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Abstract

Placement is an important step in the overall IC design process in DSM technologies, as
it defines the on-chip interconnects, which are the bottleneck in determining circuit
performance. The “quadratic placement” methodology is reputedly used in many
commercial and in-house tools for placement of standard-cell and gate-array designs.
Numerous quadratic placement algorithms have been developed and tested over time.
Currently, these methods are capable of placing a few million modules, but are unable to
scale beyond that. The legalization step, required of all algorithms, is the step that is

expensive to perform and has limited scalability.

We have extended and improved an algorithm specifically targeting these extremely large
placement problems. Our approach is fundamentally different than existing tools in that
we move the placement area as opposed to moving the modules, thereby formulating a
problem that is mainly dependent on the placement area, instead of the net list size. As a
result, our algorithm is essentially a low dimensional optimization problem that is
inherently parallel. Preliminary tests running on big benchmarks show that our algorithm
is extremely scalable and will potentially allow us to handle the ever-increasing net list
better than existing tools. We believe we can improve our placement algorithm with more

future work.
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1 Introduction

1.1 The Problem

In a VLSI CAD flow, physical design is a backend process. In the physical
implementation of deep-submicron ICs, placement solution quality is a major
determinant of whether timing correctness and routing completion will be achieved. In
row-based placement, the first-order objective has always been obvious: place connected
cells closer together so as to reduce total routing and lower bounds on signal delay.
Because there are many layout iterations, and because fast placement estimation is
needed in floorplanning for design convergence, a placement tool must be extremely fast.
As instance sizes grow larger, swap-based methods like annealing may be too slow
except for detailed placement improvement. Due to its speed and “global” perspective,
quadratic placement is reputedly an approach that has been used within commercial tools

for placement of standard-cell and gate-array designs.

Quadratic placement algorithm makes two basic assumptions: 1) Each module is modeled
as a dimensionless point; 2) Each net is modeled as a set of 2-point springs. With these
two assumptions, the placement problem can be easily formulated as a neat mathematical
problem, and this problem can be solved relatively quickly even for very large net-lists.
But, since every module has its own shape and size, unfortunately the placement is illegal
with many overlaps. So a legalization step is needed. This step varies among tools, but it
is this step that is expensive and not able to scale very well. Today, most tools adopt a
partition-based approach as the legalization step. These tools can typically manage up to

a few million modules. But they all become very slow for larger designs.
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1.2 Background

Today, all layout flows are composed of several heterogeneous steps: logic synthesis,
placement, global routing, and timing analysis are intermixed. A sequence of coarse to
fine layouts is evolved to allow difficult constraints to be addressed either logically or
physically at each step. But no matter how this flow is designed, the placement of a
single flat net list under basic area, congestion, and delay constraints is a core
competency. Placer capacity and quality are enormously important in all layout flows.
One important component of recent flows is the capability to “finalize” a “near” layout

efficiently.

Most layout tools adopt the flat style of placement design. These tools can typically
manage up to a few million modules. Larger designs are forced to resort to a hierarchical
approach. The majority of these flat style tools use a quadratic placement method. There
are many existing placement tools using quadratic placement as the starting point. But

they tend to deviate in the way of legalizing the placement.

Some famous placement algorithms: PROUD [1], GORDIAN [2], GORDIANL [3], etc,
all use a classical quadratic objective function to begin placement, and alternate quadratic
solves with partitioning. They use partitioning to reduce the size of the placement
problem. Each region is recursively cut and the quadratic algorithm applied until each
region has a small number of modules. The resulting placements of these placers are not

legal. So they still use some strategies in the end to produce a legal placement.

Overall, these partition-based placers are very fast and the resulting placement quality is
very good, even competitive to simulated annealing. But they are very slow when dealing

with very large designs. And actually this is a common problem for most current tools,

including placers that use other strategies.
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1.3 Motivation

In [20], Fowler developed a fundamentally different concept for a placement scheme,
motivated in part by a desire to handle extremely large placements in a completely flat
way. Our work begins here, by trying to extend her very simple, first generation
formulation, and repair several flaws in this initial attempt. Similar to current tools, our
technique uses a quadratic placement method, but is fundamentally different when
attacking the legalization step. The idea is strikingly simple: rather than move the
gates/blocks to optimize their location, we elastically deform a model of the 2-D chip
surface on which the objects have been quickly and coarsely placed. Put simply: we
move the grid, not the gates. Rather than move each point, we “stretch” the underlying

sheet until the points arrange themselves to our liking.

This strategy has two potential advantages: (1) deforming the elastic sheet is a
surprisingly simple, low-dimensional optimization; (2) this very big design problem is
transformed from a very high-dimensional optimization task into a very large numerical
cost function with a small number of degrees of freedom that determine the warping of
the grid. But this large cost function can be evaluated on a network of cheap computers--
the problem is very parallel, unlike classical placers. Following [20], we call this method

placement by grid warping.

Because our placement algorithm is a very Jow dimensional problem, we believe that this

can be extremely scalable and therefore potentially useful in placing large net-lists.

1.4 Organization of the Thesis

Chapter 2 is a review of related previous work, serving as a background to some
placement techniques. Chapter 3 goes through our new reformulation idea of the grid

warping idea for placement, including initial quadratic placement followed by refinement

VLSI Component Placement by Grid Warping 3



Introduction

steps. Chapter 4 describes the experiments we preformed and the results we obtained.

And Chapter 5 concludes with the future direction of this research.
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2 Previous Work

In this chapter we will revisit the quadratic placement algorithm and review some
existing placement tools relevant to our work. Quadratic wire length objective functions
are very common in these tools. These tools start from the quadratic placement and try
hard to make it legal or bring it closer to a legal placement. Overlap removal is iteratively

performed in the refine step.

2.1 Basic Quadratic Formulation

A VLSI circuit is represented for placement by a weighted hyper-graph, with n vertices
corresponding to modules (vertex weights equal module areas), and hyper-edges
corresponding to signal nets (hyper-edge weights equal criticalities and/or multiplicities).
The two-dimensional layout region is represented as an array of legal placement
locations. Placement seeks to assign all cells of the design onto legal locations; such that
no cells overlap and chip timing and routability are optimized. The placement problem is

a form of quadratic assignment; most variants are NP-hard. [4]

“Pad” constraints fix the locations of certain vertices (due to the pre-placement of I/O
pads or other terminals); all other vertices are movable. The one-dimensional placement
problem seeks to place movable vertices onto the real line so as to minimize an objective

function that depends on the edge weights and the vertex coordinates.

By modeling each module as a dimensionless point and each wire as 2-point springs, the
placement problem is transformed into a mathematical problem. Actually the two-
dimensional placement problem is addressed by the means of independent horizontal and

vertical placements. Each placement tries to minimize a quadratic matrix form.
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Squared Wire Length Formulation: Minimize the objective ®(x) = h) i Ay (X; — xj)2
subject to constraints Hx = b. This function can be rewritten as ®(x) =2 X Qx.
(Here, x; is the x coordinate of module i, a; is the number of connections between module

i and module j)

If we take the pads constraints into consideration, the squared wire length formulation
can be written as:

®(x) =2 x Qx +d"x (1)
which is also a quadratic matrix form. (The formulation of Q and d can be found in [1]

2D

w=k x| x2 x=h

Figure 1. Quadratic Formulation — For this example, the quadratic wire length in x-axis is:

1(x; - K)? + 1(x2 - X)) + (h~ X2)* = [X% - 2X1X, + %2°] + [2k x; —=2h o] + [K* + h%)

The vast majority of quadratic placers solve the 2-dimensional placement problem with a
top-down approach. After the quadratic placement, the chip is divided into two parts and
quadratic placement algorithm is re-applied to each region, and this process recursively

repeats until each sub-region only has a small number of modules.

2.2 Quadratic Solver

To minimize (1), we compute the derivative of ®(x):

O’ (x)=%xQ+%Qx+d )

Since Q is a symmetric and positive definite matrix, (2) can be written as:

@’ (x)=Qx+d Q)
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The optimal solution is: Qx = -d, which is a linear equation. Since the number of
modules can be millions, it is not practical to solve this equation directly. Iterative

methods are used to get the solution.

Iterative methods for solving large systems of linear equations can be classified as
stationary or non-stationary. Stationary methods include Jacobi, Gauss-Seidel,
Successive Over-relaxation (SOR) and Symmetric Successive Over-relaxation (SSOR).
They are older, easier to implement and computationally cheaper per iteration. Non-
stationary methods include Conjugate Gradient (CG), Generalized Minimal Residual
(GMRes) and numerous variations. These are relatively newer and notably harder to
implement and debug, but provide for much faster convergence. Additional
computational expense per iteration is normally justified by much smaller numbers of

iterations. [4]

A difficulty associated with the SOR, Chebyshev semi-iterative, and related methods is
that they depend upon parameters that are sometimes hard to choose properly. CG is a

method without this difficulty for the symmetric positive definite Ax = b problem.

The essential idea of CG is: if the search directions are linearly independent and xx solves
the problem
min D (x)
)
X€ x,+span{p,.., p,} |
fork=1,2,..., (here ®(x) = V2 X'AX - b'X, Py, «ovs px are the k directions to search the

minimal x) then convergence is guaranteed in at most n steps. This is because Xy

minimizes ®(x) over R" and therefore satisfies Ax, = b.

The CG method can guarantee to find the accurate solution in at most n steps by choosing

the search directions that are so-called A-orthogonal, a detailed description of CG and

pre-conditioned CG can be found in [5] and [6].
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2.3 Refine Step

As we know, after the quadratic placement algorithm, the layout has many overlaps.
There are different ways to remove the overlaps, and these lead to many different
placement algorithms. Most of these algorithms choose a recursive strategy to legalize
the layout. Algorithms using min-cut partitioning are very popular. We will review some
famous placers and their refining strategies. These tools represent state of the art

quadratic placement placers.

2.3.1 PROUD

PROUD [1] uses a direct quadratic placement as a starting point for a recursive min-cut
partitioning strategy. Once the initial placement is found, the placement area is cut into
two regions of about equal modules. The quadratic placement algorithm is re-applied to
the two resulting regions. Pseudo-pins on the cut line between the modules are used to
model] connections with modules outside of the current region. Each region is recursively
cut and the quadratic algorithm applied until each region has only 10’s of modules. The
whole process is repeated three to five times so that the modules’ movements in one
region have a chance to globally affect all other regions. The process is illustrated in

figure 2.

The resulting placement is not legal, so PROUD finalizes the placement by snapping the
modules into rows. This alone would not produce a very good result, so 1t iteratively
looks at a small area (window) of the layout and swaps modules, using a greedy
algorithm, to improve wire length. Overall this algorithm is fairly fast, but it is interesting

to note that over half the total wire length improvements are due to this finalization step.
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