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Chapter 1

Introduction

1.1 Background

The term Very Large Scale Integration (VLSI) reflects the capability of semi-
conductor industry to fabricate a complex electronic circuit consisting of millions
of components on a single silicon substrate, The growth of semiconductor technol-
ogy in recent years has been described by “Moore’s law”, enunciated in the late
1960's, which projected quadrupling of components in a chip in every three to four
years. Several factors contributed to this tremendous growth : (i) reduction of line
width of the basic device and interconnection wires due to the development of high-
resolution lithographic techniques and improved processing capabilities, (i1) increase
in the size of the silicon wafer due to improved reliability of processing, (iii) growth
of the accumulated circuit, and (iv) layout design experience. Better understanding
of system level design issues leads to improved architectures exploiting the current
technology, and helps in designing efficient electronic design automation (EDA) tools
for logic synthesis, circuit layout, simulation, verification, and testing.

Microelectronics technology is advancing very rapidly, The design styles and tools
are also undergoing a continuous evolution, The custom design style incorporates
maximum flexibility; the designers have at their disposal the entire array of design
tools, i.e., logic capture, layout, design verification, simulation, timing verification,
placement and routing,

VLSI technology plays a major role in the development of complex electronic systems.
As a result of continuing progfess in semiconductor technology, around 160,000
to several millions of transistors can now be put on a single micro-chip. New design
methods for VLSI are therefore of constant need to cope with this increased design
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The VLSI design process spans a diverse spectrum of disciplines in physics, chemi-
cal engineering, electrical engineering, and computer science, Because of the diver-
sity of tasks and design issues, a systematic approach to breaking the process into
a number of design layers and subtasks is essential, Typically, the top-down design
of a chip consists of the following stages:

(i) design specification

(ii) functional design

(i) logic design

(iv) circuit design

(v) physical design

(vi) fabrication on semiconductor chips.

Each stage consists of synthesis, analysis and verification, and iterations may be
necessary in order to eliminate errors. Layout design is essentially a stage of
physical design where behavioral and structural representations of an electronic
system are translated to geometric shapes to be used during fabrication. Several
problems arise during the layout design of VLSI chips. This includes partitioning
the components into homogeneous groups, placement of modules on the floor
and finally, routing, i.e., interconnection (wiring) among the modules.

The work reported in this thesis is mainly concerned with the development of new
and efficient routing algorithms. Once a circuit is partitioned and elements are placed
on board, it is necessary to implement the connection patterns amongst the modules

using signal nets.

The objective of routing strongly depends on the nature of the chip. For general
purpose chips, it may be sufficient to minimize the total wire length in order to
reduce the chip area. For high performance chips, total wire length may not be a
major concern, Instead, one may want to minimize the length of the longest wire
to minimize the delay in signal propagation and, to reduce crosstalk to enhance
its performance, The presence of large number of vias (contact holes across layers)
is undesirable from fabrication and circuit performance point of view. So, via mini-
mization also plays an important role in designing routing algorithms, Similar other
parameters need to be considered depending on the design goals.

Unfortunately, efficient algorithms satisfying all these conflicting goals are in general
hard to find. Several researchers identified different sub-problems for example, row
routing, channé[-routing, switchbox'r_outing, gl_obal 'routing, etc., and attempted to
solve these pfobléms either in isolation or in totality. Even in many simple situations,
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an optimal solution is hard to find, In fact, most of these layout opfimization prob-
lems have been proved to be NP-hard [S93]. Algorithms for solving such problems
may give optimum results in polynomial time in some special situations, but in most
of the cases, they remain intractable, In this thesis, our goal is to identify new types
of routing problems, investigate them critically, and to develop efficient algorithms
based on graph theory, combinatorics and related mathematical tools, and finally,
to implement them for industrial use.

1.2 Scope of the Thesis

Channel routing is one of the most important and probably one of the most popular
phases of physical design for VLSI chips as well as PC-boards. One of the earliest
algorithms in this area was due to Hashimoto and Stevens [HS71]. Since then,
various methods were extensively studied and applied to many different technolo-
gies. It may be noted that with the advent of availability of multiple routing layers,
the classical channel routing problem seems to have lost its full significance, How-
ever, the basic algorithms are useful for routing in a system-on-a-chip environment,
as well as in an MCM. In this thesis, we focus on the following problems, and
propose new techniques for solving them:

Over the cell channel routing; |

Via as well as wire length minimization in channel routing problem;
Channel routing in manhattan diagonal model,

L-shaped channel routing;

Switchbox routing; |

Routing in multi-chip modules (MCM),

AN I i

Descriptions of these problems are summarized in the following sections. Novel
techniques and data structures have been utilized for their modeling. The proposed
methods, based on graph algorithms, and computational geometry incorporate many
new features, and experiments on benchmarks demonstrate their superiority to the
existing ones from the viewpoint of running time, space requirement, and generality,

1.2.1 - Channel routing

A channel is a routing region bounded by two parallel rows of terminals, Without
any loss of generality, it is assumed that the two rows are horizontal. Each terminal
is assigned a number which represents the net to which the terminal belongs to,
and it appears on the top and bottom boundaries of the channel. __Zeros represent
vacant terminals which do not belong to any net, The netlist of a channel 1s the
input to most of the channel routing algorithms, | |
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The horizontal (vertical) dimension of the routed channel is called the channel length
(channel width). In channel routing problem, the goal is to find the interconnections
of all the nets in the channel in the specified area, Generally, two or more layers
are available for routing, Change of layers for nets is done through holes called
vias. The main objective of the channel routing is to minimize the channel width.
Additional objective functions are minimization of the number of vias used in a
multilayer channel routing, minimization of wire length, etc. In grid-based reserved
layer models, the horizontal wire segments appear on tracks which are vertically
equidistant inside the channel, Here, the objective essentially 1s the assignment of
horizontal segments of nets to the tracks. Vertical segments are used to connect
horizontal segments of the same net in different tracks with the pins appearing along
the boundaries of the channel. In the unreserved layer model for two-layer routing,
vertical and horizontal wires may pass through both the layers, In this situation,
though the width of the channel reduces drastically, the routing becomes complicated,

The first theoretical bound of the track requirement is given by Kawamoto and
Kajitani [KK79], where the'y suggested a column-by-column routing algorithm that
guarantees routing with-an upper bound on the number of tracks equal to the density
plus one, where the density of a channel routing instance is the hi ghest congestion
over all columns. The congestion of a column is the number of nets passing through
that column. In this method, additional columns may occasionally be needed to
complete the routing. The first algorithm developed for channel routing was the left-
edge algorithm, proposed by Hashimoto and Stevens [HS71] which uses a reserved
layer model and does not allow doglegs and any vertical constraints. Ho, Iyenger
and Zhenq [HIZ91] developed a simple but efficient heuristic channel routing
algorithm which is greedy in nature and can be generalized to switchboxes and
multi-layer problems,

1.2.1.1 Over-the-cell routing

The total area in the standard cell design style is equal to the sum of the total cell
area and the total channel area, For a given layout, the total cell area is fixed, Thus,
the total area of a layout can only be reduced by decreasing the total channel area,
Conventionally, in two-layer layout, cells appear in a single metal layer. Routing
is done through both the metal layers in the channel area. As several ehet_mel routers
have been developed that complete routing with the number of traeke very close
to the channel density, no further improvement in the layout area is possible, 1f
routing is done only through channels.

With the advent ef _twe—and-half leyer teeh_n-olegy used in the layout design of stan-
dard cells, several channel routers use the extra routing area available outside the

e d .



channel for interconnections. It is already mentioned that no cell is placed in the
channel area in either region, and cells are placed in a single layer in the cell area.
So, in a two layer model, the cell area in one layer remains unused. Reduction in
layout area is only possible if the unused portion of the cell area is utilized during
routing. Such routing methodology is referred to as over-the-cell roufing in the
literature, An example of over-the-cell routing is shown in Fig. 1.1,

In this context, the routing problem is to realize the interconnection of nets by
means of paths, such that two paths of distinct nets are not allowed to intersect
in the same layer. Terminals are accessible only at the edges of the cells. Given
a netlist, the objective is to generate a routing with pessible over-the-cell
interconnections which minimizes the number of horizontal tracks inside the channel
i,e., the channel width.

Over-the-cell channel routing problem is known to be NP-hard [S93]. The best
known heuristic algorithms for over-the-cell channel routing appeared in [CL88,
CPL90], which consist of three major phases in the following sequence : (i) selecting
the net segments for routing over-the-cell, (1i) choosing terminals of the nets for
routing within the channel and (iii) completion of routing through the channel,

T_.|,.___.___J. R — # of tracks inside the channel = 3
—h T"“"I—T | # of tracks over the cell = 4
- |

# of vias = 12

Fig, 1.1: Anexample of over-the-cell routing

It is easy to observe that the first two steps are highly interrelated. Routing a net
over-the-cell may force some other nets to be routed within the cell through the
heavily congested area. Thus, maximizing the number of over-the-cell candidates as
suggested in [CL88] may not lead to a good solution. In our work [DNB91], we
have described a new heuristic algorithm which iteratively selects potential over-
the-cell nets with an ultimate objective of minimizing channel width. Experimental
evidence shows considerable improvement over earlier results [CL88] in the number
of tracks used both inside the channel, and over the cell, |
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1.2.1.2 Via minimization

In channel routing, each signal net is formed by the wire segments interconnecting
a set of electrically connected terminals, If multiple conducting layers are available
for interconnection, the wires of the same net lying in different layers are connected
through vias (contact holes). In reserved layer model using two layers, all horizontal
wire segments are placed on one layer, and all vertical wire segments are assigned
to the other layer. However, this method tends to generate a large number of vias
in the final routing solution, The presence of too many via holes may cause certain

disadvantages, e.g.,

(i) besides increasing the manufacturing cost and complexity, vias in a circuit
degrade its performance and rehability, and

(ii) vias require more layout area, In a compactible channel routing, the nMOS
design rule requires 3A spacing for path width, 3A. for feature sepa-
ration, whereas, (4A x 4)) square area for a via hole in metal layers,

Thus, minimization of via holes leads to considerable improvement in VLSI layout
design in terms of chip area, circuit performance and cost [H83]. This 1s even true
if a short run of metal is replaced by polysilicon because the capacitance and re-
sistance of the contact are likely to be greater than those of added polysilicon

rCD8S].

The existing methods for via minimization are classified into two general categories:

(i) unconstrained via minimization (UVM);
(ii) constrained via minimization (CVYM).
Although in most cases, UVM produces a solution with fewer vias, the layout area

I

|

. |
" =T ] ]
I IR

() (b) (©)

T T TrT1TT T D
T T [
1

Fig.1.2 : Routingsolution ofachannel
(a) before via minimization (# via= 10),
(b) after via minimization using [TWC91] (# via=3), and
(c) another solution with no via |
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is not compact. An example of a channel, routed without via-minimization, is shown
in Fig. 1.2(a). The layout obtained by via minimization algorithm of [TWC91] is
shown in Fig. 1.2(b). Further via minimization may be possible with some clever
heuristic as demonstrated in Fig, 1.2(c).

An approach to the via minimization technique was first proposed in [L.61] based
on layaut modification followed by maze routing. In the unreserved layer model,
via minimization problem is solved in [TWCO91]. In this thesis, we have reported
a new approach for via minimization [DB93] using the advantages of both CVM
and layout modification. Our algorithm outperforms the result (in terms of the number
of vias) of [TWC91] for all standard benchmarks without increasing the routing
area, For Deutsch’s difficult example, we obtained only 190 vias with 19 tracks,
which is, to the best of our knowledge, the fewest ever reported, The total wire
length also decreases in almost all the cases compared to the solutions of [TWC91].

1.2.2 Channel routing in Manhattan-diagonal model

The conventional channel routing algorithms, studied for the last two decades assume
horizontal and vertical wire segments for interconnection, Recently, efforts have
been made to develop algorithms using non-manhattan geometries, A diagonal model
with + 45° wires was reported in [LLP89a]. Routing in time square model using
+60° wires was considered in [LLP90]. A channel router using both rectilinear and
diagonal (+45°) wire segments was proposed in [CR91, CHS9%94], The diagonal
model is well supported by the fabrication process and provides better utilization
of routing space. It also tends to reduce wire length and hence area and delay.
However, the existing algorithms based on this model are either too elementary or
inefficient, and therefore, have limited applicability to real life routing problems,

In this thesis, we propose a new approach to channel roufing that combines the
advantage of both diagonal model and manhattan geometry. We consider two routing
layers; the terminals reside along the channel boundary are fixed, and the routing
wires are assumed to be of manhattan-diagonal (& 45°) model (MD-model). First,
we consider the reserved layer model (i.e,, horizontal and diagonal wire segments
are in one layer and vertical wire segments are in other layer), and present a simple
O(l .d) time algorithm that routes an arbitrary channel with no cyclic vertical
constraints in w tracks, where / is the length of the channel, d is the channel density,
and d < w < (d+1). Next, we describe an output-sensitive algorithm using unre-
served layer manhattan-diagonal model, that can route two-layer channels with cyclic
vertical constraints using ® tracks, in O(l w) time (i.e., lmear in area of the channel)
- An illustration of our model is given in Flg 1.3, | -
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Fig. 1.3: Channel routing in unreserved layer MD model

Our proposed algorithm outperforms the methods in [YK82, HIZ%1, CR91] both
in execution time and in quality of solutions. Experimental results on benchmark
examples show very encouraging results. It is also observed that the number of vias
used and the wire length is significantly less compared to the via minimizer of
[TWC91]. To the best of our knowledge, this work is the first reporting of routing
in the MD-model.

1.2.3 L-shaped channels, staircases and switchboxes

Routing of L-shaped channels also arises in many instances. In some routing model,
the global routing problem can be viewed as a sequence of L-shaped channel routing
problem [C87, CG96]. Here, a net-list along the boundary of an L-shaped channel
is given, and the goal is to complete the interconnections minimizing (i) channel area,
(ii) the number of vias, and (ili) wire length,

In this thesis, we propose routing algorithms for L-shaped channels, switchboxes
and staircases in 2-layer Manhattan-Diagonal model with tracks in horizontal, vertical
and + 45° directions. The core of our proposed method lies on routing a right
triangular region which requires O(n?) time, where n is the number of nets which
are routed through the triangle. We show that if the L-shaped channel has no cyclic
vertical constraint, our algorithm runs in O(/d) time, where / is the length of the
I.-shaped channel, and 4 depends on the density of horizontal and vertical parts
of the L-shaped channel, and the density of the triangular regions joining those
channels, The exact expression for 4 is given in Chapter 6. Next, a greedy heuristic
method is proposed for routing an L-shaped channel with cyclic vertical constraint,
which guarantees a routing solution with at most d+1 tracks. The time complexity
of the latter method is also O(/d). An example of an L-shaped channel and its

routing is shown in Fig. 1.4,

The switchbox routing problem in MD-model is also 'solvcd elegantly. These
techniques are easily extendible to the routing of staircase channels, and it yields
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efficient solution to detailed routing in general floorplans [DSB98]. Experimental
results show significantly low via count and reduced wire length, thus establishing
the superiority of MD-routing over classical strategies used in [CH88]. An 'exani'ple
of a switchbox and its routing is shown in Fig, 1.5. | -
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Fig. 1.5 : Switchbox routing hsing the proposed MD-model
1.2.4 Routing in multi-chip modules (MCM)

With rapid decrease of feature size, efficiently packing multiple circuit modules in
a single chip has become a promising area of research, Using MCM technology
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a large number of functional blocks can be mounted and interconnected on a single
substrate, The numbers of distinct nets and terminals are usually very high. A typical
MCM may consist of 7000 nets on a grid size of over 2000 x 2000 [KC92].
With the emergence of deep sub-micron technology, the numbers of chip, nets, and
terminals per net, in an MCM are likely o increase in the future,

Inside an MCM, the circuit components are mounted on the top layer; other layers
are used for pin redistribution and routing., As many layers are usually available for
MCM routing, the main objective is to improve performance, i.e., to achieve tight
packaging with lower fabrication cost, satisfying the constraints on net length, net
separation, via size, via separation, etc. Thus, the primary goal is to minimize the
number of vias, wire length, cross talks, delay in signal propagation, with the
secondary objective of reducing the number of routing layers in the MCM.

Several approaches to MCM routing have been proposed recently [CLRS%4, SBP95].
A pair of routing layers is considered at a time, and the yet unrouted terminals
are projected on them through stack vias, Khoo and Cong developed SLICE
[KC92] and V4R [KC95]; in the latter method, at most four vias are used for
routing each two-terminal net in a non-monotone fashion, Multi-terminal nets are
transformed into two-terminal nets. Another algorithm, called SEGRA, was proposed
in [CRNQ’?]* It uses a plane sweep technique and splits each multi-terminal net into

two-terminal nets considering a minimum spanning tree among its terminals.

In [DNB99], we introduce an improved method of MCM routing. For high
performance routing, one has to minimize the number of vias and wire length. To
minimize the number of vias, we first route the nets having more terminals, through
the layers that are closer to the top, such that a large number of nets is routed
with short pieces of wires. To take care of the delay factor, we also route the
farthest terminals of a net through the layers closer to the top, and explore subsequent
layers if they are unavailable. The proposed algorithm consists of three phases,
First, we preprocess the nets to determine a routing order. We estimate the cost
of a feasible wiring for each net by constructing a minimum-bend rectilinear steiner
tree among its terminals, avoiding the obstacles on the concerned layer, The wire
length and the number of terminals of the net are used to define a metric called
average path length. The ordering of nets for actual routing in the next phase
depends on the average path length, In order to reduce delay for some important
nets, one may need to change the order. In the next phase, actual routing is done
assuming a reserved layer model. Nets are routed following the order as obtained

in the first phase. After the completion of routing in the current layer-pair, the |
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unrouted terminals are projected in the next layer-pair and the same routing technique
is adopted keeping the order of nets invariant. This process continues until all
the terminals are routed. Our technique uses significantly less number of vias, which
can be further reduced in the third phase, where we improve the routing by flipping
and other techniques. |

1.3 Conclusion

In this thesis, we have reported various new results on channel routing in Manhattan
as well as in Manhattan-diagonal model. Novel algorithms for switchbox and L-
shaped channel routing problems have also been formulated and studied in this
thesis.

We have explored many new combinational and geomefric properties of routing
problems and found interesting results based on which routing algorithms for channels,
switchboxes and L-shaped channels have been proposed. Experimental results on
benchmark examples demonstrate that the proposed algorithms outperform the existing
ones both in execution time and in quality of sclutions. A routing technique for multi-
chip-modules has also been developed based on computational geometry, This
algorithm achieves significant reduction in via count and wire length for MCM

benchmarks.
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Chapfer 2

Review

2.1 Introduction

Two 1mportant factors responsible for minimizing layout area of a VLSI circuit

are:

(i) circuit design which attempts to reduce the number of transistors keeping
the functional behavior unaltered, and

(i1) physical design of the circuit targeted to improve the geometric layout,

To reduce the complexity, the physical design phase of a VLSI circuit is split
into five major steps, e.g., partitioning, floorplanning, placement, routing and
compaction. A brief description of these steps is given below.

1. Partitioning : A chip may contain several millions of transistors. Layout
design of such a circuit cannot be handled if the entire circuit is con-
sidered as a whole. This problem is nicely tackled by partitioning the
circuit into a set of functional blocks (modules), Partitioning of large
circuits is a hierarchical process. In each level, the blocks of its pre-
vious level are further partitioned into smaller sub-blocks. Partitioning
of a block considers a set of important factors such as, the size and
number of the sub-blacks, number of interconnections between the sub-
blocks, etc. The set of interconnections among the sub-blocks are referred
to as a netlist. Th:e occurrence of the same signal net in different blocks
is referred to as terminals. In the routing phase, the objective is to
devise an efficient way of connecting the terminals of the same net using
a set of available layers, satisfying a set of predefined constraints.

2. Floorplanning : After the partitioning phase, the size of each block is
- determined by the number and the type of components in that block.
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Usually the blocks are assumed to be rectangular, In the floorplanning

phase, the topology of the layout ( the relative positions of the func-

tional blocks on the chip ) is determined based on the interconnection

information among the circuit modules, so as to minimize the total area
- of the chip, and to reduce routing congestion.

3. Placement : The arrangement of components inside a block may be
customized considering the interconnection pattern among its neighbor-
ing blocks. So, a set of possible aspect ratios is specified with each
functional block before the placement phase. The floorplanning phase
suggests the geometric adjacency among the functional blocks. The goal
of the placement phase is to position the functional blocks on a ftloor
of minimum area such that, the 100% interconnection between the blocks
is feasible. Initially, a feasible placement of the blocks is determined
considering an estimate of required routing space of different routing
regions. It may actually results an unroutable layout. So, iterative im-
provements may be necessary during the placement process.

4, Routing : The objective routing phase is to complete the interconnection
among blocks according to the specified netlist. The goal of this phase
is to complete the connections among the pins of each net satisfying
different constraints and optimizing different performance criteria.

5. Compaction ; After the routing phase, an attempt is taken to reduce
the layout area by compressing the layout from all directions 'parallel
to the four boundaries of the rectangular floor defining the circuit, During
the compaction process, the size of each circuit modules should remain
unaltered. A substantial compaction reduces the wire length, which in

“turn reduces the signal delay between the components of the circuit, The
compaction process must ensure that no design and fabrication rule are

violated during the process.

The thesis is mainly concerned with the design and development of various
routing techniques. In the rest of this chapter, we review the past works

reported in this area,
2.2 Fabrication Factors

Continuing progress in the scale of integration has resulted in incorporation
of a large number of functions in a single chip that increases the chip area,
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and corresponding deterioration of performance. An immediate remedy is the
minimization of interconnection area which reduces the die size. A router
should also consider the following factors to achieve high performance goals.

Delay : Reduction of line width of the interconnection wires due to the
development of high-resolution lithographic techniques generates high
resistance through interconnection wires, and as a consequence it re-
sults in higher delay in a longer path in comparison to that in a shorter
one. In a synchronous circuit, limitations on circuit speed are deter-
mined, in general, by the delay of the longest path through the functional
blocks, and the presence of clock skew among the synchronizing circuit
components. Thus to enhance the performance of the circuit, it is nec-
essary to minimize the maximum wire length, and an efficient clock routing
that achieves minimum clock skew. |

Yield : The yield is the percentage of IC’s fabricated on an wafer, which
are free from faults and operate at or above the desired frequency and
reliability. The yield can be enhanced by fabricating a larger number of
dies on a single wafer by reducing die size, This also minimizes the
waste area on the wafer surface., From the physical design point of
view, the potential area for yield enhancement includes minimization of
total wire length, routing with less number of jogs, net separation to
reduce cross talks, via minimization, to name a few,

Cost : Minimization of die size and increase in the yield, reduce the cost
of a chip. Thus enormous effort is needed to produce dies of minimum
size with simultaneously improved performance, yield and cost and which
are free from manufacturing defects.

A VLSI chip may contain several millions of fransistors, and there may be
several hundreds of possible routing paths for each net. This makes the routing
problem computationally hard. To reduce the complexity of the routing phase,
it is traditionally divided into two major phases, namely global routing and

detailed routing.

2.3 Global Routing

Global routing, or in other words the loose routing, is the preliminary step
of the complete routing process. Here the entire routing region is split into
a set of sub regions (e.g., channels of different shapes, switchboxes, etc.),
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depending on the layout style. A sequence of routing regions is assigned to
each net without specifying the exact geometric layout of wires. The goal 1s
not only 100% routing of all the nets, but also to minimize the total wire
length / routing area, A detailed survey of various global routing techniques
1S given below,

2.3.1 Different design. styles

The objective functions for global routing depend on design styles, In this
subsection, we discuss the standard design styles.

Full-custom : This is the most general design style where the functional
blocks (of arbitrary sizes) may be placed at any location on the chip
floor in a non-overlapping fashion. This allows very compact design,
however, the process of automating a full-custom design style is more
complex than other restricted models. The probiem of routing is also
very difficult since the routing regions are not symmetric. However, the
routing space may be allowed to be redefined by slightly perturbing the
placement of blocks. Here, the role of compaction is significant for area
minimization of the entire circuit after routing is completed,

Standard cell : The standard cell design style is somewhat simpler than
a full-custom design style. A circuit is partitioned into a set of predefined
sub-circuits, called cells, which are available in the standard cell library.
These cells are assumed to be rectangular and of same height, They are
placed in rows, and the space between two adjacent rows is called a
channel. The channels are used for routing the signal nets that appear
among the cells lying on the same row or in adjacent rows. If a net
appears in two cells appearing along the boundary of different channels,
the interconnecting wire passes through the feedthroughs. A feedithrough
is an empty space (cell) between a pair of topologically adjacent cells
in a row, and it may be created wherever it is necessary during the

routing process.

Gate Arrays : In ga'te array design, the entire wafer is prefabricated with
an array of identical gates or cells. These cells are separated by both
vertical and horizontal spaces called channels, Each functional block is
mapped onto a prefabricated cell on the wafer, during the partitioning/
placement phase. Now, the task of the router is to establish the con-
nections between the prefabricated cells through the horizontal and vertical
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channels, Note that, here the number of tracks allowed for routing in
cach channel is fixed., As a result, the purpose of routing is simply to
complete the connections rather than minimize the area.

FPGA : It is a new approach to ASIC design that can significantly reduce
manufacturing turn around time and cost, In general, an FPGA consists
of a regular array of programmable logic blocks interconnected by a
programmable routing network. A programmable logic block can be pro-
grammed by the user to act as a small logic module. Given a circuit,
user can program the programmable logic module using an FPGA pro-
gramming tool, One of the advantage of FPGAs is reprogrammability.
In FPGA, a data channel is provided, which allows easy transfer of the
new logic function and reprogramming the FPGA, Partitioning, place-
ment and routing are three main steps for the physical design automation
of FPGA. The partitioning problem mainly depends on the architecture
in which the circuit has to be implemented. Placement problem in FPGAs
is very similar to the gate array placement problem. The routing in FPGAs
is to find a connection path and program the appropriate interconnection
points,

2.3.2 Existing methods for global routing

The common problem of global routing for all the three design styles is to
find the shortest path for connecting the terminals of a net placed in different
blocks. The first work in this direction is the maze routing algorithm due
to Lee [L61] and Moore [M59]. The algorithm is simple and 1t guarantees
an optimal solution, if at least one such path exists. But as this algorithm is
grid based, it requires a large amount of storage and its performance de-
orades rapidly as the number of grid points increases, Thus, this algorithm
is very inefficient for a large full custom design problem. Numerous attempts
have been made to modify Lee’s algorithm to reduce its memory requirements
‘A67]. Soukup [878] modified Lee’s algorithm by proceeding towards the
target through the grid points in a depth-first manner until an obstacle is
encountered; a breath-first search method is then used to get around the
obstacle. The depth-first search then resumes its motion towards target. The
problem specification may however have some special requirements which do
not permit fully automated routing. An interactive maze router [AS88] is
available for this purpose, where restricted human interactions are allowed.

A heuristic algorithm using A" search technique was proposed by Hadlock
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[H77] to improve upon the speed. A widely applicable line-probe algorithm
was developed by Makami and Tubachi [MT68], and essentially the same
algorithm was independently proposed by Hightower [H69}. The basic idea
of a line probe algorithm is to reduce the size of memory requirement by
using isothetic line segments during the search process, instead of grids,
The time and space complexities of these algorithms are O(L), where L is
the number of line segments produced by the algorithms. In [ZLI96], an efficient
algorithm for obstacle avoiding rectilinear shortest path among multi-terminal
nets is proposed. This algorithm combines implicit strong connection graphs
among the terminals of nets, and applies A” search method to get an excellent
routing solution, In all these methods, congested channels are assumed to be
expanded as required. If the channel congestions are predefined, one may
adopt the “rip-up and reroute” or “shove aside” techniques, as proposed in
[B79, DK82].

All the algorithms we have considered so far, are related to routing of two
terminal nets. These approaches can be extended to multi-terminal nets, but
they involve large time and space complexities. Routing of multi-terminal nets
is based on constructing a rectilinear steiner tree. The problem of finding
a minimum-cost rectilinear steiner tree is NP-hard [GI77]. The rectilinear
steiner tree problem can be solved in polynomial time if the points appear
on a set of axis-parallel lines, or on the boundary of the rectangular floor
[AGH77]. Hwang [H76] has shown that the ratio of the cost of a minimum
spanning tree to that of an optimal rectilinear stainer tree is no greater than
3/2. Good heuristic algorithm for finding the rectilinear steiner trees are available
in [H78, HVYW85]. Burman, Chen and Sherwani [BCS91] studied the global
routing problem in a generalized geometry, called 8-geometry, where the edges
may be oriented in any of in/d angles, where i can be any integer and 8 is
also an integer 22, In [CSW89], a restricted case of Steiner tree, called
Steiner min-max tree is used for the global routing problem. They propose
an efficient algorithm for obtaining a Steiner min-max tree in a weighted coarse
grid graph, where the vertices are labeled actual and steiner depending on
whether the vertex corresponds to the terminal of a net or a steiner vertex.
The weight of an edge depends on the density of the corresponding channel

through which the pair of vertices may be connected, and the capacity of the

same channel.

The general global routing problem can be mapped to a 0/1 integer-program-
ming problem. Heisterman and Lengaur [HL91] presented a hierarchical algorithm
for the global routing of multi-terminal nets using integer linear programming.
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In [V91], an interior point method is proposed for global routing. It uses
the famous Karmakar’s polynomial time algorithm [AKR*89] in the linear
programming formulation of routing problem,

Global routing algorithm can be mapped to different other optimization prob-
lems based on its varying optimization functions. A multi-commodity flow-
based algorithm is proposed in [SK87, CLC96]. Vecchi and Krikpatrick used
simulated annealing technique {[VK83] to solve the same problem.

A practical global router for row based layout, such as sea-of-gates, gate
array and standard cell was developed by Lee and Sechen [LS88]. For gate
array, Aoshima and Kuh [AK83] proposed a global routing algorithm based
on multi-channel optimization. Karp et al, [KLR*87] discussed the problem
of global routing in a two-dimensional gate array. It uses linear programming
followed by randomized rounding-off technique [RT91].

Simultaneous partitioning and routing-driven correlated approaches for place-
ment of mixed macro blocks and standard cells are available in [DK85, LD86,
C87, KPS89] which recursively apply mincut algorithm of [FM82]. In [YW96],
a novel edge cost model is proposed to capture the congestion of routing
region using an incremental assignment strategy [S85]. Then a resistive net-
work analogy [DK69] is used to characterize the routability of nets. The
combination of the edge cost model and the resistive network model provides

a very effective guidance for partitioning.

2.4 Detailed Routing

The detailed router places the actual wire segments within the region indi-
cated by the global router, thus completing the required connections between
the terminals. The detailed routing problem is usually solved by considering
a region at a time. Regions generally are of the form of ordinary channels
and switchboxes. Depending on the placement of blocks we can mark the
routing regions and their ordering in which the routing will be done.

A routing region may have terminals only on t_wo_op'posite sidés of the region.
This type of routing region is called channel, If the routing region is ofrect-
angular shape, then it is called straight channel. An L-shaped channel consists
of a region which is of L-shaped form. Switchbox is a rectangular routing
region where the terminals are on all four sides of the region.
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Characteristics of routing problem largely depend on the topology of the
routing region., Regions may contain one or more layers, An electrical con-
nection between the segments on adjacent conducting layers is made by efching
a hole in the insulator before manufacturing the second conducting layer, and
such a connection is called via, Multilayer routing problem is NP-hard [S85a]
even when number of layer is one [R84]. One obvious constraint in routing
problem is that no two wires from different nets are allowed to cross each
other on the same layer. Various detailed routing algorithms have been de-
veloped depending on the nature of the problem and design goals,

2.4.1 Routing considerations

There are many parameters in a routing problem which are usually determined
by design rules and routing strategy, |

Two- and multi-terminal nets : Though simple algorithm may exist for
two-terminal nets, practical algorithms must be designed for handling
multi-terminal nets.

Net width : The width of a net depends on the layer it is assigned to, and
its current carrying capacity. Usually routers must allow power and ground
nets for such width variation.

Yia restriction ; Vias are necessary to connect the wires of the same net
on different layers. Vias still remain a concern in routing problem as
they increase manufacturing cost, decrease yield and performance. The
physical dimension of a via is usually larger than the width of connecting
wires in today’s manufacturing technology, Thus minimizing vias increases

chip space usage,

Number of layers : Generally fabrication processes allow at least two
metal layers for routing. Increase of layers increases the manufacturing
cost and desigh complexity, but at the same time reduces chip area. In
MCM routing, a large number of ]ayers' are available,

Boundary type : A boundary is the border of the routing region which
containg the terminals, Most detailed router assume that the boundaries
are rectangular, If the terminals are on two opposite sides of the boundary,
then they are said to form a channel. Terminals appearing on four sides
form a switchbox. In thr_ee—sided- switchbox, the terminals lie on three
sides of the boundary. Boundaries may be irregular in shape. Some

recent routers [C86, CK86, VCWR89] have the capability of routing
~ within irregular boundaries. | | o
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Net types : Power, ground and clock nets are considered critical nets,
Since power and ground nets are normally wider than signal nets, they
need special consideration. Clock nets require very careful routing preference,
as the delay of the entire chip may depend on clock routing. Critical
nets are routed before signal nets using specialized routers.

2.4.2 Routing models

The most common model used in routing is the grid-based Manhattan model,
where a rectilinear grid is superimposed on the routing region, and wires are
restricted to follow path along the grid lines. A horizontal grid line is called
a track, and a vertical grid line is called a column, If in addition, 45° diagonal
lines, are present in the grid, the model is known as Manhattan diagonal
(MD) model [DB96]. A routing model that does not use an underlying grid,
is known as a gridless model.

In the grid-based approach, terminals, wires and vias are required to conform
to the grid geometry. For grid-based router, different grid size can cause a
via-alignment problem between different layers. The gridless approach allows
arbitrary location of terminals, nets; vias and nets are allowed to have ar-
bitrary widths, Due to these advantages, the gridless approach has gained
more popularity than the grid-based approach [CK86].

Routing problems can also be modeled based on the layer assignment of
horizontal and vertical segments of nets, In unreserved layer model, any net
segment along horizontal, vertical, or 45° diagonal tracks can be placed in
any layer, Any such segment is allowed in a given layer, as long as two
different net segments do not overlap. However, two net segments can overlap
if they are in different layers. In this model, routing space can be used more
efficiently, and the number of vias is reduced significantly, We have used this
model in the thesis extensively. In Manhattan model with reserved layer wiring,
only horizontal or vertical segments are allowed to appear in a particular
laj;rer+ In other words, each layer contains either horizontal or vertical wire
segments but not both, In Manhattan-diagonal reserved-layer model proposed
in this thesis, all diagonal net segments are assumed to appear in the layer
where the horizontal segments are aSSigned. This restriction simplifies routing
algorithms considerably and provides excellent solutions since vertical segments
do not block horizontal segments and vice versa, as they are on different
layers. Layers assigned to horizontally oriented segments are called horizontal
(H) layers and those reserveded for vertically oriented segments are called
vertical (V) layers. In the two layer routing H-V or V-H w1r1ng model is
used. When three layers are available, HVH, VHV models are used in general.
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With the advent of two and a half layer technology used in the layout design
of standard cells, several routers now-a-days use the extra routing area inside
the cell area for interconnection, These models are referred to as over-the-
cell routing which renders considerable savings in channel width [CL88, CPL90,

HSS91, LPHLY1],
2.4.3 Channel routing

A channel routing problem is specified by channel length, net list of the channel,
and the number of layers. The goal of channel routing is to complete inter-
connections of all the nets in the channel satisfying design rule so that the
channel width is minimized. Optimization of other secondary objectives, e.g.,
minimizing the number of vias, wire length, length of the longest wire are
often required for higher performance and good yield.

We describe here few basic definitions and terminologies related to channel
routing.

Channel area: The space between two adjacent parallel rows of cells,

Top (bottom) terminal list: T = (t,, t,, ..., t ) (B = (b,, b,, ..., b)),
where t. (b)) is a positive integer identifying the nets that enters through
the i-th column in the channel at the top (bottom). If t, (b,) = 0, no
net has to be connected to the ith terminal.

Left (vight) connection set: The set of nets that enters the channel from the
left (right) end of the channel.

Local density and density [YK82] : The local density 4 of column j, is the
number of nets crossing that column, The density d of a given channel

is defined by d = max; . ,_ { d,}

Doglegging: When a net is broken into two or more horizontal segments
occupying different rows, a vertical segment is used to connect those
horizontal segments, This is called doglegging, which may be necessary
to complete routing, and to reduce channel width, Doglegging however,

tends to increase vias,

Vertical constraint graph: A directed graph G(V, E), whose nodes V represent
horizontal segments, A directed edge (i,j) €E implies that horizontal
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segment { must be placed above the horizontal segment j, because of
a vertical constraint. If G is cyclic, routing requirement cannot be satisfied
without doglegging in two-layer reserved model.

2.4.3.1 Single row routing problem

In this scenario, a set of evenly spaced terminals of two or multi-terminal
nets appear on a real line, which is called the net axis, The single row routing
problem is to realize the interconnection of the nets by means of non-crossing
paths which are basically the horizontal and vertical line segments. All paths
are placed on a single layer so that no two paths cross each other and each
path cannot occupy two tracks at any column, The area above and below
the node axis is called the upper street and lower street respectively. The
number of tracks available for routing in these areas is called their capacity,
For a given realization, the number of horizontal tracks needed in these area
is called upper and lower street congestion. The most common objective
function is to minimize the maximum of upper and lower street congestions,
The single row routing problem was introduced by So [S74], for the layout
design of multilayer circuit board. Later on, extensive studies on this problem
were made in [HS84, KKF79, RS83, RS84, TKS76, TKS82, TSK84]. In
[SD89], Sherwani and Deogun developed a new graph-theoretic approach
for this problem.

2.4.3.2 _Single layer routing algorithm

Given a set of blocks with terminal of different nets, placed on a routing
region, the objective of the single layer routing problem is to establish

(1) connections (routing) among the terminals of each net in the same layer,
(ii)  the routing of different nets are non-overlapping and does not violate

the specified design rule.

Here the problem is to determine whether all the nets can be routed in the
same layer, Although the general single layer routing problem is conceptually
easier than the multi-layer routing problem, it is still computationally hard.
Different cases of this problem are handled in polynomial time [BP33, DKS*87,

LP83, M90, SD&8I1, T8I1].

General river routing problem

River routing 1s a Special case-of single layer routing, where all terminals lie
on the boundary of the region and every net consists of exactly two terminals
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and there are no blocks in the region. A solution exists if terminals are located
in such a way that nets do not cross over. In [H83a, JP89, LP83, ST83,
TH90], the formulation of river routing problem was considered, Hsu [H83a]
proposed an algorithm for general river routing problem which is capable of
routing arbitrary shaped rectilinear regions, and guarantees a solution if one
exist, The algorithm is gridless and allows arbitrary net widths and wire sepa-
rations,

2.4.3.3 Two-layer channel routing algorithm

The main objective of routing is to reduce the routing area by minimizing the
channel height. Leth and v__ represent the maximum clique in horizontal
constraint graph (HCG) and the longest path in vertical constraint graph (VCG)
respectively, for a routing instance, Then lower bound on the number of tracks
of a two-layer dogleg free routing problem is max(h__, v__ ). The algorithms
are mainly based on left-edge, graph based, greedy or hierarchical routing,
Left-edge algorithms (LEA) [HS71] start with sorting the trunks from left to
right and assign the segments to a track such that no two segments overlap.
Some algorithms use various graph modeling, such as Interval graphs, per-
mutation graphs etc., to assign nets to tracks, The algorithm in [RF82} uses
a greedy strategy to route nets in the channel. It starts with the Jeftmost
column and works towards the right end of the channel by routing the nets
one column at a time, The hierarchical router generates the routing in the
channel by repeatedly bisecting the routing region and then routing each net
within the smaller routing regions to generate the complete routing,

The first algorithm developed for channel routing was the left-edge algorithm,
proposed by Hashimoto and Stevens [HS71] which uses a reserved layer
model and does not allow doglegs and any vertical constraints, Consequently,
it does not allow cyclic vertical constraints, Deutsch [D76] proposed an algorithm
known as dogleg router by observing that the use of doglegs can reduce the
channel height, Like LEA [HS71], the dogleg router uses a reserved layer
model, Experimentally dogleg routers achieve far superior results as com-
pared to LEA, often requiring very few tracks beyond the channel density.

Sangiovanni-Vincentelli and Santomauro [VS82] proposed YACR (yet an-
other channel router) which operates under the assumption that'a user may

add vertical tracks when they are needed anywhere within a channel, Clearly
one can achieve the channel width equal to density under these assumptions,
since a vertical column may be added every time there is a vertical conflict,
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after the horizontal segments are packed by left edge routine. YACR does
not use dogleg and attempts to minimize heuristically the number of added
columns. Experimental results demonstrate improvement in overall routing area
with fewer vias over routers operating within classical model. YACR-2 is the
follow-up version of YACR, where it is not allowed to add columns but it
is allowed to perform horizontal jogs on the vertical layer which may result
in wire overlap, The algorithm works in two phases ; horizontal track assign-
ment and maze running. YACR-2 is very fast and practical in most cases,
since most of the technologies allow limited wire overlap,

Yoshimura and Kuh [YK82] presented a new channel routing algorithm based
on net merging. This work is the first attempt to analyze the graph theoretic
structure of the channel routing problem, It considers horizontal and vertical
constraint graphs and assigns tracks to nets so as to minimize the effect of
vertical constraint chains in the vertical constraint graph, It does not allow
dogleg and cannot handle vertical constraint cycles, The main steps in this
algorithm are zone representation, net merging to minimize vertical constraint
chains, and track assignment.

Chen and Kuh [CK86] first proposed a gridless variable-width channel router
called Glitter. Glitter can utilize multiple layer technology and design rules,
Terminals can be located at arbitrary positions and can be located on oft-
grid points, No columns or tracks are used in routing, Only the wire width,
spacing, and via size are the factors in the routing algorithm, It is a reserved-
layer routing model and is considered similar to net merge algorithm which
uses a weighted constraint graph formed by using vertical and horizontal con-

straint graph.

Assigning the complete trunk of a multiterminal net severely restricts LEA
and dogleg routers. Optimal channel routing can be obtained if it can be
guaranteed that for each column, there is only one horizontal track per net.
Based on . this observation, one approach to reduce channel height.could be
to route nets column by column trying to join split horizontal tracks (if any)
that belong to the same net as much as possible. Based on the above ob-
servation and approach, Rivest and Fiduccia [RF82] developed greedy chan-
" nel router. The algorithm starts from the leftmost column and places all the
net segments of a column before proceeding to the next right column, In each -
column, the router assigns net segments to tracks in a greedy manner. The
gréedy router allows the doglegs in any column of the channel, not neces-

sarily where the terminal of the._dogleggtéd net occurs.
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In [BP83], Burstein and Pelvin presented a two-layer channel router based
on the reduction of the routing problem in (m x n} grid to the routing in (2
x n) grid and consistent utilization of divide and conquer approach.

Kowamoto and Kajitani [KK79] proposed an algorithm that guarantees routing
with an upper bound of number of tracks equals to the density plus one, but
additional columns are needed to complete the routing. Ho, Iyenger and Zhenq
[HIZ91] developed a simple but efficient heuristic channel routing algorithm,
which is greedy in nature.

All algorithms are not equally good in nature. Many benchmark examples can
certify the quality of channel router. In most famous deutsch difficult ex-
ample, dogleg router uses 21 tracks and 346 vias. In the same example YK-
router takes 20 tracks and 403 vias and greedy router takes 20 tracks and
329 vias. Most popular hierarchical and YACR2 take 19 tracks each, and
326 and 287 number of vias respectively.

2.4.3.4 Multi-layer channel routing algorithm

With the advance in VLSI technology, utilization of more than two layers for
signal routing has become feasible, Most of the current gate-array technolo-
gies use three layers for routing. For example the Motorola 2900ETL macrocell
array is a bipolar gate array which uses three metal layers for routfing [593].

Both the reserved layer and unreserved layer model are considered for three-
layer routing algorithm. The reserved layer model can be classified into the
VHV model and the HVH model, In the three layer VHV model the lower
bound on the number of tracks for a routing problem is h__, whereas in HVH
model, the lower bound on the number of tracks for a routing problem is

h /[2).

max?® ~ max

max(v

In [CL84] Chen and Liu presented a three layer channel router based on the
net merging method and the left edge algorithm introduced by Yoshimura and
Kuh [YK82] for their routing algorithm. As no vertical constraint exists in
VHY, in this context, the left edge algorithm is sufficient. But in the HVH
routing, vertical constraint exist, so the concept of (net) merging algorithm
was extended to the HVH problem. In [CWL88], Cong, Wong, and Liu presented
a general techﬁique that systematically transforms a two-layer routing solution
into a three-layer routing solution which is very similar to the Yoshimura and
Kuh algorithm. Chen [C84] proposed a three-layer gridless router, called
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Trigger, which is an extension of Glitter, the gridless router appeared in
[CK86].

In [PZ87] Pitchumani and Zhang developed a three-layer channel router that
combines both HVH and VHV models, based on the idea of partitioning the
channel, In this approach the channel can be thought of as two separate
channels, not necessarily of the same size, One portion {upper or lower )
1s routed using the VHV and the other portion is routed using the HVH
model. A transition track is usually needed between the two portions. The
algorithm does not allow any dogleg. This algorithm is a generalization of
pure HVH and VHYV approaches. This algorithm partitions the given netlist
into two netlists, such that each netlist is best suited for either YHVY or HVH
style of routing. It then routes them separately thus obtaining two sub-so-
lutions, The algorithm then insert transition tracks to complete the connec-
tions between the two routed sub-solutions.

In [H85], Hambrusch presented an algorithm for a n-layer channel router.
The number of layers, the channel width, the amount of overlap and the number
of contact points are four important factors for routing multi-terminal nets in
multi-layer channels. An insight into the relationship between these four factors
is also presented in [H85]. In [BBD*86], Braun developed a multi-layer channel
router called Chameleon, based on YACRZ2, The main feature of Chameleon
is that it uses a general approach for multilayer channel routing. Stacked vias
can be included or excluded, and separate design rules for each layer can

be specified.

In [ED86], Enbody and Du presented two algorithms for n-layer channel
routing that guarantee successful routing of the channel for n > 3.

2.4.3.5 Via minimization and over-the-cell channel routing

Most of the existing routing algorithms use a large number of vias to complete
the routing. This is due to the fact that most routers use a reserved layer
model. However, vias are undesirable from fabrication as well as circuit performance
point of view and therefore, the number of vias should be kept as small as
possible. Different via minimization approach is followed for reducing vias in
a layout design. In constrained via minimization problem (CVM) we are given
a set of wire segments, and k layers for routing, where the placement of wire
segments has already been determined by some router. The problem is to
asmgn oaoh segment to one of the layors without ohangmg the topology 50
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that the number of vias required is minimized. In unconstrained via minimi-
zation problem (UVM), the placement and the layer assighment of segments
are not given, The problem is both the placement of the segments and as-
signment of layers so as to minimize the total number of vias. UVM is also
known as topological via minimization problem (TVM).

Hashimoto and Stevens [HS71] first formulated the two layer CVM problem
as a graph-theoretic max-cut problem. The problem was initially thought to
be NP-complete which led other researchers to develop heuristic algorithms
[CK81, SV79]. Chang and Du [CD87] developed a heuristic algorithm by
splitting vertices in a graph, Kajitani [K80] showed that the two-layer CVM
problem can be solved in polynomial time when the routing is restricted to
a grid based model and all the nets are two terminal nets. Pinter [P82] proposed
an optimal algorithm for two-layer CVM problem when the maximum junction
degree is limited to three. |

The TVM problem was first introduced by Hsu in [H83]. Marek-Sadowska-
[S84] proved that the TVM problem is NP-complete, Sarrafzadeh and Lee
[SL89] and Cong and Liu [CL91] considered the crossing-channel TVM preblem,
and shown that the Crossing-channel K-layer TVM problem is solvable in
polynomial time,

2.4.4 L-shaped channel and switchbox routing

L.-shaped channel and switch box routing problems are the generalization of
the channel routing problem, In L-shaped channel routing problem, terminals
are located in the boundary of the L-shaped region. Kajitani [K83] first
introduced the concept and term of safe routing order and studied the prob-
lem analytically, In order to overcome cyclic dependencies in routing order
for nonslicible topologies, L-shaped routing regions [DAKS85, SB91] were
introduced, Switchbox is a four sided enclosed region where terminals are
located on all four sides and routing must be completed within this region.

Algorithms by Maddila et al. [MZ89] for general routing regions are based
on the restrictive knock-knee model [S93], Tsai et al, [TCC*92] formulated
general area routing as a planning problem in which the routing process is
decomposed into a conjunction of subgoals; each subgoal consisting of se-
lection of net segments and assignment of track resources. However, it may
need to backtrack and may not generate any solution as it uses the Manhattan
model even if Manhattan-diagonal routing exists. The time complexity of this
method is high. Among non-Manhattan geometries, a diagonal model with
+ 45° wires has been adopted [LLS91, C87]. Song [S92] presents an optimal

knock-knee diagonal routing for L-channel with two-terminal nets only. In
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Manhattan-diagonal (MD) model which combines diagonal and Manhattan
geometries, routing method for siraight channels based on sorting was proposed
in [CR91]. Another MD channel router was presented by Wang [W91] but
the track count and via count for denser channels seem to be higher and too
many jogs are required. Recently, Das et al. gave a simpler MD channel
router providing reduced wire length and vias [DB96]. Nevertheless, appli-
cability of these methods to realistic routing in general regions are to be
studied.

In general, switchbox routing is more difficult than standard channel routing.
Theoretically, it falls into the category of NP-hard problems [S93]. Several
heuristics are developed for the problem, Hamachi and Qusterhout [HOZ4]
proposed a good switchbox router. The idea of Greedy channel router can
be naturally extended to do the switchbox routing [L.85]. Hierarchical channel
router can be modified by introducing alternate partition in both vertical and
horizontal directions instead of partitioning along the length of the channel
‘BP83]. One of the best practical switchbox router was proposed by Joobani
'J86]. His algorithm WEAVER, was a successful knowledge-based expert-
system router. Cohoon and Heck developed a computational-geometry-based
tool BEAVER for switchbox routing,

2.5 MCM Routing

To get the advantage of advance fabrication technology, it is reasonable to
consider new technique for packaging which can increase the packing den-
sity, Packaging has an important role in determining interconnection delay,
cost, speed, reliability of high-speed system and the simplification of inter-
connection in the PCB, Recently, the multi-chip-module technology (MCM)
has been developed that provides a common substrate where several bare
chips can be mounted on the top layer., The substrate consists of multiple
routing layers used for chip-to-chip interconnections. MCM routing problem
is much more difficult in comparison with the conventional IC or PCB routing

problem,

In MCM, chips are flip mounted on the top layer via solder bumps. The next
few layers are called redistribution layers which are required to connect the
chip bonding pads through the surface pads to the signal wires. Next, there
are several interconnection layers. The MCM routing problem is a three-
dimensional area routing problem where routing can be carried out almost

everywhere in the entire multilayer substrate.
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There are several new and interesting design automation problems associated
with this technology [D90, HSV*90, PPC89], Cho and Sarrafzadeh [CS91
investigated the pin redistribution problem on a uniform grid that arises in
the design of MCM, There exist several methods for MCM routing, after pin
redistribution step [CLR*94, D90, HSV*90, HYY90, KC92, KC95, MBG'91,
SK92], The approaches in [CLR*94, HYY90, MBG*91] extend the tradi-
tional maze routing technique [LL61]. The methods in [HSV*90, SK92] uses
layer assignment in order to overcome the size and net ordering. Here a
global routing instance is obtained and then each net is assigned to layers
so that wires of different nets do not intersect each other. Recently Khoo
and Cong developed two powerful routers, namely SLICE [KC92] and V4R
[KC95], which iteratively process the nets, Cha et al. [CRN97] propose a
simple router SERGA., An improved technique for via minimization in MCM
has been reported in this thesis,

t
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Chapter 3
Over-the-cell Channel Routing

3.1 Introduction

The two-layer channel routing is the most widely used technique for interconnecting
nets in VLSI design. With the advent of two and half layer technology used in
the layout design of standard cells, several channel routers now-a-days use the
extra routing area available outside the channel for interconnections. These routers
are called over-the-cell channel routers which render considerable savings in channel
width [DG80, SS87, GN87, CL88]. Over-the-cell channel routing problem is known
to be NP-hard {GN87]. The best known heuristic algorithm for over-the-cell channel
routing appeared in [CL88], which consists of three major phases in the following
sequence: (i) routing over the cell, (i) choosing net segments within the channel

and (iii) routing within the channel.

It is easy to observe that the first two steps are highly interrelated. Routing a net
over the cell may force some other nets to be routed within the cell through the
heavily congested area, Thus maximizing the number of over-the-cell candidates
as suggested in [CL88] may not lead to a good solution. In this thesis we describe
a new heuristic algorithm which iteratively selects over-the-cell nets with an ultimate
objective of minimizing channel width. Experimental evidence shows considerable
improvement over earlier results [CL88] in the number of tracks used both inside

the channel and over the cell,
3.2 Formulation of the Problem

Consider a rectangular channel with # columns and two rows of terminals along
its top and bottom sides. A number between 0 and m is assigned to each terminal,
Terminals with the same number i (1 <i<m)are to be connected by net i, while
those with number 0 designate unconnected terminals, |
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We assume two routing layers within the channel and a single layer over the cell.
Routing consists of only rectilinear wire segments. Inside the channel, all horizontal
segments lie on one layer and all vertical segments on the other, Interconnection
between horizontal and vertical layers is accomplished through via holes, We also
assume that the terminals are accessible only at the edges of the cell. Given a
netlist, our objective is to geﬁerate a routing with possible over-the-cell

interconnections which minimizes the channel width i.e., the number of horizontal
tracks inside the channel. Fig. 3.1 displays an example of conventional versus over-
the-cell routing,

1 3 1 40 2 77 3 2 " —
by e B — |

|

L | | 314027732
| ||_ | Ih———-lii—mi-mi

| T|" _ 3§ 99 8 46 60 5 3

| s | ] | ]

T L o

8 99 B 4 6 6 0 5 35 S —

Fig. 3.1 : Conventional vs Over-the-cell channel routing.

3.2.1 Basic steps

The proposed method for over-the-cell channel routing consists of three phases
which are performed in a sequence different from that of [CL88] : (i) initial terminal
selection, (ii) over-the-cell routing by a new heuristic, (iii) routing within the channel.

3.2.1.1 Initial terminal selection

Nets having terminals on both sides of the channel should have at least one conneotmn
across the channel, Thus, if a net having multlple terminals on one side routed over
the cell, it leaves a problem of selecting a net segment with two terminals of this
net one from the top and ﬂther from the bottom of the channel, Appropriate choice
of these net segments which minimize the channel dens1ty is NP-hard, and was
accomplished earlier with a heuristic procedure [CLSB] In cur work, we flI‘St '.
select initial terminals by suﬁable heuristic which attempts to minimize the channel
width and then go for dec1d1ng thc over- the cell candidates,
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Definition : The congestion of a column r is the number of nets passing through
that column and is denoted by ¢ . The density of a channel is the maximum of
¢ ’s over all columns,

Given a net v, let there be p terminals on the top side of the channel occupying
column positions v{ for i=1,..,,p (t stands for top) and q terminals on the bottom
side of the channel occupying the column positions vj" for j=1,...,q (b stands for
bottom). In over-the-cell channel routing, as the terminals appearing in the top
(bottom) side are connected over the cell, here the problem is to select a suitable
terminal from the top and another from bottom for connecting the two sets.

For each pair of terminals (v;, v.") we now define the cost function w; as :
1

W, = Z 8 .(b?+ c) where r stands for column number,
p=1"

5 = 1, if » lies within the interval [v!, vj"] and O otherwise;

¥

b, = number of occupied tracks in the r-th column by net segments which are
selected so far for routing through the channel.
¢ = the congestion of the r-th column, as mentioned earlier. Note that, ¢_is computed

prior to over the cell routing.

Given a net v, we select a terminal pair (v, vy'f' )} on the upper and lower sides
of the channel respectively, for connecting inside the channel if

P q

W T min min w, e (1)
o=l =1

The rationale behind choosing such an weight function is that we encourage the
connection of a net among the top and bottom sides of the channel through a track
within the interval [v{, v l~"‘] if that portion of the channel is less occupied till now

(i.e., b 's are less), and are also less congested (i.e., ¢ 's are less). Also our weight
functwn implies that the first criteria is more. 1mportant than the second one.

First, nets having exactly one terminal on the top and the bottom sides are considered,
They contribute towards the initial values of b s, For connecting the nets having
terminals on both side of the channel, we select the nets in non-decreasing order
of their spans. For each net, an appropriate interval is chosen for connecting inside
the channel as described above. If more than one pair of terminals (x,y) for a net
have the same minimum weight, then conflict may be resolved in favour of one,
whose length of the longest path in the vertical constraint graph (VCG) is minimum.
Finally, after interconnecting a net ¥ across the channel, the b_values are updated
for the columns through which the net vpasses. This process. 1S repeated till all

nets are considered.
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3.2.1.2 Over-the-cell routing

Nets having two or more terminals on one side of a channel are candidates for
over-the-cell routing. In [CL88], a graph theoretic criteria for choosing candidates
(nets) for over the cell routing is formulated using circle graph G, where the
terminals of both the sides are placed along the boundary of the circle. Pins of
same net are joined by chords, In the graph, we put an edge between two nodes
if the chords corresponding to those two nets intersect. In that paper [CL83], it
is suggested that the maximum independent set of the above mentioned circle graph
indicates the set of net segments for over the cell routing. However, the following
example (Fig. 3.2) shows that choosing of maximum independent set may often
yield a worse solution, Experimentation with many benchmark examples suggests

the following empirical observations :

— |~ | — |

1 3 14027732 1 3140277372

R R— k ——a g = i
- 8 99 8 4 6

(2) (b)

Fig. 3.2 : Over-the-cell routing : (a) [CL&8], (b) proposed method

Observation 1 ; For minimizing channel width, nets passing through the columns
having maximum congestion should preferably be selected for over-the-cell routing,

Usually, the congestion of tracks is described by an interval graph G,{YK82],
where nodes correspond to nets. Two nodes are connected by an edge if the
corresponding horizontal spans determined by the leftmost and the rightmost terminals
of the two nets overlap. Note that the maximum clique in G, defines the density
of the channel. In order to reduce the channel width, we choose those net segments
for over the cell routing which immediately reduce the density of the channel.

It is often better to route a portion of the chosen net over-the-cell instead of
routing the whole (see the routing of met 3 in Fig. 3.3), because this may subsequently
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allow another net (net 4 in the same figure) to be routed over the cell causing a
further reduction of channel width.

i T | II

|
FEREEES S P D
T T T
L J.____1,.:II
8090005Il67 8 09 0 0 0 5 6 7

Fig. 3.3 ; Routing a net segment over-the-cell

We now define a net interval and an overlap graph which capture all useful
information regarding the formulation of the problem. |

Definition : An interval [a, b] is a net interval if a and b are two terminals of
the same net and belong to the same side of a channel, Thus a net having p
terminals on one side creates () net intervals on that side. Each net interval is
a possible candidate for over-the-cell routing at an instant of time,

Definition . An overlap graph G, is a graph whose nodes correspond to net
intervals. Here, two such intervals [a,, a,] and [a,, a,] are said to overlap if a,
<a <a,<a ora, <a <a,<a, An edge between two nodes implies that
the corresponding net intervals (1) overlap, (ii) belong to the same side of the
channel, and (iii) are portions of two different nets. In other words, these two net
intervals cannot be routed over-the-cell simultaneously,

A net interval corresponding to a node o of the overlap graph G, chosen for over-
the-cell routing forces some net intervals of the other nets to be routed inside the
channel. These correspond to nodes adjacent to net « in G,

Observation 2 : Routing of a net interval over-the-cell which does not pass through
the columns contributing to the maximum congestion, may reduce the density as
shown in Fig, 3.4,

Observation 3 | For over-the-cell side one x-x interval routing in over the cell
mames y-y interval impossible to be routed in over the cell where terminals are
along (..X...y...X...y...). Hence, a priority should be given to such an x-x interval
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Fig, 3.4 : [1lustrating Observation 2

that minimize the number of intervals the number of intervals that cross x-x and
among the same count a longer span contributing towards the maximum congestion
is a good choice for selection. In Fig.. 3.5, notice that either net 4 or net 5 at
the bottom of the channel qualifies for over-the-cell routing, but net 5 is a better
candidate than net 4, because the former one affects a longer span contributing
towards the maximum congestion.

0 0 0 067 8 9 1000 0 0 O

77 |
L |
~ ‘ '
1] ]
i T |
4 5 0 1 2 3 4 6 7 0 0 0 0 8 9 105

Fig. 3.5 : Choice of over-the-cell candidates based on span

Thus our choice of net intervals for over-the-cell routing is dictated by the following

facts ; |
(i) it should preferably dilute the portion of the channel having the maximum

congestion and span, and
(ii) it should subsequently force the smallest set of other nets to be routed

inside the channel.

Observation 4 : It may be necessary to route two net intervals over-the-cell one
at the top and the other at the bottom simultaneously in order to reduce the density
by one. In Fig. 3.6, net 3 should be routed over-the-cell both at the top and
bottom. The proposed algorithm in subsection 3.3.1 takes care of this.
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Fig.3.6: Top-bottom simultancity of over~the-cell routing

3.2.2 The proposed cost function

Our algorithm selects over-the-cell candidates iteratively. Initially, we start with no
net interval passing over-the-cell and then on the basis of the following weighing
criterion, a seemingly best net interval is chosen. This process is repeated until
no more candidate for over the cell routing is found.

Let d, denote the current congestion of i-th column, f, is the number of tracks
already occupied by some nets which are forced to be routed inside the channel
among the set nets considered up to the current instant of time, Initially, d.=c,.

The blocking factor of net interval p at column i, denoted by 0.F, is the number
of nets forced to be routed within the channel through column i for routing 3 over-
the-cell. Clearly, 0 < 0P < d. - f. - 1. Thus blocking factor of a net interval {3
may depend on other net intervals which have already been routed over-the-cell,
as those nets cannot be chosen for routing through the channel. These are the net
intervals corresponding to the nodes which are adjacent to B in the overlap graph.

So, we formulate the weight of a net interval p as follows :

w(pB) = %1 I. Bf‘_/ (Ot(f? + 'di)-)., where o = span of B ......... (2)

It needs to mention that, the motivation of choosing such an weight function is same
as that of (1); the only difference is that it encourages a net interval to be routed
over the cell which passes through_' (_i') the congested columns, (ii) the numbers of
already occupied tracks is more, (iii) forces less number other nets to be routed
inside the channel, and (iv) having longer span.
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3.3 Heuristic Algorithm

In each iteration of the algorithm, a net interval B is selected for over-the-cell
- routing whose W(B) is minimum, This weighing criterion has been empirically chosen

such that it reduces the maximum congestion over the longest span and forces
minimum number of nets to be routed through the channel with the ultimate goal
of minimizing the channel density.

Let a net interval B be routed over-the-cell, such that nodes y,,y,,....,y, of some
net y are adjacent to 3, in the current overlap graph, Then it is enough to route
only one out of v,,y,,....,y, inside the channel and the rest need not be considered.
Net interval with the largest W(y,) is selected for routing through the channel,
Nodes v,,v,,....,7, and B are deleted from the overlap graph, The d, and f, values
are updated for all columns which are affected in the current iteration, The procedure
terminates when the overlap graph becomes enipty. However, in the actual algorithm,
no overlap graph is explicitly created; its effect is simulated with an alternative

data structure.

3.3.1 Method

Step I : select initial terminals iteratively using expression - (1);
obtain b’s for 1 < i < n,

Step 2 ! /* Over-the-cell routing */
Let S be the set of net intervals corresponding to all the nets,
foralli=1lton do {d =c¢c;f=">;}
repeat
for each member B of S do
for all i = 1 to »n do calculate 0F;
find weight W(B) using expression - (2);
find the net interval B* having minimum weight;
route p* over-the-cell;
for all nets y whose net interval(s) overlap with B* do
begin [* Let v,,Y,,.....,7, be the net intervals of y */
find Y; & { ¥YpYpeons¥y whose w(y,) is maximum;
select v, for routing through the channel
update f (mcrease by one in all columns spanned by 1,5
‘remove ('yl,yz, SYjpeees¥y } from S
end;
remove P* from §;
update d, (reduce by one in all columns spanned by B);
until < the set S is empty >;

S!ép 3 . call greedy channel router [RF82] for routing within the channel:.
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3.3.2 Complexity of the algorithm

The given channel consists of n columns and m nets with density p. Let A and
s denote the maximum number of terminals and span among all nets respectively.
| S | denotes the total number of net intervals and let s be the size of the maximum

independent set of the initially created overlap graph.

Step | can be performed in O(n%p.c) time. In step 2, initialization requires O(#.p)
time. The number of net intervals in S is O(n?). Computation of weights for all
nodes of the overlap graph i.e., for all net intervals needs at most O(p.c.| S |)
time. The update time for d.’s and f’s is O(c+n.p). Thus in each pass, the time
complexity becomes O(p.c .n?). Since the iteration can be repeated at most s
times, the worst-case time complexity of the algorithm is O(s.p.c. #%) .

3.4 Experimental Results

We implemented our algorithm together with a greedy channel router [RF82]. Table
3.1 compares the performance of our method with the result obtained in [CL88]
on standard benchmarks (in the table below, YK, denotes the i-th example) taken
from [YK82]. The famous Deutsch’s difficult example (De) is also studied (Fig.
3.7). Experimental results show that in all these examples our solution consistently
outperforms that in [CL88] with respect to the number of horizontal tracks both
within the channel and over-the-cell, Since our algorithm is an iterative one, it can
readily be adopted in a situation where the number of tracks available over-the-

cell is fixed priori [DG80].

Table 3.1 : The performance of our router on standard benchmarks

Example Original | . Number of tracks required _
channel |  Proposed method |  [CL88] -
density over-the insidethe | over-the inside the

i ~_-cell ~ channel |  -cell channel

YK, 12 7 9 7 10

YK, 15 6 11 9 | 12

YK, 17 7 13 7 | 13

YK, 18 6 14 7 15

YK,, 17 9 13 9 16

De 19 | 11 16 16 17
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Chapter 4

Via Minimization in Channel Routing

4.1 Introduction

In channel routing of VLSI layout, each signal net is formed by the wire segments
interconnecting a set of electrically connected terminals, If multiple conducting layers
are available for interconnection, the wires of the same net lying in different layets
are connected through vias (contact holes), In two-layer channel routing with reserved
layer model, all horizontal wire segments are placed on one layer, and all vertical
wire segments are assigned to the other layer. However, this method generates a
large number of vias in the final routing solution. The presence of these via holes
introduces some problems e.g. (i) besides increasing the manufacturing cost and
complexity, vias in a circuit degrade its performance and reliability, and (ii) in a
compactible channel routing, the design rule requires one unit spacing for path
width, one unit for feature separation, whereas (2 x 2) unit square for a via hole,
Thus, minimization of via holes renders a considerable improvement in VLSI layout
design in terms of chip area, circuit performance and cost, This is even true if a
short run of metal is replaced by polysilicon because the capacitance and resistance
of the contact are likely to be greater than those of added polysilicon [CD88].

The existing methods for via minimization are classified in two general categories:
unconstrained via minimization (UVM) and constrained via minimization (CVM),
Although in most cases UVM [H83, S84] can produce a solution with fewer vias,
the layout area is not compact. An example is shown in Fig. 4.1(a) and the layout
after geometric mapping is shown in Fig. 4.1(b), the solution in Fig. 4.1(c) requires
only three track using just two vias [TWCI1]. |

On the other hand, the CVM approach first starts with a layout that has a small

area and then assigns layers to the wire segments such that the number of vias
is minimized, Given a collection of paths representing the interconnection wires
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without specifying the layer assignment, CVM method find a layer assignment to
all the path segments that will minimize the total number of vias used. Hashimoto
and Stevens [HS71] first formulated the two layer CVM preblem as a graph-
theoretic max-cut problem. The problem was initially thought to be NP-complete
which led other researchers to develop heuristic algorithms [CK81, SV79]. Chang
and Du [CD87] developed a heuristic algorithm by splitting vertices in a graph.
Kajitani [K80] showed that the two-layer CVM problem can be solved in polynomial
time when the routing is restricted to a grid based model and all the nets are two
terminal nets. Later Pinter [P82] proposed an optimal algorithm for two-layer CVM
problem when the maximum junction degree is limited to three. The constraint is
that the layout cannot be changed; only the layers to which wire segments are
assigned and the positions of vias can be altered in the via minimization process.
But the major disadvantage is that the result obtained by the CVM method is
minimized only with respect to the given layout. In fact, there may exist many other
layouts with the same area and fewer number of vias,

e —
| e A e N ——
| : ':['”"""
| [ |"“"“'"
———1 I e — —
1 T P .
L] |
| L | N
(b)

| ()
Fig.4.1:UVM. (a) Topology of nets with one via, (b) Geometrical mapping
- (¢) A compact layout with two vias [TWC91]

A better approach to the via minimization problem based on layout modification
and assisted by maze router, is introduced in [L61]. Notice that the layout shown
in Fig. 4.2(a), can be routed with five vias (Fig. 4.2(b)) when optimized using the
CVM method. The layout modification approach [TWC91] yields a solution with
three vias as shown in Fig. 4.2(c).
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Fig. 4.2 : CVM. (a) Before viaminimization. (b} After via minimization.
(¢) via minimization by [TWC91] (d) Anotherlayout with fewer vias.

This chapter outlines a new approach to the via minimization problem, which combines
the advantage of both CVM optimization method and layout modification. For
better utilization of routing space, here we consider the unreserved layer model
where both horizontal and vertical net segments may be present in any layer. The
model is grid base. The vias can be place in any grid points and they are not
necessarily restricted on bends. Here two different net segments can occupy the
same track in different layers, The given layout is gradually transformed to a routing
instance in this model by a sequence of track interchange; the transformation is
guided by the visibility relations existing among net segments. Our algorithm produces
better results than those of [TWC91], and at the same time does not increase the
routing area (see Fig. 4.2(d)). For all benchmark routing problems we have studied,
our solution have significantly fewer number of vias compared to the result of
[TWC91], and that of the optimal CVM algorithm [NMNR87]. For Deutsch’s difficult
example, we obtained only 190 vias with 19 fracks, which to the best of our
knowledge, is the fewest ever reported. The total wire length which is our secondary
objective, also decreases almost in all cases compared to the solutions of [TWCI1].

4.2 Layout Modification

Our layout modification approach is based on a visibility property of net intervals,
which will be introduced subsequently. Before describing our technique, we first
list few observations which will aid our search,

We assume that the net terminals are accessible from both the layers. If the vertical
connection of one net does not cross any horizontal cenneption of other nets, we
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can use the same layer for the horizontal connection of that net, thereby reducing
vias. Below we state few observations which will aid our search process,

Observation 1 : if the horizontal connection is placed in the first track, then we
can avoid vias by putting the vertical connection on the same layer (see Fig. 4.3),

AL [T 1 T 1 1]
LT [ | L
! a .- .
——

%
R I R
Originallayout” | Modified layout

Fig. 4.3 : Example illustrating observation 1

Observation 2 : Via minimization can often be achieved by interchanging track
(horizontal) assignments (see Fig. 4.4).

_..|._..__._
T |
R .
Original layout | Modified layout

Fig. 4.4 : Exampleillustrating track-interchange

Observation 3 : It is often better to interchange the track for a portion of the
chosen net instead of interchanging the whole. This may subsequently allow another
net to be routed on the same layer (see Fig.4.3).

B I S
— " -

B 1 R I i

- Fig. 4.5 : Illustration of Observation 3
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Observation 4 : Interchanging the track assignment for nets which remove vias,
might in turn require doglegging on the same layer (see Fig. 4.6).

JHESR ] TP
T = b
}-

] I

Fig, 4.6 : [1lustration of Observation4

Observation 5 : Unused portions of horizontal tracks sometimes provide handles
for possible interchange of tracks for some other nets (see Fig. 4.7).

T LI
-

[_.._L._d —_—

Fig. 4.7 : Illustration of Observation 5

e

Observation 6 : We may sometimes need shifting of vias for interchanging two
tracks (see Fig. 4.8),

{

Fig. 4.8 : Shifting of vias

Observation 7 : Apart from interchanging horizontal tracks one can also interchange
two vertical tracks which may contribute to via minimization (see Fig. 4.9), However,
this is very hard to incorporate in the algorithm, |
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Fig. 4.9 : Interchange of vertical tracks

In the proposed layout modification approach, the algorithm scans the channel from
left to right for searching possibilities of layout modification (i.e., to find the locations
where via reduction is feasible by interchanging tracks). It sets a left pointer and
then moves a lookahead pointer to the right across the channel where it can take
a decision for modifying the lﬁyout over the portion of the channel so far scanned.
The new position of the left pointer depends upon the nature of the decision and
the current position of lookahead pointer. The process then continues towards

right,
4.3 Scope of Modification

We identify different instances of layout structure where reduction of vias is possible
by interchanging horizontal tracks. This is based on the underlying overlap graph
formed by the overlap relationship of net intervals, Below we define the overlap
graph and some related concepts which capture all useful information 1n this regard.

Definition ; An interval [a , a,] is a net interval if two terminals of the same net
occupy columns a_and a, on the same or different sides of the channel,

Definition : An overlap graph G, is a graph whose nodes correspond to net
intervals. Two net-intervals [a, a,] and [a,, a,] are said to overlap if a, < a, <
a,<a, ora,<a <a, <a, An edge between two nodes implies that the net
intervals corresponding to these two nodes (i) overlap and (ii) are portions of two

different nets.

Definition ; Two net intervals I = [a,, a,] and I, = [a,, a,] belonging to two
different nets are said to be in containment relation 1f



We assume that a solution of the channel routing instance is available using the
reserved layer model containing two layers. Consider the horizontal net segments,
assigned to tracks in the channel, as a family of net-intervals, The y-coordinates
associated with an interval is the horizontal track-id to which it is assigned. We
now introduce a visibility relation among the net intervals.

Two net intervals o and 8 are said to be mutually visible if a non-degenerate
rectangle R can be drawn whose two opposite sides consist of portions of o and
B, such that, the horizontal span of R neither intersects nor contains any other

interval [WR85],

A visibility graph is a graph G,, whose nodes are the net-intervals. In addition,
two extra nodes u, v are present in G, which represent the top and bottom rows
of the channel. An edge between nodes i and j indicates that the corresponding
net intervals satisfy the visibility relation. Fig. 4.10 shows a layout and its visibility

graph.

Fig.4.10 : Channel layout and associated visibility graph

Our layout modification approach aims at reassigning net segments to the horizontal
tracks such that the degrees of nodes u and v (denoting the top and the bottom
of the channel respectively ) in the visibility graph are maximized, It is easy to
observe that such a transformation minimizes vias. |

The following cases illustrate where one can minimize vias by increasing the degree
of u and v in the visibility graph by rearranging the track assignments of the net

segments,

Let us number the horizontal tracks of the gi\?en channel as 1 to k from the top
of the channel towards its bottom side., Our ultimate objective is to reduce the
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number of vias without increasing the number of tracks, Suppose I}, L,..., 1 are
the net intervals all of whose terminals belong to the top boundary of the channel
and I! > 1! o .. > L'>I% In such a situation, our strategy would be to place
I' in the i-th track, If similar containment relation holds among net-intervals
e, 12, Ipb belonging to the bottom boundary, i.e., I.° 5 Irih-i 5.2l 1Y
then the net-interval 1.° will be placed in the (k-i)-th track. Note that a+p<k. Now
we attempt to reroute the net segments (using dogleg if necessary) according to
the new assignment of net intervals using the tracks where I}, I),..., I}, I?, 1.),...,
Iﬁ"were originally present. A successful attempt will reduce the number of vias
according to the rules listed below.

(i) If the terminals of a net-interval belong to the same side of the channel, and
if there 1s no other terminal of that net, then we can reduce two vias by roufing
them in the same layer, If a net-interval I corresponding to a net x has more
terminals to the left and/or right sides of I (in either top or bottom of the
channel), then we cannot eliminate any via by interchanging that particular net
segment without using any exira track (see Fig. 4.11a). Furthermore, if the net
x has other terminals to the left and/or to the right of I , but the terminals of
I belong to two different sides of the channel, then via reduction is not possible
by track interchange (see Fig. 4.11b), .

o S i

]
T [

®) e —,

I

l

L e
s BN S B

Fig. 4,11 : Situations where via reduction is not possible by track interchange

(ii) If the two terminals of the net- mterval I lie on the same bnundary of the
| channel and the remaining terminals (1f they exist) of the same net are either
to the left or to the right of I, then we can reduce one via as shown in Fig.

- 4.12,
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Fig. 4.12: [llustration of via reduction by rule (i}

(iii) If the terminals of the net-interval I belong to the two different boundaries
of the channel, but there exists no other terminal of the net x, then one via
can easily be reduced (see Fig. 4.13).

I I ‘LJI‘“J T
T N A R

. | L |

. 1 |

Fig. 4.13 : Illustration of rule (1i1)

To capture all these instances systematically, consider the overlap graph of net-
intervals. Let I, L, ..., I be a set of net intervals forming a clique in the overlap
graph (of net intervals) and the left boundaries of all of them appear on the top
(bottom) side of the channel. Also assume that the nets attached to [, L, ..., T_
are all two terminal nets, Now if a, <a,<a,...<a then we may eliminate atleast
one via from each net by placing the net interval I in the i-th ((k-i)th) track. Such

a transformation tends to increase the degree of u and v in the visibility graph,
leading to via minimization,

We now present a simple algorithm for reducing vias incorporating above
observations. We sweep a vertical line from left to right. Initially, the sweep line
stands at the leftmost column of the channel. Let I [a, b], i=1,2,....,q be a set
of net intervals to the right of the current position of the sweep line such that all
the a’s appear on the same side (top or bottom) of the channel and for all i,
a. <min(b,, bz,...,bq). For these net segments we apply the above rules for rerouting,
Suppose, this causes r extra vias and eliminates s existing vias. Then we define
the net savings (gain) = s - r. If the gain is positive, the above rerouting is worthwhile,

. ¥ ’ -Inq
Next we shift the sweep line to the column position 11:111;1 (b,), and the process
. . 1= .

continues. .
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4.4 Via Minimization Algorithm

The algorithm explores the possibility of eliminating vias in the given layout, If the
search is successful, then the layout is modified according to the suggested rerouting.
The algorithm also checks whether the existing vias can be eliminated using an
alternative route for the nets. The search for an alternate path to connect two net
segments, or terminals of the same net, is accomplished by a MAZE router [L61].

Algorithm : Via minimization

Input: A channel layout in two layer Manhattan model.

Output : Modified layout in the unreserved layer model with reduction in vias
and without increasing the number of tracks.

Step 1 : Set the left-pointer and the look-ahead pointer on the first column.

Step 2 : While left-pointer <> n do

2.1 Initialize lookahead pointer to left pointer.

2.2 Move the lookahead pointer to select a set of net intervals
I [a, b],1=1,2, .. q such that (i) both a, and b, are on the
same side of the channel, (ii) a, > a_, (iii) a,< min(b,, b,, .., b,);
and (iv) A, > min(b,, b,, ..., bq). |
/* Note that all the nets corresponding to the net intervals [, L,, I
must be different. */

2.3 Apply observation 2 for possible track interchange for reducing the
number of vias.

2.4 If a net interval is defined by terminals on both top and bottom side
of a channel, then we may apply observation 3 for choosing a portion

of a net interval which satisfies the condition stated in step 2.2,

q
2.5 Advance the left-pointer to p = min (b) where q is the number

i=1
of intervals selected by the look-ahead pointer.

2.6 Set the look-ahead pointer at the left-pointer,

Step 3 : /* Layout modification */
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3.1

3.2

Step 4.

4,1
4.2
4.3

/¥ We assume that for each track the assigned net segments is available,
They may overlap since for some nets the tracks are assigned in
Step 2, and for those nets which are not considered in Step 2,
will assume their initial track assignments in the original layout. */

For each track do

If there is no overlap among the assigned net segments in this track then
route those net segments.

If an overlap is observed, then apply observation 4 and 5 to for track
reassignment for the affected net segments. This may cause dogleg in

the routing layout.

For each via v in the layout do

/* Assume that via v is belongs to net i, */
eliminate via v.

Find components of net { separated by via v,

/* Find an alternate path reconnecting the two components of net i
appearing in two different layers */

4.3.1 Use maze router to find alternate paths to reconnect the two
components in layer 1 and layer 2 separately.

4.3,2 Compare the two paths found in step 4.3.7 and the original path
involving the via v, in terms of the number of vias eliminated

and wire length,

4.3.3 Based on the decision in step 4.3.2, select the better one,

4.3.4 1If any of the alternate paths found in step 4.3_.1 is chosen in
step 4.3.3, then the original path is eliminated from the layout,

Complexity analysis

The time complexity for the above algorithm in the worst case 1s O(vg + nc) where
v is the number of vias, g is the number of grid points, n is the number of columns
and ¢ is the number of net terminals, The complexity of the algorithm follows from
the fact that in each pass of Step 2, one requires O(c) time for searching the

possible arrangement of net intervals. Step 3 requires O(g) times, In step 4, the
maze routing algorithm requires O(g) time in total to check whether each via quantifies

for favourable -elimination.
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4.5 Experimental Results

We have implemented the algorithm along with a maze router [L61]. Table-4. 1
compares the performance of our method with the results obtained in [TWCOI]
and [NMN87] on standard benchmarks (YK, denotes the i-th example taken from
[YK82]). The famous Deutsch’s difficult example (De) is also studied. Experimental
results show that in all these examples, our solutions consistently outperform the
previous results with respect to the number of vias used. For example, in the 19-
track solution of the Deutsch’s difficult example [D85], our result shows 36%
reduction in the number of vias, with respect to the solution of [D85], 24%
improvement over the optimal CVM algorithm [NMN87], and 15% improvement
compared to the result given in [TWC91]. As far as our knowledge goes, the
proposed method produces the fewest number of vias with 19-tracks for the
Deutsch’s difficult problem ever reported in the literature,

Furthermore, this technique does not introduce unnecessary long wire segments,
In most cases, the total length of wires used in the layout is reduced compared
to the result in [TWC91]. Results for the selected benchmarks are shown in Table-

4.2,

Table 4.1 Performance analysis with respectto via minimization

—— . L T ik " A ks el Y el Ry —y e

Example| # of Number of vias -
horizontal | Original | Optimal CVM |algorithm l our
tracks solution algorithm in{TWC91] | method
[source] | [NMN87] |
YK, 15 91[YKS82] 72 66 44 (Fig. 4.14)
YK,, 17 107[YK82] 91 78 54 (Fig. 4.15)
YK,_ 18 125[YK82 109 103 66 (Fig. 4.16)
YK, 20 150[YK&82Z] 114 105 73 (Fig. 4.17)
De 19 301[D85] 252 226 190 (Fig. 4.18)
S S i —— — - e —]
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Table 4.2 : Wire length comparison on standard benchmarks

Example Total wire-length ,.
Original algorithm our
solution in [ TWCI1] method
[source]

YK, 1365 [YK82] 1362 1281

YK, 1651 [YK82] 1653 1543

YK, 2100 [YK82] 2100 2055

YK, 2785 [YK82] 2801 2665

De 4989 [D85] | 5058 | . 5093

4.6 Conclusion

We have presented a new algorithm for via minimization in a two-layer channel
routing environment using layout modification technique, The method is based on
interchange of horizontal tracks and does not incorporate additional horizontal or
vertical tracks. A significant reduction of vias for standard benchmark examples
is observed. The total wire-lengths are also found to be very competitive.
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Fig.4.14: Example YK
| | . ja

Fig. 4.15: Example YK,
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Chapter 5

Channel Routing using Manhattan-Diagonal Model

5.1 Introduction

Channel routing is a complex and indispensable part of VLSI design cycle, Given
a net list in a channel, the prim'ary goal of a router is to complete the interconnection,
and minimize channel area, number of vias, or wire length [S93]. As the problem
is NP-complete [L.80, S85a, SB80, PPDP95], a significant amount of computation
time is spent on optimizing channel routing. Various models of channel routing exist
depending on the number of available layers, routing mode (Manhattan/ non-
Manhattan), layer assignments (reserved/ unreserved), and terminal behavior (fixed,
movable, or interchangeable) [S93]. The channel routing problem has been studied
extensively in the past two decades based on the Manhattan [YK82, L.80, S85a,
SB80, PPD*95, PDP*95, BBD*86, CWL88, BP83, HIZ91, RVS85, RF82] and
the knock-knee [MPS86] model. Most of the models assume either horizontal
or vertical wire segments for interconnection, Recently, some effort has been made
to develop algorithms in non-Manhattan geometries. A diagonal model with
+45° wires was used in [LLP89a, LLP89b, LLS91]. Routing in time square
mode using +60° wires was also considered [LLP90]. A channel router based
on sorting using both rectilinear and diagonal wire segments (+45% was proposed
in [CR917. Recently different modified version of the non-Manhattan channel routing
algorithm based on bubble-sorting technique were proposed in [CHS94, Y99], It
has also been observed that diagonal model can be supported by the fabrication
process; it also provides better utilization of routing space, tends to reduce wire
length and hence area and delay. However, the existing algorithms based on this
model are either too elementary or inefficient, and therefore, have limited applicability
to real-life routing problems. Design rules for Manhattan-diagonal model can be
supported by CMOS fabrication process as shown in the 3.1. The problem of
satisfying minimum separation between a via and an adjacent 45° wire can be
solved by using octagonal vias wherever necessary. Henceforth, a square (octagonal)
via will be represented by a black squafe (dot) in all subsequent figures,
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3' 2.5‘

(a) separation rule (b)square via of size; 4x4  (c)octagonal via

Fig. 5.1 Designrules (inA) for Manhattan-diagonal geometry

5.2 Main Results

This chapter outlines a new approach to channel routing, that combines the advantage
of both diagonal model and Manhattan geometry. We consider ¢wo routing layers
with fixed terminals, and the Manhattan-diagonal (+45°) model, Thus, wire
segments may either be rectilinear or at +45%directions, First, we consider the
reserved layer model (1.e., horizontal and diagonal wire segments in one layer and
vertical wire segments in other layer), and present a simple O(/.d) time algorithm
that routes an arbitrary channel if no cyclic vertical constraints in w tracks,
where / is the length of the channel i.e., the number of equidistant column in the
channel; d is the channel density, and d £ w £ (d+1). Next, we describe an
output-sensitive algorithm that can route general channels with cyclic vertical
constraints using w tracks, in O(/.w) time (i.e., linear in area of the channel),
assuming unreserved layer MD model where horizontal, vertical and diagonal wire
segments are in any layer that allows overlapping of wiring segments in two layers,
The proposed algorithms outperform those in [YK82, PPD*95, HIZ91, CR91]
both in time complexity and quality of solutions, Experiments with benchmark
examples show very encouraging results, The router outputs an 18-track solution
for the Deutsch's difficult example [D85], a 2-track solution for Burstein's difficult
channel {BP83], a 15-track solution for cycle.tough [HI89] without inserting any
extra row or column, The router also produces solutions with low via count and
reduced wire length compared to the via minimizer of [TWC91]. To the best of
our knowledge, routing of these benchmarks in the MD model is being reported
for the first time, Further applications of such routing strategy to L-shaped and
staircase channels, as well as switchboxes, are reported in the next chapter,

5.3 Preliminaries

A rectangular channel consists of / equidistant columns (length), and two rows of
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terminals along its top and bottom sides. A numberi, 0 <i <n is assigned to
each terminal. Terminals with the same number i, i > 1 are to be connected by
a net i, while those labeled with 0 represent unconnected terminals, The objective
of the classical channel routing problem is to connect all the terminals specified
by a given net list with minimum number of tracks w {channel width), thus mini-
mizing channel area, Reducing via count and/or wire length is also important for
high-performance layout design.

NIANA LA / N Manhattanwiring
X

X[ % |~
K% v
< | xIx x>

\(‘\/\/\/J/\,
¥ N N2 NZ N

7/

— — t45°diagonal wiring

3

NTALS

Fig, 5.2 : Grid structure in the Manhattan-diagonal (MD) model

In the MD-model, each layer of a channel C of length / and width w is assumed
to consist of (/ x w) grid points (Fig. 5.2) formed by isothetic equidistant grid
lines separated at unit distance determined by the design rule. In addition, the
diagonal tracks connect all pairs of grid points separated by a distance of V2,
Thus, the degree of an interior node of the grid structure becomes 8. Terminals
appear on the first and the Iast row and vias must be placed on grid points.

Example

Fig. 5.3 shows a typical example [YK82] of channel routing in unreserved layer
MD model that uses only 3 tracks, whereas d = 3,

m— 1t l0yCP

= e —=1 2nd layer
R —> Square via

¢ — octagonal via

density : 5
frack ;3
via D 2

Fig. 5.3 : Channelrouting inunreserved layer MD model
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Lower bounds on the number of tracks

In reserved layer Manhattan model, the minimum number of tracks w > d, which
trivially follows from the [YK82]. For unreserved layer Manhattan model, w >
[d/2] [S93]. The bound further improves in the unreserved layer MD model, as
observed below. Fig. 5.4 shows comparative routing of an example.

4 13 0 0
|
|
NN T
|
2 0 4 1 0 3
(a) unreserved layer mambhattan channel routing (b) MD-model ; w=1,d =4
model; w=2;d=4 [(d - 2)/2 ] is the new lower bound on w

Fig, 5.4 ; Illustration of lower bounds

Observation : In unreserved layer MD-model, w > |_(d-2)/2_\ :

Proof : As two different nets cannot pass through the same grid point of a given
layer, at most 2w nets can be accommodated in a column in the Manhattan
model. In MD model, two extra nets may be routed through the same column
(Fig. 5.4b) using the diagonal edges from the top and bottom terminals, So at
most 2w+2 nets can pass through the column, Hence w = [ (4-2)/2] . B

5.4 Channel Routing in Reserved Layer MD Model

5.4.1 Formulation

If the VCG is acyclic, then it is possible fo route any arbitrary channel using a
simpler MD model, with reserved layer strategy, We assume that all horizontal and
+45 wiring segments lie in one layer, and all vertical segments lie in the other layer
Thus no two wire segments in two different layers overlap.
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Theorem : Any channel with an acyclic VCG is routable in w tracks in reserved
layer MD mode] where, d < w < d+1,

Proof : Since all horizontal tracks lie in one layer, w > ¢, The rest of the proof
follows from the following facts,

We sort the acyclic VCG topologically, and construct an ordered sequence of nets
S = {d), Cysenren ,&._} such that if the net o, precedes net a, in the VCG, then
j > 1. We now show that routing can be accomplished in at most (d+1) tracks
such that the set of nets passing through in each column ordered from the topmost
track to the bottom, 1s a subsequence of S.

Suppose routing is being done in the channel from left-to-right in a column-by-
column fashion. Since w > d, we assume, at least ¢ tracks are already laid out
in the channel. Consider a column ¢, where ¢ tracks are already occupied (Fig.
5.5). The ordering of nets occupying the tracks from top to bottom conforms with
the set S. Tracks that are not assigned to any net in a column are called firee
in that column. Now, need to consider the following two cases.

C S | | ||
I - !
%1 % __/L- I| I\ 6— Oy
o, o, e —
N — e o
freetrack - kN

(a): t<d (b):t=d;j<k (e):t=d; j>k

Fig, 5.5 : Transfer of nets onto ad] acent tracks viadiagonal edges

Case 1 : Only one new net a, begins (i.e., its leftmost terminal appears) at the
next column ¢, . -

Case 1.1; t <d

Assume that o, appears in between a,, and o, (j1 <j2) in topological order. Then
o, can be accommodated using diagonal wiring within the interval (c,, ¢,,, ) and
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a free track at ¢, as shown in Fig. 5.5a. The sign of the diagonal (i.e., + 45°
or -45°) depends on the relative position of the free track and the net . Thus,
column c¢,,, needs at most d tracks.

Case 1.2 © t = d

Since ¢ cannot exceed 4 in any column, at least one net, say a. (occupying track
t) terminates at column ¢, to make room for the incoming net. If k > j in net
ordering (Fig. 5.5b), then in column c.,,» the net o is assigned to track b for
all p, j <p £k. For other nets, track assignments are kept unchanged. Horizontal
segments of the same net occupying adjacent tracks are then connected using +43°
diagonal wiring. If k < j, we need to use - 45° diagonals (Fig. 5.5¢). Thus, routing
can be completed up to column ¢, in d tracks preserving the net ordering in §

Case 2 ¢ Two new nets begin at column c,.

Let the two nets that begin from column ¢, be &, and a,,, where k1 <k2 with
respect to the topological order of nets.

Case 2.1 : Assume that at most 4 -1 tracks are occupied in the previous column
c, i.e., at least one track is free; in addition, at least one net, say o, must
terminate in column ¢, . Using diagonal wiring from appropriate tracks in columns
¢ and ¢, one cain accommodate (wo incoming nets using at most d tracks as

shown in Fig. 5.6,

Fig. 5.6 : Accommodation oftwo incoming nets without inserting atrack
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Case 2.2: Assume that d tracks are occupied in the previous column ¢, ; two
nets, say Q, and Qs (J1 < j2) must therefore terminate in column c; . Without
loss of generality assume that, jl < ki,

Case 2.2.1 : (i) jl <kl <j2 < k2 (see Fig. 5.6a);
(ii) jl1 < k1 < k2 < j2 (see Fig. 5.6b);

[t is easy to see that the concerned portion of the channel can be partitioned
horizontally into two parts each of which encounters only one new net, From the
results observed in Case |, it follows that routing can progress from column ¢,
to ¢,,, using only d tracks (Fig. 5.7). Case 2.2.1(ii) is similar,

Gkl ek Al Ty el Rl e ) el el NS Sy

/ cl Cm \ c’i ci'-‘l-]
| ' |
Il | )
.fh a | u’kl

Fig. 5.7 : Accommodation oftwoincoming netsind tracks

Case 2.2.2 ; j1 <j2 <kl < k2 ;

In Fig. 5.8, it is demonstrated that only one extra track is required to continue
routing, Thus (d+1) tracks are necessary and sufficient in column ¢, . Since the
congestion of a column cannot exceed d, one track must be free in columnc .
Hence, by virtue of Case | and Case 2.1, for all subsequent columns, no more

than (d+1) tracks are required.

Since the VCG is acyclic, the order of nets remains invariant throughout the length
of the channel. Thus, the progressive routing strategy, discussed above, will be
successful using w tracks where, d <w < (d+1). - B |
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Fig.5.8: Anextratrack isrequired to continue routing

Example : Fig. 5.9 shows routing of an interesting example in reserved layer MD
model. |

‘134 52671159 2127 1011 .31‘
A Y N Y O N B
I 4|

K — | |

! |
.'lr']?._i.__t, r
eI "'I"‘I_l n

|
2411 6573 8 610413 9 3 12 30]

Fig. 5.9 : An example where, density d =9, length of the [ongest chain in VCG =
and the number of tracks w = 10

Remark : The width of the channel increases from & to d+1 only in the situation
described in Case 2.2.2, However, if the diagonal wire segments are allowed to

occupy both the layers, then it may be possible to route in d tracks only as shown
in Fig, 5.10,

I ..___..__.._....._J__

——
———
-

|

Fig, 5.10 : (a) An example of Case 2.-2.2-where d+1 tracks are necessary
(b) Observed improvements if layer reservation for diagonals is relaxed

-H3 -



5.4.2 Algorithm: 1 (Reserved layer MD router)

Input : A channel C of length /, a netlist of n nets (with acyclic VCG), and
two routing layers,;

Qutput : Reserved layer MD routing (horizontal and +45° connections in one
layer, and vertical connections in the other layer), in at most (d+1) tracks.

Step | (a): Topologically sort the nodes of the acyclic VCG and construct an

ordered sequence of nets {a,, a,,......,a }. Determine the density
d of C
/* Let ¢, Cy0inn,Cy denote the columns ordered from left to right */
(b): freetrack (c) = d; /*Make d free tracks in C */

Repeat Steps 2 & 3 until all the columns are scanned from left to right;

Step 2: (a) ifleft- or rightmost terminal of any net does not appear in column
c,, then continue track assignment as in column e,  ;

(b) i rnets (r =1 or 2) terminate in column ¢, then mark the free tracks;
freetrack(c,) = freetrack(c, |) + 1,

(¢) if # new-net(c) =1, then /* Here freetrack(c. )= 1%
locate the track (t) that fits the incoming net satisfying the topo-
logical order;
make the track free by using diagonal connections from the grid
points in column ¢, , as in the Case 1, and
assign the track for the new net in column c;;

freetrack(c;) = freetrack(c, ,) -1;

(d) if # new-nei(c,) = 2, then
if freetrack(c, ,) = 1, then
assign tracks for new nets and put the diagonals as in Case
2.1
freetrack(c,) := freetrack(c, ) -2;

else if freetrack(c, ,) = 0, |
| /* two nets say, o, and o, (j1 < j2) must
terminate in column ¢, , and let nets «,, and
o, (k1 < k2) begin in column ¢/
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if (1 <kl <j2) or (kl < jl < k2), then
assign tracks and diagonals as in Case 2.2.1;
frectrack(c,) := freetrack(c, )2

else insert an extra track, Make width d+1 and follow
Case 2.2.2 for assigning tracks and diagonals for the
nets appearing in the current column ¢;
freetrack(c)) = freetrack(c, ) -1;
[* w = d+1 {s necessary in this circumstance */

Step 3. Complete vertical connections and place vias appropriately.

Complexity : Step | can be performed in O(]) time. Step 2 requires O(/.d) time
over [ iterations. Vertical connections and placement of vias in Step 3 take O(/)
time, Thus the overall complexity of the algorithm 1s O(l.d), i.e., linear in the
area of the channcl, The router needs at least d tracks, and it outputs no more
than d--1 tracks. The space complexity is also O(/.d).

5.4.3 Experimental results

We have run our algorithm on some benchmarks (where YK, denotes the i-th
example of [YK82]) and Deutsch difficult example (DDE) [D8S5], whose VCG's
are acyclic. The algorithm terminates very fast and outputs routing with a channel
width (w) equal to density {) in ecach of these cases. Fig. 5.9 shows a contrived
example (Ex) where the number of tracks required is d +1. Experimental results
are given in Table 5.1,

Table5.1: Results on benchmarks with
acyclic VCGinreserved layer MD model

Example density (d)| number of
tracks (w)

YK,, 15 15

YK,, 17 17

YK, 118 18

DDE 19 | 19

Ex(Fig.5.9) | 9 I 10 a
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5.5 Routing in Unreserved Layer MD Model

If the VCG contains one or more directed cycles, no topological ordering of nets
is possible. In other words, ovdering of track assignment cannot remain invariant
in all columns. In reserved 2 -layer Manhattan model a channel with a cyclic VCG
may not be routable unless a suitable column (or a blank column) is found to
accommodate a dogleg. In unreserved or knock-knee model, this problem is
relatively easy to tackle. In unreserved MD model, cycles in VCG can be handled
by using overlapping of nets in different layers, or by X-routing (swap routing)
[CRO1]. In Fig. 5.11, we have studied Burstein's difficult example (BDE).

l 2 2 4 3 8 3¥; 9 9 6 7 ]

/S S S s /
A A A Y Y Y A /

A A A A A - density

y 13
‘L ( N # tracks @ 2
# via ;|

Fig.5.11: Routing of Burstein's difficult channel inunreserved layer MD model

5.5.1 Resolving cyclic conflict in vertical constraints

(A) If the VCG of a channel routing instance has a cycle, two nets will appear
in some column ¢, in reverse order, In reserved layer model, to continue routing
one needs to swap the track assignments, In the unreserved layer mode] if these
two nets are routed in different layers (Fig. 5.12a), the conflict can easily be
avoided, If they are in the same layer in column ¢, , we can use horizontal X-
routing provided they occupy adjacent tracks (Fig., 5,12b). However, there are
cases (Fig, 5.12¢) where, this cannot be done due to non-availability of via space
at the grid point g. Cyclic conflict can also be eliminated by using vertical X-routing

and column shifting (Fig. 5.12d),

(B) The number cyclic conflicts can be considerably reduced if we pick up mini-
mum number of edges whose removal renders the remaining VCG acyclic, This
calls for solving the mintmum feedback arc set (MFAS) problem in a directed
graph which is known to be NP-complete for general graphs [GJ79]. We use a
linear time greedy heuristic for solving MFAS based on depth-first search.
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Fig, 5.12 : Resolving cyclic conflictinunreserved Jayer MD model

5.5.2 Theme of the algorithm

We now present a simple greedy algorithm for routing a general channel in
unreserved MDD model, First, the VCG is made acyclic by removing minimum number
of edges, This identifies the columns where nets are to be swapped. Topologically
sort the remaining VCG to determine a linear ordering of nets. We assume

[ d/27 tracks are available initially,

The algorithm routes the nets in column-by-column fashion as before, Since horizontal
segments in two layers may overlap, effectively we have d tracks to start with,
Tracks are assigned to nets following the order (topological), and diagonals are
inserted if necessary, when new nets appear. Cyclic conflicts are resolved using
overlaps or X-routing. New lracks are inserted whenever necessary, Vertical
connections are implemented using straight wire segments and minimum vias, and
in the case, no such path is found, we check the possibility of re-routing it through
its neighborhood (Fig. 5.13), or call a maze router [S93] on the grid structure of
Fig. 5.2. If the maze router fails, we need to insert an extra track (or a blank
column) to complete the vertical connection. The algorithm is formally described
below, |
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Fig, 5,13 : Implementing vertical connection in unreserved layer model using blank
portion ofthe nextcolunin

5.5.3 Algorithm: 2 (Unreserved layer MD router)

Input : A channel C of [ength I, a netlist of n nets, and two routing layers;
Output : Unserved MD routing,

Step 1(a): Construct the VCG and make it acyclic by removing minimum number
of edges using a simple greedy heuristic. Topologically sort the nodes
of the acyclic VCG and construct a linearly ordered sequence of nets
{ol, Oy, , o }. Determine the density d of C ;

/* Let ¢,y €y, denote the columns ordered from left to right */

(b): freetrack-layer-1 (c,) = [d/2], freetrack-layer-2 (c,) = ldr2 ],
/* initially, d tracks are free in both the layer of C */

Repeat steps 2 to 4 until all the columns are scanned from left to right;

Step 2(a): if left- or rightmost terminal of any net does not appear in column c,,
then continue track assignment as in column ¢, ;

(b): if v nets (r =1 or 2) terminate in column ¢, then mark the free tracks,
increment the free track count of the two layers accordingly;

(¢): if # new-net(c) = 1, then
if freetrack-layer-1 (¢, ,) > 0, then set q :=1; call TRACK(q)
else if freetrack-layer-2 (c. ) > 0, then set q :=2; call TRACK(q)
else insert a free track in a position satisfying the topological
order, and assign new net in layer 1; |
freetrack-layer-2 (c ) = freetrack-layer-2 (c, ) +1;
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(d): if # new-net(c) = 2, then
if freetrack-layer-1 (¢, ) > 1, then execute step 2(d) of Algorithm 1
else if freetrack-layer-1 (c, ) = 1, then
if freetrack-layer-2 (¢, ) > 0, then
set q :=1; call TRACK(q), set q :=2; call TRACK(q)
else insert a free track in a position satisfying the topological
order and execute step 2{d) of Algorithm 1;
freetrack-layer-2 (¢, ) := freetrack-layer-2 (c, ) +1;
else insert a free track in a position satisfying the topological order;
set g =1, call TRACK(q), set q :=2; call TRACK(q);

Step 3 1 /* let a,(a) be the net that is to be connected to the top (bottom)
terminal in column ¢, */

if the tracks t, and t, assigned to a, and a; are in the same layer and occupy
adjacent tracks in column ¢, ., then

if the edge (a;,a) was removed for making of VCG acyclic, then
interchange tracks assigned to a,, a, by X-routing, else skip this step,

Step 4 . Vertical-Connect ((g(t,c.)), (top(c)));
Vertical Connect ((g(tj,ci)), {(bottom(c)));
Place vias appropriately,

Procedure TRACK(q)
begin
locate the track (t) in layer g, that fits the incoming net satisfying the topological
order;
make the track free if otherwise, by using diagonal connections from the grid
points in column c,, and assign the tracks in column ¢, accordingly;
freetrack-layer-q{c,) := freetrack-layer-q(c; ) -1;
end;

Procedure Vertical-Conneet ((g(t,c)), (top/bottom(c)))
/* g is a grid point formed by intersection of a horizontal track t and column C.s

and top (bottom(c,)) denotes the top (bottom) terminal in column ¢, The goal is
to interconnect these two points indicated by the parameters of the function, */

- 690 -



begin
|. Connect them by a vertical line if possible, through either layer or using
both layers and vias; else check whether re-routing is possible as in Fig,.
5.12 or Fig, 5.13;

2. Failing [, call a maze router with the given source-destination pair within

the subgrid bounded by ¢, and ¢;
/* C, denotes the column where the maze router was called last;
initially, k= 1. ¥/

3. Failing 2, add a new horizontal track in the required position or a blank
column (between ¢, and c,,, ); readjust tracks using diagonals; complete
the interconnection using a vertical line.

end

Complexity : The VCG is made acyclic by removing minimal number of edges
using & greedy heuristic based on depth-first search, Thus, Step | can be per-
formed in O(/) time. Step 2 requires O(w./) time over /[ iterations as before, where
w is the channel width, Step 3 takes O(/) time. Vertical connections and placement
of vias in Step 4 takes O(w.{) time over | iterations, because the search space
in the (I x w) grid over which the maze router is cailed is distinct in each call.
Thus the overall complexity of the algorithm is O(w./), i.e., linear in area of the
channel. The space complexity is also O(w./). The time complexity of the router
is much better than those reported in [YK82, PPDP95, HIZ91, CR91],

5.5.4 LExperimental results

We have implemenied the algorithm along with a heuristic for the MFAS problem
and a simple maze router. Table-5.2 compares its performance with the results
obtained in Manhattan model [YK82, HIZ9[, RVSES, RF82, D&S, HI’Y], and
diagonal model [CR91]. The example CR is taken from [CR91]. Experimental
evidence reveals that our solutions compare favorably with the best-known ex-
isting results with respect to channel width and consequently, channel area, Using
two layers, the proposed method outputs 18 tracks for DDE, and 2 for BDE (Fig,
5.11).

The algorithms are simple, easy-to-implement and produce outputs in linear time,
As seen from the table, only a few calls are made to the maze router. The number
of vias and wire length also improve compared to those in [YK82, TWC91] (Table-
5.3). Efficient routing solutions of staircase channels and switchboxes using the
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MD-model have been reported in the next chapter. The technique can be adapted
for multi-layer routing as well,

Table 5.2 : Number of'tracks for benchmark examples

Example Density | Number of'tracks Proposed router
by earlierrouters in MD-model
(2 layers) # tracks |#extra blankl #fcallsto
| columns | maze router
YK, (Fig.5.14) 15 15 [YK82] 13 0 3
YK, (Fig.5.14) 17 17 [YK82] 15 0 2
YK, (Fig. 5.14) 18 18 [YK82 17 0 1
16 I |
DDE* (Fig.5.15) |9 19 [BP83, IIZ91,| 18 0 0
RVS8S5]
CR 19 7 [CROL] 17 0 0
BDE**(Fig,5.11) 4 3 [HIZ91] 2 0 0
Cycle.tough 16 16 [HI89] 15 0 0
14 l 3

* Deutsch's difficult exam‘(le | K Bmstcm s difficult example ;
entries within squarc brac

—

ets indicate references.

Table5.3: C(}mpa'rison number of vias and wire length
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Example Numberofvias Wue—~lm*1gth | )
Router Via minimizeq Proposed| Router Algouthm Proposed
output [TWCI] method | output| in [TWC91]) method

U S — el —

YK, 91 [YK82 66 ST 1365 1362 1228.37

YK,, 107 [YK82 78 60 1651 1653 1540.40

YK, 125 [YK82] 103 99 2100 2100 2061.30

YK, . 125 [YK82] 103 97 2100 | 2100 2027.54
301 [D85] 226 225 4989 5058 4909.604

3[HIZO1] - 1 71 - 56.04
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Chapter 6

Routing in L.-Shaped Channels,
Switchboxes, and Staircases

6.1 Introduction

[n the area routing problem, the routing area is lirst decomposed into a set of
routing regions (channels), then global routing of the nets through the channels and
finally detatled routing i each channel are carried out [YK82, HIZ91]. Given a
netlist in & routing region, the objectives of a detailed router are to complete
interconnection, minimize channel area, wire length, number of vias, crosstalk, and
maximize yield, Layout topology imposes an order in which detailed routing of the
channels is to be completed, as the location of some of the terminals may depend
on the routing in an adjacent channel, Assuming rectangular chip, blocks and channels,
slicible topologies can be represented by a binary {ree and post-order traversal
of the internal nodes of this tree provides the safe routing order [K83, DAKS5],
e.g., <2, 3, 4, 1> in Fig, 6.1a. Kajitani [K83] first introduced the concept and
term of safe routing order and studied the problen. . aalytically. Tn ordet to over-
come cyclic dependencies in routing order for nonslicible topologies (Fig. 6.1b),
L-shaped routing regions [DAK835, SBY1] were introduced; thus in Fig. 6.1¢, the
safe order is <1, 2, 3, 4>, where 4' is an L-shaped channel, L-shaped channels
were further generalized to monotone staircase channels in [GWE&8, SB91, MNB98]
which guacrantee safe routing ovder. The problem of safe ordering with minimum
number of switchboxes has also been solved efficiently [YH96], Routing of a 4~
sided switch box is a difficult problem in general; it also arises in tower routing
of MCMs [S93, SBP95]. These issues lead us to solving the problem of routing
L-shaped channels, staircases and switchboxes,

Algorithms by Maddila et al. [MZBQ] for general routing regions are based on the
restrictive knock-knee model [$93]. Tsai et al [TCCH92] formulated general area
routing as a planning problem in which the routing process is decomposed into a
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conjunction of subgoals; each subgoal consisting of selection of net segments and
assignment of track resources, However, it may need to backtrack and may not
report any solution ag it uses the Manhattan model even if Manhattan-diagona
routing exists, The time complexity of this method is high. Among non-Manhattan
geometries, & diagonal model with & 45° wires has been adopted [LLS91, C87].
Song [S92] presents an optimal knock-knee diagonal routing for L-channel with
two-terminal nets only, In Manhattan-diagonal (MD) model which combines diagonal
and Manhattan geometries, routing method for straight channels based on sorting
was proposed in [CR91]. Another MD channel router was presented by Wang
'W91] but the track count and via count for denser channels seem to be higher
and too many jogs are required. In the previous chapter we discussed a simpler
MD channel router providing reduced wire length and vias. Nevertheless, applicability
of these methods to realistic routing in general regions are to be studied.

| mi_ 1y B L——w[:] |
213 zl:: | _IZI:_:I 3
- ,._.._ ,—Jg, — ]
(a) (b) ()

Fig. 6.1 : Saferouting order of channel

In this chapter, we propose new algorithms for detailed routing of L-shaped chan-
nels, staircases and switchboxes in the 2-layer MD model. Section 6.2 deals with
L-shaped channel routing; the core of the proposed method lies in routing a right
triangular region, This method is greedy, uses minimuim number of tracks, can handle
cyclic constraints and yields encouraging results, Next in Section 6.3, a switchbox
router in MD-model is proposed, which outperforms existing routers, No extra row
or column is required to route Burstein’s and other difficult benchmark switchboxes,
Finally, a scheme for stnircase channel routing is given. The complexity of all
algorithms are linear in the area of the region. These techniques can provide a
unified and efficient routing paradigm to solve a general class of routing problems,

6.2 Routing in L-shaped Channels
An L-shaped channel (L-—channal) has aquidi_str:int: terminals of nets along the
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boundary of an L-shaped region with no obstacles in its interior, The objective
is to connect the nets using minimum width, If extra tracks are required for comple-
tion of routing, the L-channel is expanded in the direction marked out in Fig. 6.1¢,
Among the previous attempts, the router in [C87] divides an L-channel into a
vertical channel with terminals on opposite sides, routed by one of the standard
Manhattan channe! routers, and a horizontal channel with terminals on three sides
— {tg routability cannot be ensured always in Manhattan unreserved layer model
without expansion (see Fig. 6.2, where top terminal of net 3 is not possible to
connect with its horizontal segment ).

T

4
.
Fig. 6.2 : Three-sided channel

™D
I

With 45 wires, Chen’s method maps an L-channe! entirely into a straight channel,
routes it by standard reserved layer Manhattan router and then replaces all the
vertical wires by diagonal wires. However, there are two triangular regions at both
ends of the L-shaped region, which have to be routed later on; this was not taken
care of explicitly in [C87]. If the two sub-channels are of same density, then this
easy method gives a space efficient solution. Since channel boundary can be moved
in 45° direction only, the less dense sub-channel may have empty tracks unless a
refinement pass is carried out. The second major disadvantage of Chen’s approach
1s that it uses many long diagonal wires that may not only increase the wire length
but also the probability of manufacturing defects even under the modified set of
design rules in Fig, 5.1 of previous chapter. In [MZ§9], an L-channel is divided
into three parts, namely two straight channels and a gpecial switchbox junction with
fixed terminals on two adjacent sides. The junction is routed first and then the two
three-sided straight channels are routed using the knock-knee model, An efficient
routing algorithm to overcome the above-mentioned shortcomings is presented in
this section, This algorithm relies on solving the triangular routing problem.

6.2.1 Scheme for L-channel routing

In our approach for routing L-channels, the L-channel is at first spiit into two
subregions 4 and B (Fig. 6.3a), each of which is further decomposed into a two-
sided channel and a triangular region (Fig. 6.3b). It may be pointed out that the
triangular region in our scheme {s near the L-junction as opposed to that at the
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open end of the L-channel in Chen’s algorithm [C87], The vertical subregion 4 is
rotated by 90 placed to the left of subregion B (Fig. 6.3¢) and the density of the
entire channel 1s computed. Ignoring the terminals within the two triangular regions
A" and B, the routing 1s completed by standard Manhattan channel router, Thus
track assignment for the nets is accomplished and the sequence is identical along
the two hypotenuses of the two triangular regions. Finally, algorithm MD-T de-
scribed below completes the triangular routing in 4" and B". If extra columns are
required by MD-T for A" (B"), then the routing in sub-region A’ (B’) is modified
accordingly by a scan and using a few diagonal wire segments. The novelty of this
algorithm 1s in handling the bend by triangular routing in MD model; most of the
channel has Manhattan wiring hence reducing wire-length. The complexity remains
proportional to the area of the L-shaped routing region,

AI

o

B i

A INER] B

tt

(a) (b) (c)
Fig, 6.3 : Key steps of MD-L

6.2.2 Triangular channel routing

Consider an isosceles right angle triangle (Fig. 6.4a) with its two equal sides
and §,, and §, being its hypotenuse, Without loss of generality, let the terminals
on S, be distinct and labeled <1, 2,...., n> sequentially. Any terminal on the other
two sides has a label /, 0 <i < pn, where 0 represents a null terminal, The objective
is to connect all the nets within the triangular area; reducing via count and/or wire

length may be secondary. Now, several cases may arise.

Case 1 ; The sequence of terminals on S, is same as that of §,, and that on
S, a permutation of <1, 2,..., n >,

Lemma 6.1 : An instance of Case [ is always routable in the MD model within

the triangular area.

Proof : For n = 2, routing in the triangular area is possible. Now, suppose the
lemma holds for n-/ nets. For the induction step, consider the triangular routing
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problem with » nets having the sequence of terminals on §, and §, as
<1,2,..... , 1 >, and the terminal sequence for en S,18<a, a,.... , a, > which
is a permutation of < 1, 2,.....,, n >, Thus the terminals on §, and §, are routed
using horizontal tracks, Let a, = n, then it can be connected to the n-th horizontal
track using a vertical segment, Vertical wire segments from all terminals on the left
of ¢, and diagonal segments from all terminals on the right of g, to the #-th horizontal
track arc inserted (not necessarily connected). This yields a friangular region X (Fig.
6.4b) having n-1 nets which by induction hypothesis is routable within that area
and hence the lemma. B

o B ¢ T " B

o Tod —
I T |

n~ |
n -

Fig. 6,4 : Triangular routing
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Case 2 : Some of the nets may have more than one terminals on §,, while some
terminals may be 0. Each net appears at least on one of §, and S,

We need to study the following two sub-cases,
Case 2.1 : Sequences of terminals on S, and S, are identical.

Lemma 6.2 ;: An instance of Case 2.1 is routable in MD model within the
triangular area if for any net i on §, the number of terminals on S, having
labels either 0 or in the range {i+1, ... , 1} is at least (n-i).

Proof : The identical sequences on §, and §, are connected by horizontal tracks.
For any net /, its terminals on S,, if any, have to be connected to the j-th horizontal
track using vertical and diagonal wire segments. By reasoning similar to that for
Lemma |, for any net {, the triangular region above the /-th horizontal track is
routable if the number of nets whose terminals on S, yet to be routed, is less than

i B

Case 2.2 : Sequences on §, and S, are not identical. Here let <b, b,... ,b, >

be the sequence of terminals on §,. For any i, the label b, belongs to {l, 2,....,,
n+k}, and any terminal on S, belongs to a net which also has a terminal on either

S, or §, or both, Now we study the following sub-cases.

Case 2,2.1 . If terminals of any net appear on both S, and §,, then their corre-
sponding indices in §, and S, are equal, i.e., i = b, This is the case where no

dogleg is necessary.

Lemma 6.3 : An instance of Case 2.2.1 is routable in MD model within the
triangular area, if for any i # b, on S, (i) all the terminals of net i is to the
left of all terminals of net b, and (ii) for any i on S, the number of terminais
of the nets in {1, 2,...,i-1} and the nets { b, b, .....,b, ,} on S, is less than i.

Proof : The terminals of nets which appear on both §, and §, are connected by
horizontal tracks as i = b, For i #b, the corresponding horizontal frack is shared
by the two nets with left segment of the track occupied by net / & §, and right
segment of the track by net b, & S,. For any net j, its terminals on S5, if any,
are connected to the j-th horizontal track using vertical and diagonal wire segments.
This can be achieved if on S,, all terminals of net i appear to the left of all terminals
of net 5. Here some of the nets starting on 5, will end on 5, and then to the right
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of these terminals on §,, some new nets {n+1, n+2,....., n+k} start which end on
S

5
Now, as in Lemma |, the triangular region above the {-th horizontal track for any
i, is routable if the number of terminals on §, yet to be routed is less than {. These

terminals must belong to nets j < { or to any of b, byuriiy b} B

Case 2.2.2 : If terminals of any net appear on both §, and S,, then their cor-
responding indices in S, and S, are not necessarily equal, i.e., there exists { # j
such that b, € S, is a terminal of net j.

This is a case of doglegs (see Fig. 6.4c) and may require extra horizontal track
and/or column if b, = i for j # . While this may arise in general, in the context
of the L-shaped channel routing algorithm MD-L which spawns off an instance of
triangular routing this case of doglegs will never arise,

We now present an algorithm for routing a triangular region generated by the al-
gorithm MD-L.

Algorithm MD-T for triangular routing

Input: Sequence of terminals <a,, a, a,....,a,> on S, and sequence
<b, b, by.., b>0n s
Output : MD-routing within the triangular area.

begin
[ = 0, /* [ is the leftmost column used and is initially the

left boundary of the triangle */

for i ;= n downto 1 do;
begin

¢ = I /* ¢ denotes the rightmost column with null ter-
minal and is initialized to 0 the leftmost column

along the left boundary of the triangle */

if null terminal exists in row i then ¢ <« rightmost null terminal

else [ :=1-1, ¢c:=1 |
insert diagonal wire segments between rows i-1 and i for nets of
S, in layer 1 from right to left upto column ¢;

insert vertical wire segments between rows i-1 and 1 in layer 1 for
all the terminals or endpoints of wire segments-to the left of c,
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if { = &, then
begin
insert horizontal wire segments connecting i and b, in
layer 2; insert via(s) to connect diagonal/vertical
wire segment(s) of net i in layer {;

/* Sequence S, is updated such that nets connected
to vias in row i are replaced by 0 and then the
c-th element is deleted */

for all a & S, if a, = i then 4, = 0;

Fi
S‘? := (: ﬂl,, a‘?, ttttt } ac"’j ac_}*‘” 11111 I3 a”:};
end
if b: 1S not In S, then
begin

.f rightmost terminal of net { is left of the leftmost terminal
of net b, in §,then neti and b, share the same track

else insert a track between row i and i-1;

insert horizontal wire segments for i and b, in layer 2;

insert via(s) to connect diagonal/vertical wire segments
of net i and b, in layer [;

for all a, € S, if a, = [ or &, then a, = 0;

S, =<y, Wy ey Gy, @, 2

end
end for

end.
Theorem 6.1 Algorithn MD-T produces a valid routing.

Proof : If the conditions in Lemmas | to 3 hold, then the theorem follows. For
the case 2.2.2, algorithm MD-T adds extra column(s) and/or horizontal track(s) and

always completes the routing. H

Complexity : The complexity of the above algorithm MD-T is O(n?), i.e,, linear
in the area of the routing region, It may be noted that horizontal and vertical wires

are on reserved layers thus non-overlap, but diagonal wires may appear in either

layer and can overlap.,

6.2.3 L-channel router MD-L

In this subsection, we present our L-channel routing algorithm MD-L based in the
scheme discussed in Sec 6.2.1, As pin or terminal aiignmen_t across a routing region
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influences routing as well as placement, significant feature of MD-L is virtual pin
alignment for further reduction in channe! density. Shifting the boundary of a channel
can change the alignment of pius and hence the density, It involves inherent trade-
offs between minimizing area and wire length, The density of a channel varies with
the pin alignment. It may be pointed out that the boundary of the straight channel
(obtained by transforming an L-channel) cannot be shifted by more than the density
of the L-channel initially. The pin alignment for which the density is minimum, is
obtained as follows. Suppose the vertical segment 4 of an L-channel is bounded
by lines ab and pq as in Fig, 6.5. If b 1s aligned with ¢ by shifting the top boundary
towards the right over the lower boundary, then the density may change. Let d
and ¢’ be the original densities of the given sub-channels 4 and B after alignment.
Suppose nets < a;, a,,...., 8> occur in both 4 and B. An operation Move(x) is
defined which shifts the bottom boundary of 4 towards right up to x terminals.
Then the corresponding density of A is denoted by den(x) and the set of x rightmost
terminals on the lower boundary of 4 by T (x) (Fig. 6.6). Similar definitions hold
for the horizontal sub-channel B of the L-channel. Suppose the densities in sub-
channels A and B are minimum for movement of their respective boundaries over
x, and x, terminal positions, The minimum possible density of the entire L-channel

under pin alignment scheme is :

d

‘min

=min_ . o (Max{den(y, ), den(x,), | P [))
where P = T(x,) v T(x,) v {a, a,..., a,}.

, b
N 1 termipal set T, (x)
den(x) E
pv | ’4]
¢n

Fig, 6.6 : Pin alignment in MD-L

Algorithm MD-L for L-channel routing

Input :  Sequence of terminals along the border of L-shaped channel.
Output: MD-routing within the L-shaped area,

~Step 1. Compute d . for L-channel
Compute x, and x,

Step' 2. Rotate subchannel 4 _byIQO'F’, plﬁce i_t_to' the left of slibchannel_B.
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Shift the terminals on the bottom boundaries of 4 and B by x, right and
x, left respectively to obtain a straight channel C.

Step 3. Route the straight channel C by a greedy router [HIZ91],
w < the width of the channel,

Step 4.  Form triangular region for subchannel 4 by topmost x, tracks and
rightmost x, columns,

Route the triangular region by MD-T.

Route the counterpart for subchannel B by MD-T,

Move terminals on the bottom boundaries of subchannel 4 and B by
shifting ¥ = w - x  position right and x' = w - x, position left
respectively,

Shift x and x’ bottom most tracks in 4 and B accordingly and replace
vertical segments by appropriate diagonal connections.

Step 5. Place routing output from s¢ep 4 in the form of L-shaped by joining the
corresponding ends of 4 and B.
Scan from bottom to top of 4 and left to right of B for removal of
diagonal segments in unreserved layer model whenever room is

available (Fig. 6.6).

In Step 3, this algorithm scans the terminals in channel C from left to right and
the greedy router [S93, HIZ91] completes routing for one column before proceed-
ing to the next. The justification for employing a greedy router is that due to shifting
of terminals there is a likelihood of introducing cyclic constraints in the VCG. If
no cyclic constraints are introduced after pin alignment corresponding to d,_,, on
MD reserved layer channel router algorithm (proposed in the previous chapter) is
used as it guarantees a solution with at most d,, + 1 tracks.

Complexity ;: The complexity of MD-L is O(/.4,,) for a channel of length /.

0.2,3.1 Expecrimental results

The total diagonal wire length, width and number of vias in the routing solutions .
produced by algorithm MD-L for some difficult examples (Figs. 6.6-6.8) are sum-
marized in Table 6.1, Comparison of its performance with that of the algorithm in
[C87] is also made. In the routing solutions of Figs. 6.7-6.9, the via count is found
to be significantly small; the circular vias in the figures depict the recommended
octagonal vias and these account for less than 10% of the total via count,
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Algorithm MD-L is easy to implement and terminates very quickly. In addition to
routing examples of L-channels, an instance of a nonslicible floorplan (Example 6,
Fig. 6.9) has been created which has one L-channel and three straight channels,
Of these three, one is an instance of Burstein’s difficult channel [J86] and another
of YK1 [YK82]. The L-channel has been routed with the proposed MD-L, Burstein’s
channel with MD unreserved layer channel router, and the remaining two straighnt
channels including YK by a standard Manhattan router [YK82]. This demonstrates
an efficient routing with minimum area for an entire floorplan,
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Table 6.1 : Performance of our MD-L router

Example diagonal wirelength # tracks # vias

in [C87] | MD-L | in[C87]| MD-L | in [C87] | MD-L

| 1 —

Ex. | (Fig. 6.7) % 042 * 4 e 7
Ex. 2 (Fig. 6.8a) % 192 : 8 X 32
Ex. 3 (Fig, 6.8b)| 220+2 0 10 7 62 29
Ex. 4 (Fig. 6.8¢) 1142 42 8 5 36 18
Ex. 5 (Fig. 6.8d)| 1302 242 11 9 51 31
Ex. 6 (Fig. 6.9) * 23 A 0 * 28

% — not avai abI:; % - nof applicable - -

6.3 Routing in Switchboxes and Staircases

Some floorplans may have cross-junctions (Fig. 6.9a) where four channels meet,
The routing in this junction region can be carried out by redefining the cross-junction

as one L-channel and two straight channels. However, there may still be the need
for handling switchboxes by themselves,

(1) (b) (c)

Fig, 6.9 1 (1) Cross junction; (b) Swap routing, (¢) Re-routing

6.3.1 Switchbox routing

In a switchbox problem, terminals are located on three or four sides of the rect-
angular channel. Given a problem instance, let </, /,,...., [>and <r, r,....., 1>
be the sequence of nets from top to bottom on the left and right sides respectively,

- 88 .



and <t, t,..., ¢ > and <b, b,....., b, > the sequence of nets from left to right
on the top and bottom sides respectively. The switchbox constraint graph, SCG
is defined as a supergraph of the VCG [S93]. First, the VCG is formed using the
terminals on top and bottom sides and then for each of the two sequences on the
left and right sides a chain of directed arcs is added to obtain the SCG. An ordered
sequence of nets for assigning tracks is determined whenever the SCG is acyclic.
For cyclic SCG, two nets or terminals with conflicting order can be handled by

swap (Fig. 6.9b) or X routing {CR91]. Algorithm for switchbox routing in two
models are presented below,

Algorithm MD-SN (for acyclic SCG)

Input: A switchbox S of size (k¥ x m), a netlist of # nets, and two routing
layers;

Output:  Reserved layer MD routing (horizontal and + 45° wires in one layer and
vertical with & 45% wires in other layer).

Step 1. Construct a straight channel C as in the form
TOP = <, Lo, Ly Uy by £, 7,
BOT =<, I,...... I, b, b

Step 2. Route C by reserved layer MD algorithm,
Step 3. Extract the portion of the channel bounded within column i and column
(i+m-1) to obtain routing of the switchbox.

Remark : 1If the width w of C is greater than £, then the above router needs
(w-k} extra tracks for routing the switchbox. This may be improved by using a
channe! router in the unreserved layer MD model described in the previous chapter,

Algorithm MD-SO (for general SCG)

Input : A switchbox 5 ol size (k x m), a netlist of # nets and two routing layers;
Output:  Unreserved layer MD routing.

Step 1. Construct the SCG and remove the minimum number of edges to make
it acyclic (Minimum feedback edge sct problem) using a simple greedy
heuristic. Topologically sort the nodes of the acyclic SCG and construct
a linearly ordered sequence of nets L = <a, a,...., a,>.
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Step 2.  Start from the left side of the switchbox, and assign nets on horizontal
tracks in layer 1, according to L. Update the count of unused horizontal

tracks.

Step 3. Repeat steps (a) to (d) until all the columns are scanned from left to
right.

(a) If two nets are in conflicting order, then readjust the net assignment
on tracks by swapping them in adjacent tracks (Fig. 6.9b) [CR91]
whenever possible,

(b) If a net terminates in column ¢, then mark the respective horizontal
track free, and update the count of unused tracks accordingly.

(¢) I new nets appear at column c, then free the track according to L
by shifting nets onto adjacent tracks by 45° routing as in MD router
inserting an extra track if needed.

(d) (1) Top and bottom terminals are routed in vertical columns on
layer 2, failing which both layers and vias are used, else check
whether rerouting is possible (Fig. 6.9¢).

(11) Failing (i) call a maze router with the given source-destination
pair within the sub-grid bounded by ¢_and c, (using horizontal,
vertical, and diagonal moves on both layers). ¢, _is the column
where the maze router was called last; initially u = 1.

(111) Failing (ii), add an extra track or column as required.

Step 4. If more than one terminal of a net, say a, appear on the left (right)
boundary of the switchbox then use diagonal moves to reroute and
push the existing vertical connections towards right (left) tiil the
leftmost (rightmost) column is available for routing a. If the strategy
fails, insert an extra column at the leftmost (rightmost) position.

Complexity : The complexity of switchbox routing is O( k x m). It is worth point-
ing oul that although the maze router may be called, each call is on a clisjoint sub-
orid,

6.3.1.1 Experimental results

Our algorithm routes Burstein’s difficult switchbox and Dense switchbox [J86]
without inserting any blank row or column (Figs. 6.10a, 6.10b), As the complexity .
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Fig, 6.10: (a) Rouling of Burstein's difficult switchbox by MD-SO, (b) routing of Dense
switchbox by MD-SN [J86].
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is linear in the area, the algorithm terminates very fast. In both the benchmark
examples, no call to the maze router (as in Step 3(d)-(iii) of Algorithm MD-50)
was necessary, The results are summarized in Table 6.2.

Table 6.2 : Performance of our MD-SO router

Switchbox Number of
Example -

rows columns| rows | columns

in[J86], #extra| in MD-SO, # extra

rOwSs columns

Burstein's (Fig. 6.10a)| 15 22 ]
Dense {Fig. 6.10b) 17 15

Rala— R

-
-

6.3.2 Staircase routing

A staircase channel is an isothetic rectilinear region monotonically increasing from
one corner of the floorplan to its diagonally opposite corner {(Fig. 6.11), with ter-
minals along the two rectilinear boundaries except at the top and bottom ends,
It was proven [DAKSS] that for any floorplan there exists a channel definition which
induces acyclic ordering of the staircase channels, thereby enabling addition of
extra tracks if required without any rerouting within previously routed channels. A
monotone staircase routing region is a generalization of L-channels, i.e., a series
of L-channels. The algorithm to route such a staircase channel is similar to MD-
L. where the entire staircase is straightened and pin alignment for each sub-channe!
done to obtain minimum density over entire channel, However, if the density varies
widely along the staircase, it should be subdivided into a series of smaller staircases
where for cach smaller staircase, the densities of the sub-channels are more or less
uniform. There is scope for minor refinement of routing at a bend where the two
sub-channels have unequal densities, At the bend (junction) where two consecutive
smaller staircases with different densities meet, an instance of switchbox routing is
created, This switchbox is then routed by one of the routers proposed in Section
6.3.1.
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Iig, 6,11 : Routing a staircase channel,

6.4 Conclusion

We have proposed a routing scheme based on Manhattan-diagonal model for L.-
channels, switchboxes, and staircases. These general channel definitions always
guarantee a safe routing order even in nonslicing floorplans, and make the router
useful for MCMs, Our algorithms are simple, terminate in time linear in the routing
area and provide clegant solutions to complex routing problem in a general floorplan.
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Chapter 7
Via Minimization in MCM Routing

7.1 Introduction

With rapid decrease of feature size, efficiently packing multiple circuit modules in
a single chip has become a promising area of research. Using MCM technology
a large number of functional blocks can be mounted and interconnected on a single
substrate. The numbers of distinct nets and terminals are usually very high. A
typical MCM may consist of 7000 nets on a grid size of over 2000 x 2000 [KC92].
With the emergence of deep sub-micron technology, the numbers of chips, nets,
and terminals per net in an MCM, are likely to increase in the future. -

[nside an MCM, the circuit components are mounted on the top layer; other layers
are used for pin redistribution and routing. As many layers are usually available
for MCM routing, the main objective is to improve performance, i.e., to achieve
light packaging with lower fabrication cost, satisfying the constraints on net length,
net separation, via size, via separation, etc. Thus, the primary goal is to minimize
the number of vias, wire length, cross talks, delay in signal propagation, with the
seccondary objective of reducing the number of routing layers in the MCM.

In this chapter, we report an efficient method of MCM routing, For high performance
routing, one has to minimize the number of vias and wire length. To minimize the
number of vias, we first route the nets having more terminals, through the layers
that are closer to the top, such that a large number of nets is routed with short
pieces of wires. To take care of the delay factor, we also route the farthest
terminals of a net through the layers closer to the top, and explore subsequent
layers if they are unavailable. Our algorithm consists of three phases. First, we
preprocess the nets to determine a routing order, We estimate the cost of a feasible
wiring for each net by constructing a minimum-bend rectilinear steiner tree among
its terminals, avoiding the obstacles on the concerned layer. The wire length and
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the number of terminals of the net are used to define a metric called average path
length. The ordering of nets for actual routing in the next phase depends on the
average path length, In order to reduce delay for some important nets, one may
need to change the order. In the next phase, actual routing is done assuming a
reserved layer model, Nets are routed following the order as obtained in the first
phase, After the completion of routing in the current layer-pair, the unrouted terminals
are projected in the next layer-pair and the same routing technique is adopted
keeping the order of nets invariant, This process continues until all the terminals
are routed, Qur technique uses significantly less number of vias, which can be

further reduced in the third phase, where we improve the routing by flipping and
other techniques. |

Our preprocessing phase efficiently guides the selection of nets so that the number
of layers is reduced, As the splitting of multi-terminal nets into a set of two-
terminal nets usually increases the problem size [KC92, KC95], we consider ali
the terminals of a net at a time., The restriction of a fixed number of vias as
proposed in [CL91, KC95], reduces the flexibility of connecting the terminals of
a net, which in turn, may lead to increased number of layers and stack vias, The
proposed algorithm is run on several benchmarks whose test results suggest that
it outperforms the solutions obtained in [CRN97, KC92, KC95] with respect to
via count, Total wire length also compares well with those in [CRN97, KC95].

7.2 Preliminaries

The MCM routing problem consists of a rectangular multi-layer routing substrate,
a set of rectangular circuit modules (dies), and a set of nets, Dies are mounted
on the top layer of the routing substrate, and the other layers are used for pin
redistribution and routing. The die terminals are attached to the substrate Lising
some bonding technologies, The objective is to interconnect all the terminals of
same signal net such that there is no overlap of wiring with that of the other nets
in the same layet,

Definition ; 3-D routing space is a three-dimensional space divided into a number
of layers parallel to the XY-plane, The layers are numbered from top to bottom,
and the top layer is marked as /ayer-0. Each layer consists of a finite number of
erid points generated by a set of horizontal and vertical tracks, A grid point is
identified by (x, y, z) in the 3D space, where x, y coordinates have their usual
meaning, and the z coordinate indicates the layer identification.,

A line parallel to the X-axis (Y-axis} is referred to as horizontal (vertical) line,
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A net consists of a set of terminals t, t, ...., t attached to the boundaries of
circuit modules, which are to be interconnected.

The rectangular circuit modules are arranged on the substrate in the form of a
K x L mesh of rectangles on layer-0 of the 3D routing space. A pin redistribution
layer is often needed when the spacing between the pins does not satisfy the
design rule for routing. The grid lines are assumed to be equi-spaced and the
spacing is determined by the routing pitch for the given technology. In our discussion
we don’t consider pin redistribution layer, as we assume that the pad spacing
(spacing between the die-terminals) are satisfying the design rule for routing. A
scheme of our model is shown in Fig. 7.1, We assume that the circuit modules
are identical in shape and size, and terminals are equi-spaced, and no wire is

allowed to pass through them. The terminals marked with ‘0’ represent blank
terninals. |

_— =
rF 1 r ar "
A
L 4 L Jd{L .
a1 r |l oA blocks
b ]
1 L J| L : :
k— ————— -$ +—horizontal river
r 1 or ol T
[ T T B I
L J4 L JI¥L g
I
vertical river

layers inMCM

Fig. 7.1 : Schematic description of an MCM

The router routes two adjacent layers at a time. Usually, the vertical and the
horizontal connections are made in two different layers (reserved layer model). But,
in our model we allow some exceptions for layer assignment to reduce the number
of vias. Fig. 7.2 demonstrates the classification of different types of vias. An
interconnection via or simply via is a hole through which a connection is made
to the adjacent layer. Vias may be stacked on top of each other to form a stack
via for connecting wires in non-adjacent layers, A stack via contributes k to via
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count if it penetrates k layers. In our model, the stack vias are placed at the
original terminal positions of the nets that in layer-0. The vias used for propagating

the die terminals to the first routing layer are called distribution via. These vias
do not contribute to via-count,

die

top surfac
layer 1

layer 2

layer 3

layer 4

bottom surface

distribution via

stack via

inferconnection via

wiring

Kig,7.2: Classification of vias

Definition : The horizontal (vertical) routing channel between each pair of
consecutive rows (columns) of blocks, is termed as X-river (Y-river). In a K

x L mesh of blocks we denote the X-rivers as R, R, ...., R,,,, and the Y-rivers
as C,, C,,.vhy C o

[f the four sides of a block are projected on a routing layer, the rectangular space
bounded by these lines is termed as space inside the block. All X- and Y-rivers
as well as the space inside the blocks are used for routing, A routing wire may
move from the space inside any block to its adjacent river through a blank terminal.
Needless to say, no wiring can pass through occupied terminals,

A trivial lower bound on the number of layers can be obtained by considering 2L
vertical lines, each of which is aligned to a boundary of a Y-river. Let k. be the
number of nets whose terminals appear in both the sides of the i-th line, and n,
be the number of pin positions on this line, who are occupied by some net(s)
appearing in either side of this line, Then the number of nets whose wiring pass
through this line, considering all the layers, is k +n,. Let ¢ = Max ;_, (x;+ 1)),
i.e,, the maximum of this quantity considering all such vertical lines. Thus, the lower
bound on the number of layer-pairs is 4/H, where H is the number of horizontal
tracks available in the given substrate. A similar lower bound on the number of
layer-pairs may be obtained considering the 2K horizontal lines aligned with the
boundaries of the X-rivers, The maximum of these two quantities would give a
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lower bound on the number of layer-pairs required for routing the given instance.

[n Fig. 7.3, we show an instance of MCM routing with a given area of cross-
section. The problem is shown to be unroutable even when the number of available
layers is infinite. Thus, we observe that an increase in the number of layers is not

always sufficient for the completion of MCM routing. Layer area may sometimes
need to be increased to achieve routability,

Fig. 7.3 : Example of an unroutable MCM

7.3 Proposed Routing Technique

Let o, 0,,...., o, be m distinct nets whose terminals are attached along the
boundaries of different blocks as well as the floor. The number of terminals for
net o, is n, where n,> 2 for all i = 1,..., m. Initially, the terminals of all the nets
are available at /ayer-0 along the boundaries of the blocks, These terminals are
propagated to their appropriate routing layers using stack vias. In the following
subsections we describe our three-phase algorithm.,

7.3.1 Ordering of nets

In this phase, we find a feasible path for connecting terminals of each net considering
the blocks as obstacles. For each net o, we construct RSTi a rectilinear steiner
tree connecting all the terminals of o, is considered. The edges of RST, are directed
through the rivers and indicate a feasible path for routing. In reserved layer model
any junction (bend) of a horizontal and a vertical edge of RST, causes a via, Thus,
to minimize via count in a layer-pair, we need to construct a RST with minimuin
number of bends. We compute the total path length by summing over the lengths
of all the edges of RST, Next, average path _lengrh' for a, is calculated by
dividing the total path length by n. Although many algorithms for finding RST are
available in the literature [CSW92, CG96], to meet our special constraints, we
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use a simple heuristic scheme for obtaining a RST with minimum number of bends
through the rivers.

Let b, b,,....,b, be a set of blocks where the net o, appears, For each block,
position(s) of the terminals of «, is known, For each X-river R, its adjacent
blocks containing the net o, are considered. These terminals of o, may be connected
through R using one via or three vias. In Fig. 7.4 we find that a terminal of net
o, in block B, is connected with river Rj using three vias, whereas that of the
block B,, is connected with river R, using a single via. We consider only the
terminals of o, adjacent to R, such that they may be connected to the wire passing
through R, using exactly one via. The terminals attached to the vertical boundaries
of the blocks will be considered similarly., The segment of R; in which all the
terminals of o, are spanning, is denoted as the horizontal span of R; its weight
s determined by the number of terminals of ¢, adjacent to R,. The same technique
is adopted to calculate the vertical spans for all the Y-rivers and their weights

with respect to each net a., We use a plane sweep technique to interconnect these
spans to obtain a RST,

=
A

e e . iinkilal - — i —

Fig.7.4: Connecting a terminal to its nearest horizontal
river in reserved layer model

The algorithm Find_Path generates a RST among the terminals of each net considering
the blocks as obstacles, using minimum number of bends (crossing point of horizontal

and vertical wires).

It first finds the set of all horizontal and vertical spans in O(n, log n)) +0. time,
where n, and 0, are respectively the number of terminals of o, and the total number
of horizontal and vertical spans for o, It then finds RST, in O(6,) time. As ©, <
n+1 for all i, the overall complexity is O(n log n), where n = 2.0 n,
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Algorithm Find_Path(a.,)

Data Structure :Set of horizontal spans for o, whose each member is associated

Step 1 :
Step 2
Step 3

Step 4 ¢
Step 5

with a mark field,

A set of vertical spans for a,,

LISTI . a temporary list containing the horizontal spans encountered
during line sweep, and which are not yet connected with a
vertical span.

LIST2 : a similar list of vertical spans which are not yet connected
with a horizontal span,

Compute all the horizontal and vertical spans and their weights for net o
Set the mark field of all the horizontal spans to 0;

Sort vertical spans and the left end points of the horizontal spans in

increasing order of their x-coordinates;

Initialize LISTI and LIST2 to NULL;
Process the elements of the sorted list from left to right;

/* For each element, any of the following three distinct situations may arise *\
if a left end point of a horizontal span is encountered, then

the current horizontal span is entered in a LISTI,
\f LIST2 is non-empty, then
the current horizontal span is extended towards left so that
all the members of LIST2 can be projected on it;
all the members of LIST2 are removed;

if a vertical span is encountered, following two situations may take place.

if LIST1 is non-empty, then

the right end points of all the horizontal spans in LIST/ are
extended (if necessary) upto the x-coordinate of the vertical
span,

the current vertical span is extended in both sides (if necessary)
to cross all the horizontal spans present in LISTI,;

all the members in LIST/! are removed keeping a single one arbi-
trarily by setting its mark field to 1.

if LIST! is empty, then

/¥ No horizontal span is available on which current
vertical span can be projected */

enter the current vertical span in LIST2,
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Step 6 . finally, after processing all the events,
o if the number of elements LIST7 is more than one, then
left coordinates of all unmarked members in LIST/ are projected
to the nearest vertical span, if at least one such exists;

else, a vertical line is drawn through an Y-river to cut the members
in LISTI; |

o if the number of elements LIST?2 is more than one, then a vertical
line through an X-river is drawn to cut all the members in LIST2:

Theorem 7.1: The algorithm Find_Path generates a rectilinear steiner tree among
the terminals of each net considering the blocks as obstacles, using minimum number

of junctions, where the junctions are the crossing point of horizontal and vertical
wires,

Proof : The rectilinear steiner tree among the terminals of a net is drawn through
rivers. Note that, for the projection of each terminal on the river, one junction is
always required. In addition, junctions are created at the steiner vertices. We now
show that the number of steiner vertices created by this algorithm is minimum, We
have got a minimum number of segments, each of them is lying in different river
and spanning all the terminals appearing on the boundary of the river. In our al-
gorithm, if there exists O segments of which at least one is a horizontal segment
and at least one is a vertical segment, we create 6 - 1 steiner vertices, which is
optimum since in a tree of 0 nodes, there 1s 0 - 1 edges to connect them. In case,
if all the © segments are parallel, we need exactly 0 steiner vertices, This is also
optimal since in order to connect them, a line passing through any river which is
orthogonal to these segments are required, which creates 6 + | segments in total,

After finding a feasible path for connecting the terminals of a net o, (corresponding
to the RST among its terminals), its length A, is obtained. The average path length
for the net o, is obtained as A;/ n,. As an output of this phase, a sorted list of
the average path length of all the nets is generated. This guides the selection of
nets in the routing phase,

7.3.2 Routing of nets

In the actual routing phase, nets are selected in increasing order of their average
path length, We may accommodate more nets with smaller average path length
compare to the larger one on topmost lair pairs and consequently it is possible
to reduce the number of stack vias, Once a net is selected all its terminals are
connected before the selection of next net for routing. If a net appears more than
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once in a particular block, its terminals are routed inside the block as described
in the subsection 7.3,2.1. If a net appears in more than one block which belongs
to same row or same column, an attempt is made to connect them using a path
through the blocks and avoiding the rivers. The objective is to reduce the congestion
of the river, and effectively use the space in the routing layers inside the block
boundaries, The method is illustrated in subsection 7.3.2.2. The case where a
net has more than two terminals, each of them is present in different blocks, and

no pair of these blocks appears in the same row or in same column, is discussed
in subsection 7,3.2.3,

In the reserved two-layer routing model, vertical and horizontal routing wires pass
throngh different layers of a layer-pair, say top layer and bottom layer respectively,
The lines passing through the top (bottom) layer of this layer-pair are denoted by
solid (dashed) lines. In the unreserved layer model, both the horizontal and the
vertical lines may be present in any layef. In our MCM routing model, an even
number of routing layers are available. Always a layer-pair is considered for routing
the unrouted nets, and their terminals are propagated to the appropriate routing
layers using stack vias. We follow the convention of representing the wires of top
and bottom layers of a layer-pair by using solid and dashed Iines. But we allow
restricted deviation from reserved layer assignment in our routing strategy.

q‘_i Dt’i %, — 41_‘3_' 'l
T —l: o, i{ .
o, P Q,
I CL# . o
ul O:'i ai i i Cfai (Ii
(a) (b) (c)

FFig,7.5: Routing insidea block inreservedlayer model -
7.3.2,1 Routing inside » block

Consider the set of terminals of a net g, appe.aring on the boundary of a block.
While routing them in a particular layer pair, the following situations may arise.

Case 1: If the terminals of o, appear in the consecutive pin positions, routing
may be done inside the block by drawing solid line on the top lay_e_r over
the span of terminals through the track adjacent o the bppnda_ry of tlﬁw
block. The terminals are then projected on this routing line using sol_ld
lines in the top layer without using any via (see Fig. 7.58).
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Case 2 : If terminals of o are attached to a particular side of the block, a line
1s drawn over the span of terminals through an available track inside the
block. This line will be referred as base line; it may be solid or dashed
depending on whether this line is a vertical or a horizontal. But unlike

Case 1, here the terminals are connected with the base line in different
layer and by using vias.

Case 3 : If terminals of o. are attached to adjacent sides of the block, then
those attached to each side are connected independently using the method

described earlier, Finally, the base lines are connected by extending them
to appropriate sides.

Case 4 | If the terminals are attached to the opposite sides of the block (Fig.
7.5b), those attached to each side are connected independently, Now
the base lines of the opposite sides are connected through a track orthogonal
to those. The choice of such a track should be such that it requires
minimum number of vias. So, first of all, a track is searched such that
its both ends coincide with the terminals of o in opposite sides. In this
case, no extra via is required. The next option is to choose a track whose
one end coincides with a terminal of .. Such a connection consumes an
extra via, If both these attempts fail, we choose an arbitrary track for
joining the base lines using two extra vias, provided such a track exists.
The next option is to connect them through rivers, otherwise, they will
be connected using the next layer-pair,

Case 5: If terminals of o, are attached to all the four sides of the block, actions

taken in earlier cases are judiciously used to handle this situation (Fig.
7.5¢).

7.3.2,2 Routing of two-terminal nets

In order to route terminals of a net belonging to different blocks, the traditional
way is to connect them through rivers as discussed in section 7.3.1, But Fig, 7.6a
demonstrates that such connections need more vias. Thus an attempt is made to
locate the routing paths for the two terminal nets through a series of blocks, crossing
the rivers as shown in Fig, 7.6b. The routing wires use blank terminals to enter
the interior of a block from its adjacent river, or vice versa. In order to obtain
such an wiring, we need to store the blank terminals in an appropriate data
structure as discussed below, A heuristic scheme is then suggested for locating a

path through the blocks.
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Fig.7.6: Routing atwoterminalnet (a)throughariver;
(b) through a block in reserved layer model

A successful routing utilizes the routing space inside blocks and keeps room for
routing other nets along the river. If such an attempt fails, we try to route them

through rivers by following the path guided by the RST, failing which, they are
projected on the next layer-pair for routing,

Data structure

Consider the projections of unrouted terminals on the current layer-pair. A set of
terminals (corresponding to different nets) appearing consecutively along a vertical/
horizontal boundary of a block may be considered as an obstacle for routing, and
a set of consecutive blank terminals may be termed as gap. The blocks arranged
in the K x L. mesh are named as {Bu, i=1,.,Kandj=1, .., L} This
configuration generates 2K block boundary rows (BBR), indexed as BBR |, BBR,,

, BBR,,, and 2L block boundary columns (BBC), indexed as BBC,, BBC,,

., BBC, . We use the following data structure for storing the vertical gaps. The
horizontal gaps are also stored similarly.

For each BBC,, the vertical gaps are stored in a height-balanced tree. A vertical
gap g (e BBC) is represented as an interval [y_, y,,] (v, > Y 0)s corresponding
to y-coordinates of the two ends of the gap, and points to two linked lists of gaps
visible to g, as explained below.

Let gly,;s ¥ 2l € BBC.. Its right pointer pomts to an ordered linked list containing
(i) the set of gaps in BBCM which are horizontally visible to g, and (ii) two more
gaps g' and g" of BBC,, which are vertically just above and just below g respectively,

1., ¥y 2 Yy and y ., > Y, Note that g’ and g cannot belong to different sides
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of a horizontal river. Thus, we may have g’ =NULL, Similarly, g" should also
have the same property. Fig. 7.7 illustrates the elements of the iinked list pointed

by the right pointer of the gap g. The left pointer of g points to such a link list
containing a set of gaps in BBC, .

E— - - — .
E— “ | . _L-I—
{ f ! —
WERERC] | |
(a) (b)

Fig, 7.7: Demonstration of the data structure :
(a) gaps; (b) path through blocks

Path location algorithm

Consider two terminals a(x , y ) and b(x,, y,) of a net o, appearing in two different
blocks. In order to connect them through blocks we consider the following situations
separately,

Case 1: a, b € BBC,. Here a and b appear on the same horizontal side (top
or bottom) of two blocks By, and By, respectively. A feasible routing
between these two terminals is done by drawing a horizontal line through
the gaps nearer to BBCj of all blocks Born 6 =i, ..,k Finally, a and
b is to be connected to this horizontal line (see Fig, 7.8a),

Case 2: a, b € BBR, Here a and b appear on the same vertical side (left or
right) of two blocks B, and B, ., respectively. A similar technique
as in Case 1 is followed to get a feasible routing path between these two
terminals. |
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Case 3: a € BBC, and b e BBC,, j # /. Here a appears on a vertical side of
block ]E’:i,rj,,21 and b appears on a vertical side of block B, 111 (see Fig.
7.8b), For the sake of simplicity, let us assume X <X .Now the following

steps are executed to get a path for connecting these two terminals through
the blocks.

Step I . A binary search on the list of gaps of BBC‘Hl locates a gap g which is
horizontally visible to a,

Step 2 : Follow the right pointers to the list of gaps visible to g to reach a gap
on BBC,,,.

Step 3 . Apply the same process to reach inside a block B, ,, [irl<o <[]

Step 4 : A similar procedure is performed to find a horizontal path from b to the
block B,

Step 5 : The vertical connection between these two horizontal paths may be done

through blocks by considering the gaps on the horizontal boundaries of
the blocks appearing on the 6-th column of the mesh.

Step 6 : If the search in Step 5 fails, .the connection among these two horizontal
paths is made through a vertical river,

Case 4: a € BBR, and b e BBR,, i # k. Here a appears on a horizontal side
of block By, and b appears on a horizontal side of block B, ,;,. A
similar procedure as stated in Case 3 may be followed to get a feasible
routing in this case.

Case 5: a € BBR, and b € BBC,. Here a appears on a horizontal side of block
Bria1s and b appears on a vertical side of block B, 1,4, In this configuration,
an L-paths through the blocks is feasible as shown in Fig. 7.8c, A horizontal
path from the terminal b up to the inside of block B,  is obtained using
the procedure as stated in Case 3. The vertical path from the terminal
a up to the inside of the block B,  is obtained as in Case 4, Inside

B, p these two wires are connected using exactly one via,
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Fig. 7.8: Routing using space inside the blocks

Our path location algorithm efficiently finds a feasible routing path between any
pair of terminals a and b, lying on the boundary ofB and B, | respectively, in
O(log G) + (| i-k| + | j-1 ) time, where G is the mammum of the number of gaps
on a block boundary row (BBR), and those on a block boundary column (BBC).

This algorithm will be used for connecting two-terminal nets through the blocks,
i.e., without using any track in the river(s),

7.3.2.3 Routing of multi-terminal nets

Consider a net o, whose number of terminals (n) is more than two. The rectilinear
steiner tree RST,, obtained in Section 7.3.1, will guide the routing of the terminals
of a.. Lett, t,, ..., tq be the set of edges of RST,, which were initially drawn
through the rivers. We shall consider each edge of RST, individually and try to
move it on a path through the blocks, such that it releases a frack from its assigned
river, In case of failure, it will remain in ifs original position, i.e., through a track
in the river. If a track is not available in the assigned river, the terminals on the
selected edge are extended to the next layer-pair,

First we search for all vertical lines having unit weight, i.e., which contain a single
terminal of a,. Let t; be such a line on which the position of the net a is at a.
In order to reduce vias, an attempt is made to project a to a neighboring vertical
line of t;, say t,, having weight more than one, by drawing a horizontal line from
a to t, through the vertical gaps. A new terminal is conceptually introduced on
t, at the point where a is projected on it. The weight of t,_is also incremented
by one. If such a line is not feasible, the connection of ¢ with RST, using line t,
is retained, A similar procedure is then executed to consider all horizontal lines
of RST, each having unit weight.
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We now have the vertical lines of RST, with weights more than one. Let us consider
those lines one be one in increasing order of their x-coordinates. Let t ve the
current vertical line under consideration which meets a horizontal line of RST,, say
t, at a point &. Note that t. 1s initiaily present on a vertical river. Now we try
to replace t, by a vertical path through the horizontal gaps of a set of blocks
arranged in a column such that the path spans all the terminals on t. If such a
vertical path is not found, but a vertical path spanning a subset of these terminals
exists, it will not be selected since it may cause more vias and increase the
complexity of the search, In this case, t (s retained in its original position, i.e.,
through the assigned river, provided the congestion of the river satisfies one more

wire to pass through the portion where the terminals of t, spans. In either case,
a new terminal is Introduced on the horizontal line t at the point 8.

If the routing of t, is not possible in the current layer-pair, all the terminals on t.

are projected to the next layer-pair, A similar procedure is applied to connect the
terminals on the horizontal paths of RST,

7.4 Via Minimization

After completion of routing in the second phase, re-routing of wires through the
rivers to relax the reserved-layer strategy may reduce the via count significantly.
We adopt the following three techniques.

7.4.1 Flipping of layers

We assumed that all the vertical (horizontal) wire segments pass through layer-1
(layer-2) in a layer-pair, Consider a pair of terminals connected using a Z-path
as shown in Fig, 7.9. It is easy to notice that if the terminals are connected to
two vertical wires of the Z-path (Fig. 7.9a), only two vias are required, On the
other hand, if the terminals are connected to the horizontal wires of the Z-path
(Fig. 7.9b) , four vias are required, as two vias are necessary at the termi_na]
positions, In such a scenario, an interchange in the layer assignment of the vertical/
horizontal wires causes that four vias are required in the situations shown in Fig,
7.9¢, while two vias are required in the situations shown in Fig. 7.9d. Thus, if
the number of terminals connected to vertical wire segments is more than the number
of terminals connected to horizontal wire segments, we assign layer-1 and layer-
2 to vertical and horizontal wire segments respectively, Otherwise, we assign vertical

(horizontal) wire segments to layer-2 (layer-1).
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Fig.7.9: Viaminimization by flipping layer assignments

We may achieve further reduction of vias if we assume the unreserved layer
routing model where both the horizontal and vertical tracks can pass through
same layer, Below we explain few techniques which successfully identify the ap-
propriate situations and reduce vias by aSsigning horizontal and vertical wire seg-

ments in the same layer avoiding overlapping of two different net segments and
crossover in the same layer. |

7.4.2 Permutation of tracks

Without loss of generality, assume that the vertical connections appear on the top
layer of a layer-pair. Now consider the wire segments through a vertical river.
These may be partitioned into three groups : (i) whose one end point is attached
to a block adjacent to the left side of the river, (ii) whose one end point is attached
to a block adjacent to the right side of the river, (iii) whose no end point is
connected to a block adjacent to the river, Note that, the set of wire segments
in group (i) and group (ii} may not be disjoint,

Let us first consider the set of vertical wire segments in group (i), and split all
of them into disjoint classes, say C, C,, ...., such that the topmost boundary of
the elements of C, is less than bottommost boundary of elements of C,, i.¢., any
two intervals of two different classes do not overlap, (Note that, if interval graph
corresponding to this interval is connected then a single class 1s formed). Each
class is considered separately for via minimization.

Consider a class C. Let C and C, be two subsets of C, such that the members
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of C,, (C,,) are connected to some block along the left boundary of the river, at
their top (bottom) end points. Note that C. v C, = &. If IC“‘ 2 \Ciz\ , We

— DIJD
1 e

Fig.7.10: Viaminimization by permuting track assignments

assign tracks to the members of C,| such that their top end point may be connected
to the respective terminals along to the block boundaries without using any via.
These tracks will be closer to the left boundary of the river. The situation is illustrated
in Fig. 7.10. On the contrary, if | Cnl <] C,,, we assign the tracks to the segments
in C,, such that their bottom end points may be connected to the respective block
boundaries without using any via. Needless to mention, these tracks will also be
closer to the left boundary of the river,

For the elements in group (ii), the track allocation is done using the same technique
as discussed above, but it is based on the connections of these segments with the
blocks adjacent to the right side of the river. If an element belongs to both group
(i) and group (ii), and its track allocation is already done while processing the
elements of group (i), it need not be considered at the time of processmg the
elements in group (ii).

The segments of group (i) and group (ii), for which the track assignment is not
done in the previous two steps, are assigned to tracks arbitrarily to the middle
of the river. The end points of these wire segments are connected to terminals of
the blocks using wires in the other layer through via holes. The track assignment
for the elements in group (iii) is also done similarly,

7.4.3 Removal of redundant vias

[n this method, we consider each dashed wire segment in layer-2 between two
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consecutive vias. We inspect whether any wire in layer-1 passes through that interval,
If no such wire in layer-1 is found, we replace the dashed line by a solid line in
layer-1, and reduce two vias. The same technique is then adopted for locating
the possible solid lines in layer-1 which can be moved to layer-2 for reduction
of vias,

7.5 Experimental Results

In Table 7.1 we give a list of standard benchmarks, where the first one is a
randomly generated example [SBP95], and the last two examples, labeled mec?
and mec2-75, are actual industrial problems, In Table 7.2, we present the
performance of our algorithm using reserved layer routing model. We have implemented
our algorithm in SUN ULTRAI10Q (333 MHz) workstation with 256 MB RAM. Our
algorithm is simple, easy to implement, and produces output very fast.

Table 7.1 : Benchmark examples .

Examples # pins arid size
testl 300 x 300
mecl 5909 x 599
mee2-735 2.032 x 2,032

Table 7.2 : Performance of reserved layer MCM routing model

Bxamples| Number of layers|Number of vias| Total wire length | Time in sec.

1' amme —1 S r
test ! 4 1852 102,832 0.22
meel 4 6383 380,938 10.28
meed75 6 33882 5,540,616 17.38

h e i i e i it PR I V——————— P —
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We have also studied the performance of MCM routing under unreserved layer
model. The solutions are easily obtainable from the results obtained for the reserved
layer assignment model by incorporating the techniques discussed in Subsection
7.4.2 and 7.4.3. Table 7.3 presents the output of MCM routing using unreserved
layer assignment model. This shows a significant improvement with the results obtained
by V4R [KC95] and SEGRA [CRN97] in terms of number of vias. The number
of layers remain same as those used in V4R and SEGRA, and with respect to the
wire length, our solutions also compares well. It is also observed that if the grid
size is increased slightly, the number of layers reduces significantly, For example,

if we make the grid size (420 x 420) instead of (300 x 300), the number of
routing layers reduces from 4 to 2 for the example fest].

Table 7.3 : Experimental results

7.6 Conclusion

Exampled Number of layers Number of vias Total wire length
V4R| SEGRA| our | VAR | SEGRA| our V4R SEGRA our Lower
work work work bound
— L B — .
fest ! 4 4 4 2,250 2,080 1,520 104,128 103,682 103,072 102,238
meel 4 4 4 | 6,993 6,773| 5,682 | 394,272] 433,202 | 384,064 | 343,767
mec2-75 6 6 6 36,4381 316,362 30,136| 5,559,479| 5,517,133/ 5,541,80615,362,181

In this chapter, we have proposed an efficient heuristic algorithm for via minimization
in MCM routing. The overall time complexity of the algorithm is O(NlogN), where
N is the total number of terminals present in the MCM. The algorithm produces
around 8% fewer vias than the methods in [KC95, CRN97], with competitive
values of wire length, |
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Chapter 8

Conclusion

Detailed routing is one of the most fundamental steps in VLSI physical design cycle.
In this thesis, detailed routing problem is solved by routing the channels, L-shaped
channels and switchboxes. Channel routing is one of the most impertant and prob-

ably one of the most popular phases of physical design for VLSI chips as well
as PC-boards,

Routing results may differ based on the selection of routing models. A routing model
can be grid-based where wires follow paths along the grid lines, or gridless where
wires can be placed at any place as long as the design rules are not violated. In
reserved-layer grid-based model, horizontal and vertical wire segments are allowed
only on the pre-assigned layer(s). A model is unreserved if any segment is allowed
to be placed in any layer, The most widely considered objective function for routing
a channel is the minimization of channel width. A routing algorithm must also take

into consideration the following objectives : total wire length, length of the longest
wire segment, number of vias, to name a few,

In MCM routing, a number of functional blocks need to be connected using multiple
routing layers. The objective is to achieve tight packaging and improve the per-
formance of the circuit, Thus, to avoid faults in the circuit, we need to route using
minimum number of vias, and to reduce the signal propagation delay, interference
ete., the length of the interconnection wire segments among the functional modules
need to be shortened.

In this thesis, we studied different channel routing techniques. The performance
analysis is done in comparison to the existing works. Finally, we considered MCM
routing and proposed an efficient algorithm to achieve high performance.

Over-the-cell area for channe! routing has been successfully used to achieve dra-
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matic reduction in the channel width, We have described a new heuristic algorithm
which iteratively selects over-the-cell nets with an ultimate objective of minimizing
channel width. Experimental evidence shows considerable improvement over earlier

results [CL88] in the number of tracks used both inside the channel and over the
cell,

We have presented a new algorithm for via minimization by layout modification in
a two-layer channel routing environment. The method is based on interchange of
horizontal tracks, and does not incorporate additional horizontal or vertical tracks.
A significant reduction of vias for standard benchmark examples is observed. The
total wire-lengths are also found to be very competitive.

In this thesis we have proposed a new approach to channel routing, that combines
the advantage of both diagonal model and Manhattan geometry, We consider fwo
routing layers with fixed terminals, and the Manhattan-diagonal (+45°) model.
Thus, wire segments may either be rectilinear or at +45%directions. First, we consider
the reserved layer model (i,e., wire segments in different layers do not overlap),
and present a simple O(l.d) time algorithm that routes an arbitrary channel with
no cyclic vertical constraints in w tracks, where / is the length of the channel
i.e., the number of equidistant column in the channel; d is the channel density, and
d < w < (d+1). Next, we describe an output-sensitive algortithm that can route
general channels with cyclic vertical constraints using w tracks, in O(l.w) time
(i.e., linear in area of the channel), assuming uareserved layer MD inodel that
allows overlapping of wiring segments in two layers. The proposed algorithms out-
perform those in [YK82, PPD*95, HIZ91, CR91] both in time complexity and
quality of solutions. Experiments with benchmark examples show very encouraging
results,

The Manhattan-diagonal model is used for routing L-channels, switchboxes, and
staircases. The core of the proposed L-shaped channel routing method lies in routing
a right triangular region. This method is greedy, uses minimum number of tracks,
can handle cyclic constraints and yields encouraging results. Next we described a
switchbox router in MD-model, which outperforms existing routers, No extra row
or column is required to route Burstein’s and other difficult benchmark switchboxes.
Finally, a scheme for staircase channel routing is proposed. The complexity of all
algorithms are linear in the area of the region. These general channel definitions
always guarantees a safe routing order even in nonslicing floorplans, and makes the
couter useful for MCMs. Our algorithms are simple, terminate in fime linear in the
routing area and provide elegant solutions to complex routing problem in a general
floorplan.
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Lastly, we have proposed an efficient heuristic algorithm for via minimization in
MCM routing. The overall time complexity of the algorithm is O(NlogN), where
N is the total number of terminals present in the MCM. The algorithm produces
around 18% fewer vias than the methods in [KC95, CRN97], with competitive |
values of wire length.
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