable sets are the only feasible MOWES Yet, they are the only publicly available placement benchmarks and
for Steiner nodes so that the resulting RST is still stable with the sargg, widely used in literature. The ISPD'98 benchmarks are larger and

topology. In addition, since each edge is routed in minimum rectilinegpmparable in size to current application specified integrated circuit
length, total wirelength will remain the same. In our algorithm, the régfesigns.

tilinear length of flexible edges are increased as much as the rectilinear
length of parallel edges is decreased. Therefore, the total wirelength Experimental Results

remains the same. ) o o .
Our experiments focus on determining the effect of flexibility using

global routing. We performed our experiments using Labyrinth [1],
a global router based on maze routing. Labyrinth sequentially maze

In this section, we perform experiments which attempt to show tleutes every net. Then, a rip-up and reroute phase is applied to deal
relationship between flexibility and routability. First, we present thith the net ordering problem.

IV. EXPERIMENTS
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TABLE I
OVERFLOW AND CONGESTIONRESULTSWITH Z-SHAPED PATTERN ROUTES FORFLEXIBLE EDGES
Number | Length Total Total Overflow Demand
Circuit of Nets | of Route Overflow Demand Improvement | Improvement
Flex [ In-flex Flex | In-flex
avgl 18 151 5 19 392 462 73.69% 15.16%
avgs 4 26 24 26 241 255 7.69% 5.49%
avgs.2 14 127 181 235 684 739 22.98% 7.44%
biomed 5 170 785 810 2202 2265 3.09% 2.78%
biomed.2 8 318 122 157 3055 3104 22.29% 1.58%
ibmO1.1 24 259 377 466 2823 2966 19.10% 4.82%
ibm01.2 66 1519 1596 1990 15116 15858 19.80% 4.68%
ibm05.1 4 94 336 364 3750 3881 7.69% 3.37%
ibmo5.2 16 485 807 853 12646 12867 5.40% 1.72%
ibm10.1 99 2437 16646 | 18890 | 88183 90882 11.88% 2.97%
ibm10.2 221 10707 14533 | 19021 | 267668 | 282095 23.60% 5.11%
Primary1 4 45 31 42 227 237 26.19% 4.22%
Primary2 21 652 493 612 5587 5881 19.44% 5.00%
Total 504 16990 35936 | 43485 | 402574 | 421492 - -
Average - - - - - - 20.17% 4.49%

Our experiments focused on four-terminal nets. We choose the fourReferring to Table I, we can see that the flexible tree produces a
terminal nets which have only one movable edge. We refer to this setrofiting which has, on average, 20.17% less overflow than the inflexible
nets as considered nets. Then, we produced two Steiner trees for éesdh(we want to minimize overflow). In fact, the flexible tree was better
net, an inflexible tree we call inflex and a flexible tree named flex. Thia every benchmark except one (biomed). Additionally, the flexible tree
flexibility of the inflex is guaranteed to be less than the flexibility of theencouraged a routing which passed through less demanded regions.
flex. The experimental flow is as follows. First, all of the nets other thafhe average demand was 4.49% better for the flexible tree as compared
the considered nets are routed using maze routing. After congestiotoishe inflexible tree.
generated on the gridded graph, the considered nets are routed. In orie another set of experiments, we used an L-shaped pattern route
setup of experiments, they are routed with inflex tree pattern. In anotlier the Steiner edges. The results had a similar trend as the Z-shaped

set of experiments, they are routed with flex tree pattern. pattern results. In this case, the flexible tree has an overflow which is
Before we discuss the results, we summarized the data categories®P5% better than the overflow of the inflexible tree. The demand for
presented in Table II. the routing of the flexible tree is 4.34% less (better) than the demand

for the inflexible tree.
* Number of nets consideredis the number of nets which have |n both of the experiments, the flexible tree produced a routing which
four terminals and have one movable edge has less overflow. Furthermore, the flexible tree routing tends to pass
* Total route length is the length of the routed Steiner tree (netihrough edges with less demand.
summed over all the considered nets. Remember that the route
length for the flexible and inflexible tree is equivalent. V. CONCLUSION AND FUTURE WORK
» Total overflow is the overflow for one net,
> e croute[demand,. — capapity |. The total overflow is the
summed overflow of the considered nets.
e Total demand is the demand of a net
> choute [NUMber of nets routed through]. Total demand is

This paper studied the problem of routability in global routing from
a different perspective. Flexibility—a new geometrical property of an
is RST—was defined and discussed. We argued that flexibility has a high
correlation to the routability of the Steiner tree. An algorithm was pro-

the summed demand of the considered nets. posed to generate an optimally flexible RST given a stable RST. Our
« Overflow Improvement refers to Initial experimental results support our idea. Our results showed that a

(total over flow — flex over flow) /inflex over flow%. A MOre flexible Steinertree_ produces a route which_has_ s_maller overflow
and has less demand. Since the routability of a circuit is related to the

tree is better than the overflow of the inflexible tree. overflow of its route edges, a flexible RST produces a global routing
« Demand Improvement refers to Solution with lesser congestion.

(inflex demand — flex demand)/in flex demand%. We believe that the proposed algorithm can be used in early stages to

In our experiment. we compared the overflow and routin demaﬁéSign the location of Steiner points while considering routability. By
P ' P 9 ing this method, the global routing can deal with routing congestion

of flexible and inflexible trees. The edges of the Steiner tree (both tﬁ?ore easily. As future work, we plan to study the flexibility functions

flexible and inflexible) were routed in a Z-shaped pattern. We com)- . . o . . -
) . In more detail and integrate the flexibility algorithm into our existing
pared two properties of the routing, the overflow and the demand; bot bal router
are related to the congestion of the circuit (both are defined in Segc- '
tion II-A). The overflow of the route is the demand minus the capacity
summed over all the route edges. Intuitively, this determines the amount
of routing resources which are needed, but can not be supplied. The déFhe authors wish to thank Dr. D. Stroobandt for his valuable feed-
mand simply is the amount of other routings which are competing fback regarding various aspect of this work. They are also grateful to the

the same routing resources (edges). reviewers for their detailed comments, technically and conceptually.

positive percentage indicates that the overflow of the flexibl
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