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Utilization- And Crosstalk-Driven Track Assignment Algorithms

Student: Meng-Xin Jiang Advisor : Dr. Yih-Lang Li

Institute of Computer Science and Engineering

National Chiao Tung University

ABSTRACT

As the VLSI manufacturing technology advances to the Very Deep Submicron (VDSM) era,
the device feature size shrinks and the minimum separation between two wires of the same
layer is getting closer. Meanwhile, the operating clock rate of IC design is increasingly
towards and above gigahertz. Such continuous progresses in semiconductor and design
technologies bring serious RLC crosstalk: that could easily introduce an inconsistent signal
change between two adjacent and mutually,interfering wires. Accordingly, avoiding crosstalk
or satisfying crosstalk constraints for high-speed. VLS| design is of growing importance.
However, it is complicated and-inefficient to solve the problem in conventional two-stage
flow ( global routing and detailed routing ). The difficulty of minimizing crosstalk during
global routing is that nets have no track information at this stage, while the difficulty for
detailed routing is to increase the computation load on an already time-consuming task.
Therefore, the TA, an intermediate stage between global routing and detailed routing, is
incorporated with the routing flow.

Previous works of track assignment (TA) are the zone-based approaches. Zone-based TA
may produce worse track utilization such that the assignment of all nets to the fixed-sized
panel can not be completed. This work depicts two utilization- and crosstalk-driven TA
algorithms: hybrid zone-based TA (HZTA) and switching-based TA (SBTA). HZTA places the
highly impacted nets on the odd tracks first, and then apply the zone-based approach to
complete the assignment of even tracks. SBTA first produces a utilization-driven TA, and
then, divides the nets into critical nets and non-critical nets, where a critical net is the net
whose coupling effect exceeds the coupling budget. It reduces the crosstalk by switching nets
under the crosstalk budget satisfaction. Gridless TA is an application of HZTA. It not only

can assign the variable nets exactly on a gridless environment, but also considers the coupling



effect. The experiment results display that HZTA can reduce more coupling effects than
previous work by 42.6%, while SBTA algorithm can perform better crosstalk reduction by
46.8%. Besides, as expected, both HZTA and SBTA have fewer failed nets than previous

work. Otherwise, Gridless TA is the first work about TA in gridless environment.
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Chapter 1

Introduction

1.1 Crosstalk and Track Assignment Overview

For high-speed design and embedding more components in an integrated circuit to enrich
its functions, the operating clock frequencies of designs are continuously increasing, and
semiconductor technology has also advanced to reach a nanometer scale. Smaller transistors
have smaller gate channel length, namely, shorter traveling distance for electrons and holes.
Smaller gate channel length achieves faster device switching; however, for interconnections,
slimmer wires suffer higher resistance since interconnection resistance is inversely
proportional to the product of wire width and height. Excess wire delay comes to be a critical
challenge for fast design closure. To cope with this side-effect, wires tend to be designed with
higher aspect ratios of wire height.to wire width (height/width). Such design is helpful for
dealing with the problem of rising Wwire-resistance.yet does so at the cost of increasing
coupling capacitance between wires: Increasing coupling capacitance, which is a source of
signal integrity problems, is also impacted by smaller separation between wires than before.
Under the trend of ongoing device shrinkage, with associated decreases in wire width and
separation, interconnect optimization for high-performance System-on-Chip (SoC) design and
maintaining signal integrity become crucial for successful SoC design. Accordingly, crosstalk
avoidance or satisfaction of crosstalk constraints for high-speed VLSI design is of growing
importance. Modeling coupling capacitance [1, 2] and inductance [3, 4] has been well studied,
where coupling capacitance (C.) is a short-ranged effect while coupling inductance is
long-ranged. The capacitance crosstalk is only considered in this work.

Traditional routing flow consists of global routing and detailed routing [5]. Global routing
usually partitions the whole routing region into sub-regions, i.e., global cells (GCells). Each

sub-region has a capacity indicating the maximum number of nets that can pass through.
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Global router generates a loose route constructed by a subset of global cells connecting the
terminals of the net without specifying the actual geometric layout wires. Steiner tree based [6,
7] and maze routing based [8, 9, 10] approaches have been applied to global routing. Detailed
routing is to find the actual wire segment for each net within the assigned global cells by the
global router. As the design complexity dramatically increases, the detailed routing consumes
increasing amounts of time, even with the aid of global routing. Therefore, the track
assignment [11], an intermediate stage between global routing and detailed routing, is
incorporated into the two-stage routing flow. Track assignment only deals with the nets that
pass through at least two global cells and places as much nets as possible on available tracks.
In this work, the processed net segment is called an IRoute. After track assignment, the
routing of most long nets has been finished and much runtime reduction in detailed routing is
realized.

1.2 Previous Works and Qur Approach

On the other hand, crosstalk -minimization-during: two-stage routing flow has been well
surveyed [12, 13, 14, 15]. The difficulty.of minimizing crosstalk during global routing is that
nets have no track information at this stage, while the difficulty for detailed routing is to
increase the computation load on an already time-consuming task. The first investigation that
addresses the crosstalk-driven TA is developed in a multilevel routing system [16]. In their
work, the horizontal constraint graph (HCG), i.e., IRoute overlap graph, and the bipartite
assignment graph, that defines the assignability of each IRoute to the tracks, are well
integrated. The maximum subset of conflicting nets, that is equivalent to the maximum clique
in the HCG, is then found and assigned to the tracks one by one. The zone-based approach can
efficiently reduce the crosstalk; however, the TA result may have worse track utilization. In
this thesis, two capacitive crosstalk driven TA algorithms, namely, hybrid zone-based TA
(HZTA) and Swap- and Move-based TA (SMTA) are first proposed to obtain more crosstalk

reduction than previous work. On the other hand, previous TA related works only consider the
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grid-based TA problem. This thesis first proposes a gridless crosstalk-driven TA algorithm,
called O-tree based gridless TA (OTTA). Experimental results show that the first two
proposed algorithms achieve better track utilization and more crosstalk reduction by 42.49%
and 46.79%, respectively. Meanwhile, OTTA can obtain better crosstalk reduction for an
initial assignment.

The rest of this paper is organized as follows. Section 2 reviews the track assignment
problem and defines basic terminology. Section 3 presents HZTA, SMTA and OTTA
algorithms. Section 4 shows the experimental results. And finally, Section 5 makes

conclusions.



Chapter 2

Preliminaries

2.1 Routing And Crosstalk Models

In this work about grid TA, routing follows the restricted layer model, i.e., a routing layer
that is reserved the wiring in one direction has to pay high penalty for the move in
perpendicular direction. The routing direction of a layer is perpendicular to those on its
adjacent layers, and the wiring consists of Manhattan shapes. The routed nets have uniform
width rule and spacing rule on a layer, and may have variant width rules or spacing rules on
different layers.

Global routing distributes all the routed.nets over the GCells without violation on each
GCell’s routing resource and with the objective of minimizing total wire length. Based on
the design rule of the routing pitch of a routing layer and the area of a GCell, the routing
resource of a GCell is considered as separate and equal-distance grid lines, called tracks. The
routed nets must be placed on the tracks. The purpose of track assignment is to reduce the
burden of detailed router and to produce more straight wiring result, therefore long nets are
more important than short nets. The net segment that passes through a whole GCell is a long
net and called an IRoute, which track assignment only deals with. For example in Fig. 1(b),
net a, b and ¢ are IRoutes, but d is not. A panel is composed of a series of GCells in a row or a
column and a horizontal (vertical) panel only contains horizontal (vertical) tracks. Fig. 1(b)
shows a routing region consisting of 6x13 GCells and an example for the above definitions.
Fig. 1(a) shows a track assignment result after global routing for a horizontal panel. Note that

the exact track position for each net is not determined yet.
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Fig. 2-1. (a) A 10-net global routing result on a 1x13 Geell array.

(b) The illustration of primary definitions.

The simple C. model in [17] is applied in this work. Since C. drops fast as two adjacent
nets become farther, for simplifying the coupling model, the C; is assumed to be only induced
between two adjacent nets. Also, two net segments on different layers and in perpendicular

directions are free of inducing C.. Furthermore, all two adjacent tracks are of equal distance,

C. between two adjacent nets can be simply estimated using their overlapping length.

2.2 Problem Formulation

Let L = {lIr;| 0 <i < I} be the set of routing layers. For layer Ir;, the layer plane consists of a;
panels denoted by pl;;, where 0 < j < a;. The panel plij has to accommodate g;; IRoutes
indicated by irijx, where 0 <k < gij. Let Ti; be the track set on the panel pl;;, and it contains ri;

tracks that are denoted by trijm, where 0 < m < r;;. For each track trijm € Tij, trijm can be
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represented by its set of constituent contiguous intervals, i.e., trijm = U itijmn, Where itjjmn is
an interval of track tr;;,. Each interval, say itijmn, is either

o Ablocked interval, where every ir;;i can not be assigned,

e An occupied interval, where 3k, ir;;x has been assign or

o Afree interval, where V0 <k < gij, no irijx has been assigned.

An IRoute irjj is said to be assignable to a track trijm, trijm= & itijmn, iff 3N, itijmn O irijx
= . If itijmn M irijx = irijk the entire IRoute can be assigned to the interval; otherwise, the
IRoute has to be split to fit the interval. Besides, the c. induced by two adjacent IRoutes, say
ifijka and irijke, is indicated by cCijkike. Therefore, the crosstalk-driven track assignment
(CTA) problem can be defined as:

Crosstalk-Driven Track Assignment Problem: Given a set of tracks J = {trijm/0 <i <,
0<j<a,and0<m«<ri;}and asetof IRoutes L'={ir;;,l0<i<l, 0<j<a;and 0 <k <gij},
and a cost function ®: Lx 3 — N-which stands-for the-crosstalk cost of assigning an IRoute to
a track, find an assignment to minimize the-total-crosstalk:

I-1 N3 -Ix—g; -1
Zi:o Zjlzo Zsllzjo k;fci'i'klm' (1)

Since the above formulation has reserved a specific layer for an IRoute, a layer assignment
algorithm [16] has to be applied before starting track assignment if the global routing result
does not contain layer information. Alternatively, a multilayer, instead of single layer, global

routing algorithm can be applied to assign layer to an IRoute [18].



Chapter 3

The Utilization- And Crosstalk-Driven

Track Assignment Algorithms

3.1 Hybrid Zone-Based Track Assignment ( HZTA)

HZTA first completes the assignment of the odd tracks and then the even tracks. The odd
tracks accommodate the vertices of higher degree to separate these highly impacted nets. The
IRoute overlapping graph ( IRoute OLG ) is constructed following the rules: each vertex of an
IRoute OLG corresponds to an IRoute, and an edge exists between two vertices if their related
IRoutes have nonzero overlapping length, i.el,sthey can not be placed on the same track. For
each odd track, HZTA first assigns the 1Route of the maximum degree to the odd tracks. After
each assignment, the related vertex of the assigned IRoute is removed from the IRoute OLG.
For the remaining available track'space, the process of finding, assigning, and removing the
vertex of the maximum degree is repeated until there is no unassigned assignable IRoute to
the available track space of current odd track. If two vertices tie in the vertex degree, IRoute
length is the second factor to be considered.

The assignment problem of the even tracks is transformed into a maximum-weighted
bipartite matching problem. A maximum clique is first found from the remaining IRoute OLG.
The vertices on the left side of the bipartite graph stand for the IRoutes in the maximum
clique, and the vertices on the right side represent the even tracks. If an IRoute can be
assigned to a track, an edge is present to connect these two related vertices in the bipartite
graph. The cost of an edge indicates the crosstalk reduction gain of assigning the IRoute to the
track. The crosstalk reduction gain is defined as follows. For an IRoute in the maximum

clique, the crosstalk induced by placing it to any assignable even track is calculated. The edge



of the maximum induced crosstalk has a cost of zero. The cost of other edge is calculated by
subtracting its induced crosstalk from the maximum crosstalk. Finally, the crosstalk-driven
assignment of the IRoutes in the maximum clique is equivalent to find a maximum-weighted
bipartite matching in the constructed graph. The assigned maximum clique is removed from
the IRoute OLG, and the same process continues until all IRoutes are assigned to the even

tracks or there is no assignable IRoute to the even tracks. Figure 2~5 show an example of

HZTA.
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Fig. 3-1. (a) A overlapping graph of Fig. 1(a).
(b) The decreasing iterations of net degree.
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Fig. 3. The first step result of TPTA ( Fig. 1(a) ). It assigns the
maximum degree IRoute(9) first, and then finds the maximum
degree IRoute which can assign on GCs 1~2 and GCs 10~13.
The process of finding, assigning, and removing the vertex of
the maximum degree is repeated until there is no unassigned
assignable IRoute to the available track space of odd tracks
from bottom to top.
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Fig. 4. (a) The OLG of remaining vertices.

(b) The maximum weighted bipartite matching graph.
Edge cost = Bound (6) - Cc .
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Fig. 5. The TPTA result of Fig. 1(a). Finally, it assigns the IRoutes
one clique one time until all IRoutes are assigned or there is
no assignable IRoutes to even tracks. The IRoutes of dotted
borders are assigned in the second step.

3.2 Swap- and Move-Based Track Assignment (SMTA)

SMTA is to minimize the total crosstalk under the constraint of a crosstalk budget to all
IRoutes, or the goal of SMTA is to find a track assignment with minimum total coupling
capacitance based on a given crosstalk budget for each IRoute. The problem can be

formulated as follows:

subject t0 > ¢C, ;440 < Cra Vi, 1K
k 2k (2)

. -1 O3 -1 -1
min Zi:on:ozslzo k;fci,j,kl,kz’
where Crax is the given crosstalk budget.
SMTA starts from an initial TA produced by assigning the IRoutes in a decreasing order of

vertex degree in the IRoute OLG to the track, from bottom to top. The IRoutes are first
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assigned to the same track until the track can not accommodate any unassigned IRoute.
Subsequently, its top adjacent track is considered as next available track. Based on the initial
TA, all IRoutes can be classified into critical and non-critical. An IRoute is said to be critical
if its induced coupling capacitance exceeds the specified crosstalk budget. SMTA deals with
the critical IRoutes in a decreasing order of the excess coupling capacitance, which is
obtained by subtracting Cnax from the induced coupling capacitance. The unassigned IRoute
with largest excess coupling capacitance is called the most critical IRoute. SMTA moves the
most critical IRoute or swaps it with another IRoute to make it become non-critical. More
specifically, all tracks are examined to determine if there is available space in another track to
accommodate the most critical IRoute to make it become non-critical or if the most critical
IRoute can become non-critical by swapping it with another IRoute. If this fails, we try to
move or swap its top or bottom®neighbouring lRoutes to reduce its induced coupling
capacitance so that the constraint can be satisfied. Each move or swap is regarded as legal
only if it will not produce a new critical IRoute. SMTA will report a failure if current most
critical IRoute can not become non-critical after.the above operations. If all critical IRoutes
become non-critical, the same move and swap procedure is applied to each IRoute to reduce
the total coupling capacitance. Now, each move or swap is legal if the total coupling
capacitance decreases after the move or swap and it does not produce any new critical IRoute.
Figure 6 displays the SMTA algorithm.

Figures 7-10 show an example of performing SMTA under a coupling capacitance
constraint of 6 overlapping GCells length for each IRoute. Figure 7 displays the initial TA,
where the IRoutes 1, 2, 7, 8 and 9 are critical IRoutes and IRoute 1 is the most critical IRoute.
After examining all tracks, IRoute 1 can become non-critical by swapping IRoutes 1 and 6; at
the same time, IRoutes 8 and 9 also become non-critical, as shown in Fig. 8. Now only
IRoutes 2 and 7 are critical. After examining all tracks, moving IRoute 2 to the topmost track

can obtain the minimum total coupling capacitance and all critical IRoutes become
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non-critical, as shown in Fig. 9. Finally, the move and swap procedure is applied to each

IRoute to determine if there is any further reduction on the coupling capacitance. One swap

for IRoutes 3 and 6 and one move for IRoute 4 from track 4 to track 3 are feasible in this case,

as shown in Fig. 10.

Algorithm : SMTA
Input : A global routing result in a panel

Output : A coupling-driven track assignment

begin

1. Construct the IRoute OLG and calculate the degrees of all vertices;

2. Classify all IRoutes into critical and non-critical,

3. Sort the critical IRoutes in a decreasing order of the excess coupling capacitance;

4. for the most critical IRoute in the sorting order

5 Select the best track where it can move to make itself become non-critical or the best IRoute
with which it can swap to make'itself become non-critical,

6. if (current IRoute is still gritical)

7. Try to move or swap its adjacent IRaoutes to make it become non-critical;

8. if (current IRoute is stillcritical)-report failure;
else remove current IRoute from‘the sorting:list;

9. for each IRoute

10.  Select the best track to move to reduce the induced coupling capacitance or the best IRoute to

swap with to reduce the induced coupling capacitance;
11.  Try to move or swap its adjacent IRoutes to reduce the induced coupling capacitance;
end

Figure 6. SMTA Algorithm.
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Figure 7. The initial track assignment of SMTA algorithm. IRoutes 1, 2, 7, 8 and 9 are critical.
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Figure 8. Swapping the most critical IRoute 1 with IRoute 6 can make critical IRoutes 1, 8
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Figure 9 Critical IRoutes 2 and 7 become non-critical by moving IRoute 2 to the topmost

track.
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Figure 10. Total coupling capacitance can be further reduced by swapping IRoutes 3 and 6

and moving IRoute 4 from track 4 to track 3.

3.3 O-Tree Based Gridless Track Assignment (OTTA)

In this chapter, an O-tree based track assignment is proposed to deal with variable-width
and variable-space IRoutes. To our knowledge, this is the first study to discuss gridless track
assignment. From the observations in [4, 19], the two factors heavily affecting coupling
capacitance are the space and overlap length between two wires. One important characteristic
for a gridless routing problem is different wire width and space rules for the nets. The

experiments of [19] show that the wire width has only a little impact on coupling effects with
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about 0.4% to 7% coupling effect variation while the wire width is enlarged twice or even
triply. Therefore, the coupling effect estimation ignores the wire width and the model
presented in Chapter 2.1 is applied for the gridless track assignment problem. The space
between any two adjacent IRoutes is assumed to be fixed in the following discussion. The
discussion of extension of dealing with variable space rules will be outlined in the end of this
chapter.

Assume that the space between any two adjacent IRoutes is sp, the IRoutes are over-sized
by sp/2 to guarantee the separation legality between IRoutes. Therefore, the over-sized IRoute
can overlap with its adjacent IRoutes and only these overlapping adjacent IRoutes are
considered to induce coupling capacitance, that is, any two IRoutes, which has a non-zero
separation between them, is free of crosstalk effect. After over-sizing original IRoutes, the
gridless track assignment problem.becomes a special placement problem. Each over-sized
IRoute can be regarded as a bleck.with a'constraint-of locating at fixed x-coordinate. The
objective is to find a complete placement-of-minimum block abutting length within a routing
region of fixed height. One important thing.for placement is how to represent and maintain
the contour of partial placement. B*-tree [20] and O-tree [21] are two well-known methods to
represent non-slicing placement. B*-tree is ideal for 2-dimensional move and O-tree is ideal
for one-dimensional move. This study applies O-tree to represent the assignment for fast
IRoute swap and move. The O-tree of a placement can be constructed as follows. Assume the
placement is a T-compact placement, where there is no block that can be shifted upwards from
current position with other blocks fixed. For a vertical O-tree, there is a root node on the top
to represent the top boundary and there is a node representing each block. The root node has
an edge directing to the nodes whose top border is located at the top boundary. For two block
nodes, say bj and b, there is an edge from b; to b; if b; and b; abut and b; is on the top of b;. In
this study, the O-tree is enhanced by additionally adding an edge between two blocks with

non-zero overlapping length if they can see each other and called extended O-tree. Figure
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11(a) shows a T-compact placement, Fig. 11(b) shows its related vertical O-tree and Fig. 11(c)
demonstrates the extended vertical O-tree, where the dashed edges are the edges that do not
appear in the O-tree. In Fig. 11(a), blocks 2 and 7 have non-zero overlapping, but there is no
directed edge between them since they are separated by blocks 4 and 5. On the contrary,

blocks 1 and 7 can see each other, so there is an edge from block 1 to block 7.

] 2 3 (3)
2 0 \
7 6 . ‘
@ @ @ G
(a) (b) (c)

Figure 11. (a) A T-compact placement;(b) related vertical O-tree; (c) extended vertical O-tree.

OTTA contains three steps: (1) initial assignment, (2) extended O-tree based assignment

refinement (EOAR), and (3) sub=panel rearrangement.

(1) Initial assignment: the goal.of initial assignment is a fast production of an assignment
with good utilization. For grid-based track assignment, left-edge algorithm can be well
applied to obtain a utilization-driven initial assignment. Since gridless track
assignment probably produces uneven partial assignment, it is hard to regard the
region as row by row. Considering the crosstalk minimization objective, initial
assignment combines the minimum weighted Hamiltonian path on the maximum
clique and similar concept to left-edge algorithm to balance crosstalk minimization
and track utilization. An OLG is first established and a maximum clique is found. The
IRoutes in the maximum clique is assigned to the tracks in the order of a minimum
weighted Hamiltonian path [16]. After minimizing the crosstalk induced by the most
congested IRoute group, the unassigned IRoutes, which locate at the right side of the

partial assignment are sorted by their left borders in an increasing order. The
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remaining IRoutes are processed in the sorting order and each IRoute is assigned to
the topmost available space. The unassigned IRoutes, which locate at the left side of
the partial assignment, is sorted by their right borders in a decreasing order. Each
IRoute is also assigned in the sorting order to the topmost available space. Figures

12~15 show the process of an initial assignment.
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Fig. 12. A 19-net global routing result on a panel ( width : 30 Geells, height : 70 um)
and the wire width is assigned randomly.
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Fig. 10. An overlapping graph of Fig. 12.
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Fig. 14. The crosstalk minimization of the maximum clique is first completed.
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(2) Extended O-tree based assignment refinement (EOAR): after the initial assignment is
produced, the corresponding extended O-tree of the over-sized IRoute placement is
established. Each node of the extended O-tree stands for an IRoute and there exists an
edge between two IRoutes if there is a non-zero vertical projection between them.
Each edge contains two costs, that is, overlap length and separation distance. Since the
over-sized IRoute in the placement has considered the separation rule, two over-sized
IRoutes separated by non-zero space are assumed to be free of crosstalk effect. Four
operations, DeleteNode, InsertNode, PlowTree, and CompactTree, on the O-tree are
supported to perform crosstalk minimization. InsertNode is adding a node to the
O-tree and DeleteNode is deleting a node from the O-tree. PlowTree is to reserve a
space for a node insertion. PlowTree is to plow all the nodes whose vertical range
contains a given horizontal:line, called plow line, downwards by a distance of the
height of the block to be-inserted. For.a node insertion between two nodes, say b; (on
the top) and by, (on the bottom);.the-extension hine of the top border of the bottom node
by is the plow line. It seems that.it is.more efficient to perform PlowTree if only the
nodes whose horizontal range overlaps with the node to be inserted rather than all the
nodes that intersect with the plow line. As a matter of fact, plowing all nodes can
guarantee the success of a node insertion. For example, if a node is to be inserted on
the top of Node 11, as shown in Fig. 17, and the plowing distance is larger than the
separation distance between blocks 2 and 8, then the node insertion will fail with only
plowing the sub-tree of Node 11. CompactTree is to compact the blocks upwards to
make the placement T-compact. A node is said to be movable if all its incident edges
have non-zero distance cost. CompactTree is achieved by applying breadth-first search
on the extended O-tree to pull upwards those movable nodes. The height of an
assignment is the maximum path length, where a path length is the sum of the

separation distances of all edges along the path and the block heights of all nodes
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along the path. The total coupling capacitance cost is the total overlap length of all
zero-separation edges. Figure 16 demonstrates the extended O-tree of the assignment
in Fig. 15.

EOAR performs the same procedure for each node. For each node, EOAR first
deletes the node from the extended O-tree and then inserts it on the top of all nodes
overlapping with it one at a time. The assignment of minimum crosstalk effect is
realized and CompactTree follows to make the assignment T-compact. EOAR allows
each IRoute to move far away and only considers the crosstalk minimization
individual IRoute and its neighbors. Further crosstalk reduction can be achieved by

taking the effect between rows into account.
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<1, 5>

Tree Node : represent the IRoute on the panel.
Tree Edge < OL, Ds> : OL is the overlap length and Ds is the
separation distance between two nodes.

Fig. 16. The extended O-tree of the assignment in Fig. 15.
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Fig. 17. The DeleteNode example. Node 4 is deleted from the extended O-tree.
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Fig. 18. The TreePlow example. Node 4 will insert above node 11, the extended O-tree
is split into two parts by the plow line. The bottom sub-tree is plowed downward.
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Fig. 19. The InsertNode example. The extended O-tree after Node 4
is inserted on the top of Node 11.

-22 -



Root

<4, 0> ‘/*:18 0> <7,0>
5 10 <1,5> 9
<4, 0>
<4, 0> <b, 0>
<5, 0>
<2,0> Y 3 ,/{1 5
14 <5, 5> ’
= Qﬁ 0>| <,5> |
' ~ <50
<4, 5} < 15 <1, 10>
<2, 0 11
<1 C'> <1, 15>
<4, 5> S5, 5>

<9, 0>
<2, 0> <5, 0> <1, 10>

T

<5, 0> “4 0>

<1, 0::
‘3 5> 8 <4, 30>
<1, 15> ’ <. &>
19
<1, 10> -:3, 0>
<4, 25> <5 0> iﬁhﬁhﬂw?z
<2 {}:v

18

12345678 8101112131418 16 171819202122 232425926 27282930

Fig. 20. The extended O-tree of a T-compact assignment after node insertion.
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fﬁe"@lobal crosstalk effect, the assignment on

gn S on several sub-panels. For example, the

assignment in Fig. 22 can l:)e S'Eﬂ't. '_1nto:".3|x sub-panels. Rearrangement of these
sub-panels can further reduce crosstalk effect. A sub-panel OLG is first constructed,
where each node in the graph represents a sub-panel and there are two directed edges
between any two nodes. Since the top and bottom contours of a sub-panel are not
symmetrical, two sub-panels can be assigned in two ways. The cost of an edge is the
total overlap length of two sub-panels associated with the end nodes of the edge.
When calculating the overlap length of two sub-panels, only the over-sized IRoutes,
which touch the abutting border, rather than the whole boundary contours are
considered because two over-sized IRoutes with non-zero separation is free of
crosstalk effect in our model. Two directed edges between two sub-panels can be

regarded as a pseudo edge and the sub-panel OLG can be treated as a complete

graph. A partial sub-panel OLG of the assignment in Fig. 22 is shown in Fig. 23.
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After the assignment is partitioned into as many sub-panels as possible, as
shown in Fig. 22, the crosstalk minimization problem can be formulated as the
problem of finding the minimum weighted Hamiltonian path (MWHP) on the
sub-panel OLG. The heuristics algorithm for finding MWHP on an IRoute OLG in
[16] can be well applied with little modification. The MWHP searching process
starts from the node with maximum inward edge cost or maximum outward edge
cost. If the maximum cost is caused by the outward edge, the sub-panel is mirrored
and then placed on the top of the panel. Next, the outward edge of the least cost of
the start node and its another end node are included in the Hamiltonian path if
another end node has been visited yet before. The new included node becomes the
new start node in next iteration. This process continues until all nodes have been
visited. The node sequence along the MWHP forms a new sub-panel order on the
panel. Figure 24 shows a.new sub-panel order for the assignment in Fig. 22. If
original panel is very loose and-there-are empty sub-panels, they will be inserted to
separate the sub-panels to reduce the overlap length; furthermore, local refinement
such as pulling IRoutes upwards if there are space on tier top can compact the
assignment without increasing crosstalk effect. Figure 25 shows the final

assignment after local refinement.
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Fig. 22. The assignment is partitioned into six sub-panels.

1

Fig. 23. The partial sub-panel OLG of assignment in Fig. 22.
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Fig. 24. The new sub-panel order for crosstalk minimization.
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Fig. 25. The final result after local refinement.
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Chapter 4

Experimental Results

The proposed HZTA, SMTA and OTTA algorithms were implemented in the C++ language.
The tests for benchmark circuits were executed on an Intel 2.4GHz PC with 768M RAM. For
grid-based track assignment, Table 1 lists the statistics of eight small cases, which come from
the examples of channel routing papers, and eight benchmark circuits. To compare with the
work in [16], the TA algorithm in [16] is implemented and performed on the same machine.
Table 2 compares the test results with those in [16]. The cost in the first column of each
method in Table 2 is the total crosstalk of TA,«i.e. the total overlapping length in the panel.
The TA of [16] fails to complete the assignment for testl. Both HZTA and SMTA complete
the assignment of testl; furthermore, SMTA Obtains less crosstalk than the method in [8].
Since the panels in S-series benchmarksvare very loose, HZTA and SMTA can produce
assignments with zero overlap length. The algorithm in [16] does not consider the case of
loose panel, so it still produces assignment of non-zero overlap length. To avoid unjust
comparison, the crosstalk reduction rate does not count in the results of these benchmark
circuits. In summary, HZTA and SMTA complete the assignment and achieved 42.49% and
46.79% better crosstalk reduction, respectively, than the method in [16]. The crosstalk budget
of SMTA is basically assigned equal to the maximum overlap length in HZTA and it can be a
little adjusted to acquire better results.

For gridless track assignment, the IRoute width is generated randomly. The wire width of
five percent IRoutes is tripled and the wire width of fifty percent IRoutes is doubled, while the

others remain unchanged. Table 3 depicts the test case information and Table 4 depicts the
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reduction rate of entire overlap length in each stage. Sub-panel rearrangement achieves more

gain than extended O-tree based assignment refinement.

Table 1. The information of test cases.

Case name No. of nets Track size Panel length (No. of GCells)
testl 12 5 20
test2 14 6 18
test3 9 5 13
test4 9 5 12
test5 12 5 14
test6 15 5 15
test7 12 5 23
test8 10 5 12
mccl 1694 20 47
mcc2 7118 20 169

59234 2774 20 14
S5378 3124 20 15
$13207 6995 20 24
515850 8321 20 46
S38417 21035 20 75
538584 28177 20 85

Table 2. The comparisons for three CTA algorithms.

case Result of [16] HZTA SMTA

name Cost I.C.net | T(sec) | Cost | I.C.net | T (sec) R.R. Cost | I.C.net | T (sec) R.R.
testl 94 1 <0.01 94 0 <0.01 falakaiaielal 82 0 <0.01 falekalaioiad
test2 112 0 <0.01 92 0 <0.01 17.85% 82 0 <0.01 | 26.78%
test3 60 0 <0.01 40 0 <0.01 33.33% 40 0 <0.01 | 33.33%
test4 66 0 <0.01 56 0 <0.01 15.15% 50 0 <0.01 | 24.24%
test5 74 0 <0.01 66 0 <0.01 10.81% 62 0 <0.01 16.21%
test6 50 0 <0.01 22 0 <0.01 56.00% 22 0 <0.01 | 56.00%
test7 106 0 <0.01 80 0 <0.01 24.52% 66 0 <0.01 | 37.73%
test8 50 0 <0.01 34 0 <0.01 32.00% 34 0 <0.01 | 32.00%
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mccl 18088 0 1.382 834 0 9.953 95.38% 646 0 1.406 | 96.42%
mcc2 227842 0 21.453 | 5968 0 180.828 | 97.38% 3590 0 10.06 | 98.42%
S9234 462 0 0.047 0 0 0.687 falakaiaielal 0 0 0.062 falakaiaioiad
S5378 896 0 0.062 0 0 0.812 falakaiaielal 0 0 0.083 falakalaioiad
S13207 2238 0 0.156 0 0 2.015 falakalaielal 0 0 0.171 falakaiaioiad
S15850 3114 0 0.172 0 0 2.266 Fkk 0 0 0.203 falskalaiohed
S38417 5448 0 0.432 0 0 5.969 falakalaiokal 0 0 0.484 falskalaiohed
S38584 7548 0 0.609 0 0 7.313 falakalaiehal 0 0 0.631 falskalaiohed
Average 42.49% 46.79%

I.C. net : incomplete net; T(sec) : runtime ; R.R. (reduction rate) : ( cost of [16] — cost of HZTA(SMTA) ) / ( cost of [16] ).

Table 3. The test case information of OTTA.

Case name | No. of nets | Total Width (um) | Total Height (um) | Column (GCells) | Panel (GCells)
S9234 2774 403988 224994 26 14
S5378 3124 434980 238995 28 15
$13207 6995 659964 364992 43 24
S15850 8321 704996 389000 46 25
S38417 21035 1142625 618977 75 41
S38584 28177 1294975 671968 85 44

Table 4. The result of OTTA.
Case name | (1) Initial assignment | (2) extended O-tree based (3) sub-panel Runtime (sec)
assignment refinement rearrangement
OL after (1) OL after (2) R.R. OL after (3) R.R.

59234 14584798 13040730 10.58% 4641932 68.17% 0.625
S5378 26164870 21124872 19.26% 11956692 54.14% 0.703
$13207 59607946 46065118 22.71% 23539288 60.50% 1.05
$15850 77821208 56293274 27.66% 26615526 65.79% 1.156
S38417 119548232 99007772 17.18% 34013838 71.54% 1.765
S38584 172762856 130657404 24.37% 61779606 64.24% 2.188
Average 17.43% 64.6%

OL after (1, 2, 3): total overlap length after step (1, 2, 3) (um); R.R. (reduction rate) : ( OL(1) — OL(2, 3) / OL(1) ).
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Chapter 5

Conclusions

This thesis proposes three utilization- and crosstalk-driven TA algorithms, HZTA, SMTA,
and OTTA. HZTA processes odd-numbered tracks row by row and even-numbered tracks
zone by zone, while SMTA reduces crosstalk effect by moving and swapping critical IRoutes
based on an initial assignment. In this thesis, the first griddles TA algorithm is also proposed.
Based on the proposed extended O-tree and the four underlying operations on the extended
O-tree, say DeleteNode, InsertNode, PlowTree, and CompactTree, each IRoute has chance to
escape from the original position .assigned,by.the initial assignment through the above four
operations. Global crosstalk reduction can be further-achieved by sub-panel rearrangement.
Experimental results show that HZTA has larger crosstalk reduction rate by 42.49% than the
result in [16], while SMTA algorithm' reduced crosstalk 46.79%. Both HZTA and RBTA can
complete the assignment for all test cases. Finally, OTTA can reduce the coupling effects by

64% than the initial assignment in average.
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