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Abstract

We address the problem of delay optimization for VLSI circuits and FPGAs at the physical
design stage. A new net-based statistical timing-driven partitioning algorithm demonstrates that
circuit delay can be improved while the run-time remains virtually the same and the cutsize
deterioration is insignificant. Because path-based timing-driven partitioning has the advantage
that global information about the structure of the circuit is captured, we also propose multi-
objective partitioning for cutsize and circuit delay minimization. We change the partitioning
process itself by introducing a new objective function that incorporates a truly path-based delay
component for the most critical paths. To avoid semi-critical paths from becoming critical, the
traditional slack-based delay component is also accounted for. The proposed timing-driven
partitioning algorithm is built on top of the hMetis algorithm, which is very efficient. Simulations
results show that important delay improvements can be obtained. Integration of our partitioning
algorithms into a leading-edge placement tool demonstrates the ability of the proposed edge-
weighting and path-based approaches for partitioning to lead to a better circuit performance. We
propose and develop means for changing a standard timing-driven partitioning-based placement
algorithm in order to design more predictable (predictability is to be achieved in the face of
design uncertainties) and robust (high robustness means that performance of the design is less
influenced by noise factors and remains within acceptable limits) circuits without sacrificing
much of performance. A new timing-driven partitioning-based placement and detailed routing
tool for 3D FPGA integration is developed and it is shown that 3D integration results in

significant delay and wire length reduction for FPGA designs.
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1 Introduction

1 Introduction

1.1 Motivation

1.1.1  General Perspective

The continuous advance — at exponential pace — of technology for more than three decades
facilitated the implementation of very complex and fast designs. This progress has followed
Moore’s law (which says that the number of transistors on a chip doubles roughly every two
years) with incredible accuracy. For example, currently, Intel's fastest Pentium 4 chip clocks in at
3.2 GHz and has about 55 million transistors whereas chips containing 1 billion transistors —
could be running at 10 GHz — will hit the market in 2007. However this progress has come at a
cost and has been accompanied by unexpected difficulties, emerged due to miniaturization. One
such difficulty is the productivity gap, depicted in Figure 1, which is a result of the faster increase
of circuit complexities compared to the increase in designer productivity; the latter mainly taking
place due to improved, more efficient CAD tools and bigger computational power. This problem
is far from being solved and today fewer and fewer companies can close this gap, and when that

happens, larger and larger design, test, verification and manufacturing teams are required.
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Figure 1 Variation of chip capacity and designer productivity give rise to the productivity gap (source:

NTRS97).

Furthermore, due to the non-uniform scaling of transistors and interconnects, previously
ignored perturbations — such as process variations, temperature, and supply voltage changes —
have become major design challenges because of their significant negative impact on the
predictability of classic design methodologies, as well as on performance. New design techniques
and CAD support, which shall lead to more robust designs and more predictable design
methodologies, is needed.

Moreover, due to the continuously increased chip sizes and transistor scaling, interconnect
delay has become the dominant factor in determining circuit speed as illustrated in Figure 2. This
problem can be partially alleviated using buffer insertion or pipelining techniques but is also far

from being solved.
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Figure 2 Interconnect delay dominance as technology advances (source ITRS 2002).

1.1.2 A Closer Look
A typical design flow model is shown in Figure 3. The process of going from design specification
to silicon implementation can be viewed as one of successive refinement, from the initial
specification and register-transfer level (RTL) implementation to a logic level representation, via
high level logic synthesis, followed by physical synthesis and design verification. This refinement
is an entire collection of various optimization techniques, which pursue specific objectives, such
as minimizing circuit delay (i.e., improving performance), power consumption or chip area or
improving design reliability, as well as predictability.

After the last stage, if the design objectives are met, the design can be manufactured (i.e.,
fabricated in silicon). Nevertheless, if the design objectives (performance being the most
important most often) are not met, the design process has to loop back to previous stages, and try

to correct the problem, by either re-implementing parts of the design or re-optimizing it. In this

3
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way, depending on the stage the design process loops back to, a number of design steps have to
be repeated, with no guarantee of meeting the design objectives. If the problem to be corrected is
small, then the design process will loop back to one of the back-end design stages, such as
placement or routing. At later design stages, the design detail increases and more information
about the final circuit structure and more accurate modeling techniques are available, which
makes the evaluation of different cost functions more reliable and the whole design methodology
more predictable. However, the impact of various optimization decisions at later design stages is
smaller compared to the impact, which decisions made at higher levels can have. Therefore when
the design objectives are not met by a big margin the design process will loop back to early,

front-end, design stages.

.| High Level Design Specification
(e.g., VHDL, Verilog)

High Level Synthesis

(Technology Independent Optimization,
Technology Mapping)

Y

Simulation / Verification
Test Generation

Timing closure

[re1sp ugIsop Sursearou]

Layout Synthesis
(Partitioning, Floorplaning, Placement, Global
and Detailed Routing, Transistor Sizing)

l

Verification

A\ 4

v

Manufacturing (Tape Out) v

Figure 3 Schematic diagram of a typical design process.
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This design cycle is expensive, and can lead to significant delays in the time to market of a
product. With such a scenario, it is obvious that the methodology described in Figure 3 is
problematic. The designer needs to know how well the design is going to perform in its final
form, but for that, information from later stages of the design process is needed. At early design
stages the information about the final design is vague and therefore predictions on how the final
design will perform are inaccurate. The impact of optimization decisions can have drastically
different consequences at later stages. These consequences are not apparent when the choices are
made, and at later stages, when the consequences are apparent, it is too expensive to go back and
change the initial decision. The uncertainty introduced by variations due to process variations and
temperature/voltage changes does only worsen the entire design process. Relying only on
optimization approaches that consider only the gate delay is not desirable because in current
technologies the wire delay is dominant, accounting for more than 70% of the total circuit delay
[75]. One way to solve this dilemma is to try to elevate more information about the final design to
the level of early design stages. This can be done by either adopting new design methodologies,
such as platform-based design [87], or, as we propose in this thesis, by improving the estimation
of various design metrics and integrating them into efficient algorithms, which shall be better
aware of the later stages and the final implementation. Because of the continuously increasing
circuit sizes, most of the wire delay is due to global interconnects (i.e., spanning multiple
modules). A possible solution to this problem is to adopt 3D integration. 3D integration could
significantly reduce wire-lengths, boost yield, and could particularly be useful for FPGA fabrics

because it could address problems related to routing congestion, limited I/O connections, and
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long wire delays. Practical application of 3D integrated circuits yet needs to gain momentum,
partly due to a lack of efficient 3D CAD tools.

The research presented in this dissertation is aimed directly at the problems discussed so far.
We develop (1) improved partitioning algorithms that can be embedded in partitioning based
placement tools (divide and conquer approach suitable for the increasing circuit sizes) which lead
to improvements in circuit delay, (2) an analysis methodology to better understand the
relationship between robustness, predictability and performance of VLSI circuits and techniques
to gear a standard timing-driven partitioning-based placement algorithm to design more
predictable and robust circuits without sacrificing much of performance, (3) a placement and
detailed routing tool for 3D FPGAs, which is used to explore potential benefits in terms of

performance and area that future 3D integration technologies can achieve.

1.2 Research Approach and Contributions

The increase in circuit complexities and the high demand for short time-to-market products
force designers to adopt divide-and-conquer and platform-based design methodologies.
Furthermore, ever-growing performance expectations require designers to perform optimization
at all levels of the design cycle. Significant contribution of interconnect to the area and delay of
today’s and future chips, combined with the fact that partitioning and placement have a great
impact on the interconnect distribution, makes partitioning and placement very important steps
during physical design. It is imperative to account for timing during these design steps to allow
for early wire planning. In the first part of this dissertation, we address the problem of delay
optimization at the physical design stage. A new net-based statistical timing-driven partitioning

algorithm demonstrates that circuit delay can be improved while the run-time remains virtually
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the same and the cutsize deterioration is insignificant [3]. Path-based timing-driven partitioning
has the advantage that global information about the structure of the circuit is captured. We
propose multi-objective partitioning for cutsize and circuit delay minimization [1], [2]. We
change the partitioning process itself by introducing a new objective function that incorporates a
truly path-based delay component for the most critical paths. To avoid non-critical paths from
becoming critical, the traditional slack-based delay component is also accounted for. The
proposed timing-driven partitioning algorithm is built on top of the hMetis algorithm, which is
very efficient. Integration of our partitioning algorithms into a leading-edge placement tool
demonstrates the ability of the proposed edge-weighting and path-based approaches for
partitioning to lead to a better circuit performance.

A design methodology should offer predictable and robust designs at the best performance.
High robustness means that performance of the design is less influenced by noise factors and
remains within acceptable limits. The design methodology should also be predictable.
Predictability is to be achieved in the face of design uncertainties, which are caused by either
incomplete system specification or inherent difficulty of estimating performance metrics during
the optimization process. In the second part of this dissertation we analyze the relationship
between robustness, predictability and performance (optimality) and seek means for their control.
We apply our techniques to timing-driven partitioning-based placement algorithm in order to
design more predictable and robust circuits without sacrificing much of performance [4]. We
regard the optimization process under uncertainty as the iterative computation of a number of
objective functions, which depend on variables whose values are known within a range of values
(i.e., as probability distributions or as intervals within which these variables lie). In this context,

predictable design means the ability to accurately compute the objective function (within the
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chosen modeling framework), and to find means of making current estimations closer to the real
final values. We use the standard deviation as the measure of predictability of the overall circuit
delay distribution at the primary outputs, as well as at the output of each cell inside the circuit.
This means that the smaller the standard deviation, the more predictable is the delay. The slope of
the variation of the standard deviation of the overall circuit delay, when gate and wire delays
change, characterizes the robustness of the circuit.

The potential impact of practical application of 3D integration for FPGAs is currently unclear
partly due to a lack of efficient 3D CAD tools. In the third part of this dissertation our goal is to
present an efficient placement and detailed routing tool for 3D FPGAs. Unlike previous works on
3D FPGA architecture and CAD tools, we investigate the effect of 3D integration on delay, in
addition to wire-length because wire-length alone cannot be relied on as a metric for 3D
integration benefits. Apart from the commonly used single-segment architecture, we also study
multi-segment architectures in the third dimension. Our placement algorithm is partitioning-
based, and hence scalable with the design size. We show that 3D integration can result in smaller
circuit delay and wire-length.

The research presented in this dissertation can be seen as only the beginning of longer term
endeavors with future directions discussed in the last chapter. Nevertheless, it still has produced
some worthwhile results, which can be summarized as main contributions as follows:

e New timing-driven partitioning algorithms: The use of statistical timing criticality

concept to change the partitioning process itself (classified as a net-based partitioning
approach), on one hand, and the use of a new objective function that incorporates a truly

path-based delay component for the most critical paths (classified as path-based
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approach), on the other hand, proved to lead to performance improvement at both
partitioning and placement level.

e Better understanding of the relation between robustness, predictability, and
performance: At the partitioning and placement levels of abstraction we have built a
modeling framework, which allowed us to explore for the first time ways of performing
physical design to achieve more predictable and robust circuits without sacrificing
much of performance.

e TPR (Three-dimensional Place and Route): We have developed a partitioning-based
placement and detailed routing toolset. We have used it as a platform in performing
architectural analysis in order to analyze potential benefits that 3D integration can
provide for FPGAs. More specifically, we have placed and detailed routed circuits onto
3D FPGA architectures and studied the variation in wire-length and, for the first time, in
total circuit delay compared to their 2D counterparts. Our results can guide researchers in

designing high performance 3D FPGA fabric architectures.

1.4 Dissertation Outline

This dissertation is organized as follows. Chapter 2 is a general overview of physical design
(PD) of VLSI circuits and FPGAs. It builds the background for the topics presented in the rest of
this dissertation. The first part, encompassing Chapters 3 and 4, presents new partitioning
algorithms (net based and path based) that can lead to circuit delay improvements both at the
partitioning abstraction level and after they are embedded into a placement algorithm. The second
part of this dissertation, spanning Chapter 5, investigates the relation between robustness,

predictability, and performance. Chapter 6, which represents the third part of the dissertation, is
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concerned with the presentation of a new placement and detailed routing tool used for exploration
of 3D technologies. Conclusion and future research directions are presented in Chapter 7.
Appendix A represents a detailed presentation of statistical timing analysis, which is used to build
the modeling framework for the research in Chapter 3 and Appendix B discusses our delay

modeling.

10
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2 Preliminaries

2.1 Introduction

This chapter is devoted to the presentation of physical design of VLSI circuits and FPGAs. The
abbreviation VLSI stands for Very Large Scale Integration, which refers to integrated circuits that
have more than 10> transistors. FPGA stands for Field Programmable Logic Arrays, which is a
different design style described later in this chapter. We will present a rather general view of the
basic design steps in a typical physical design phase in order to build the background for the
topics presented in the rest of this dissertation.

In dealing with the ever increasing complexity of integrated circuits the concepts of hierarchy
and abstraction are helpful [41]. Hierarchy captures and shows the structure of a design at
different levels of description whereas abstraction hides the lower level details. Abstraction
makes it possible to reason about a limited number of interacting parts at each level in the
hierarchy. Each part is, at its turn, composed of interacting subparts at a lower level of
abstraction. This decomposition continues till the basic building blocks (e.g., transistors) of a
VLSI circuits are reached. Because a single hierarchy is not enough to properly describe the VLSI
process, there is a general consensus to define three design domains, each with its own hierarchy
(see Figure 4). These domains are as follows [41]:

o The behavioral domain. The design or part of it is seen a black box and the relations

between inputs and outputs are given with no reference to their implementations. For
11
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example, a design with the complexity of a several transistors can be described using
Boolean algebra equations or truth tables. At even higher levels of abstraction a design
can be represented as interacting algorithms that will realize the computation described
with no visible connection to hardware.

The structural domain. The circuit is seen as the composition of subcircuits. A design
description in this domain captures information on the subcircuits and their connectivity.
For example, a schematic showing how gates are interconnected to implement some
arithmetic unit represents a structural description at the gate abstraction level in this
domain.

The physical (or layout) domain. Descriptions in this domain give information on how
the subparts that can be seen in the structural domain, are located on two (usually)
dimensional plane. For example a cell that may represent the layout of a logic gate will

consist of mask patterns which form the transistors of this gate and its interconnections.

system synthesis

BEHAVIORAL domain STRUCTURAL domain

Floorplans, chips

Physical partitions, boards
PHYSICAL domain

Figure 4 Y chart also known as Gajsky’s Y chart [41].
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Apart from describing the three design domains in one picture, the Y-chart is a very powerful tool

to illustrate different design methodologies. For example, a typical top-down design methodology

(further illustrated in Figure 6) is described by an inward spiral path in Figure 4. Parts of the

design with known behavior are decomposed into smaller blocks with simpler behavior and an

interconnection structure. This corresponds with a transition from the behavioral to the structural

domain. A transition step from the structural to the physical domain follows and this illustrates

the fact that layout is taken into account during all design stages. Then, each subpart can be

thought to be located on the behavioral axis and is decomposed at its turn. This inward spiral path

continues until the circuit has been specified down to the lowest structural level (i.e., transistors).

Behavior
representation

| v

Functional /
architecture
design

v

RTL and logic

module fz(a,b,c,d);
input a,b,c,d;
output z;

assign z =

((a or b)and(c or d));

endmodule
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Packaging

synthesis

e

o o o
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y
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Figure 5 Typical design flow.
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Specification is a description of what the system does. During the design process the structure

of the system is determined, using different methods to achieve a function and logical structures
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1 Introduction

that perform the architecture. Realization (fabrication) materializes the physical structures in a
certain technology (e.g., CMOS) using a design style (described shortly). Physical design
basically converts a circuit description (resulted from logic synthesis) into a geometric description
(GDSII file), which is used to manufacture a chip. A typical physical design cycle has the
following steps (see Figure 6):

e Logic partitioning

e Floorplanning, placement, and pin assignment

e Routing (global and detailed)

e Compaction

e RIC extraction & verification

PHYSICAL DESIGN

Partitioning

v
Floorplanning
Placement

Fabrication
—»

Circuit design

> Iﬂuing

Compaction

Extraction
Verification

el

Figure 6 Steps during a typical PD cycle.

The main two steps of a typical PD flow are placement and routing. Partitioning can be used

to first divide the circuit into smaller sub-circuits which can be optimized individually. Individual

14



1 Introduction

solutions are put together to give the solution of the entire larger circuit. In this chapter we will
first discuss partitioning and outline its role in PD for VLSI. We will then describe the placement

problem mainly for standard cell as well as for FPGAs.

2.2 Partitioning

Generally, partitioning is the decomposition of a complex system into smaller subsystems until
each subsystem has manageable size. More formally, the partitioning process takes as input a
graph or hypergraph, possibly with vertex (node) and/or edge (arc) weights and the objective is to
assign nodes to partitions such that the cutsize (cutset) is minimized subject to constraints such as
number of partitions (K-way partitioning) or maximum capacity of each partition, or maximum
allowable difference between partitions.

Graph partitioning arises as a preprocessing step to divide-and-conquer algorithms, where it
is often a good idea to break things into roughly equal-sized pieces. Several different flavors of
graph partitioning arise depending on the desired objective function [79]:

e Minimum cutset - The smallest set of edges to cut that will disconnect a graph can be

efficiently found using network flow methods. Since the smallest cutset can split off only
a single vertex, the resulting partition might be very unbalanced.

e Graph partition - A better partition criterion seeks a small cut that partitions the vertices
into roughly equal-sized pieces. This problem is NP-complete [40] and many heuristics
have been proposed, which work well in practice.

e Maximum cut - Given an electronic circuit specified by a graph, the maximum cut
defines the largest amount of data communication that can simultaneously take place in

the circuit. The highest-speed communications channel should thus span the vertex
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partition defined by the maximum edge cut. Finding the maximum cut in a graph is NP-
complete [36], [40].

The basic approach to dealing with graph partitioning or max-cut problems is to construct an
initial partition of the vertices (either randomly or according to some problem-specific strategy)
and then sweep through the vertices, deciding whether the size of the cut would increase or
decrease if we moved this vertex over to the other side. The decision to move v can be made in
time proportional to its degree by simply counting whether more of neighbors of v are on the
same team as v or not. Of course, the desirable side for v will change if many of its neighbors
jump, so multiple passes are likely to be needed before the process converges on a local optimum.
Even such a local optimum can be arbitrarily far away from the global max-cut.

One of the most notable heuristics is the Kernighan-Lin (KL) algorithm [57] which was later
improved by the Fiduccia-Mattheyses (FM) algorithm [39]. The KL algorithm is an iterative
improvement technique and works on non-weighted graphs. It iterates as long as the cutsize
improves: (i) Find a pair of vertices that result in the largest decrease in cutsize if exchanged, (ii)
Exchange the two vertices (potential move), (iii) “Lock” the vertices, (iv) If no improvement
possible, and still some vertices unlocked, then exchange vertices that result in smallest increase
in cutsize. Its main drawbacks are: it finds balanced partitions only, it does not use weights for the
vertices, it has high time complexity, it work only on edges, not hyper-edges.

The FM algorithm is a modified version of KL to mainly improve on the run-time. Among its
main advantages is that it works with unbalanced partitions, introduces special data structure to
improve time complexity, vertices can have weights, the concept of cutsize is extended to
hypergraphs, and it can be extended to multi-way partitioning. Other partitioning algorithms

include min-cut/max-flow, Ford-Fulkerson (for unconstrained partitions), ratio cut, genetic
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algorithm, and simulated annealing. To cope with the increased size of graphs, multi-level
approaches have been proposed [56], [30], [13].

Within the context of PD for VLSI, partitioning is used to divide the circuit (represented as a
graph) into sub-circuits (sub-graphs) of smaller size, which can be handled easier individually.
Most often, partitioning is closely connected to the placement process. Placement can be done by
recursive bipartitioning or quadrisection (see next chapters) with local refinement techniques,
which use usually simulated annealing. Analytic placers such as Gordian [58] also use
partitioning to assign nodes to different chip regions in order to partially remove overlaps and
help convergence to a stable solution. The traditional objective of partitioning used to be the
cutsize. However, in the context of design automation for VLSI, the cost function of the
partitioning process need be augmented with delay components. This means that delay is
optimized early during the design cycle where optimization decisions can be made easier and can
lead to a better wire-planning, which eventually can reduce the design cycles. Ways of including

delay into the partitioning optimization process will be described in the next two chapters.

2.3 Standard Cell Placement

The main circuit design styles (methodologies) are described in Figure 7.

|Metrics for VLSI circuits |

| Performance| | Area | | Chip Cost ($) | | Time-to-market|

Design styles

Full custom | | Std. ce11| |Gate array| | FPGA | CPLD SPLD

Performance, area efficiency, cost, flexibility

P
<

Figure 7 Diagram depicting design styles.
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The full custom approach uses hand-crafted functional and physical blocks. Because the
number of such blocks is relatively small the placement problem size is rather relatively small
and becomes a floorplanning problem (macro-cell placement). The efforts and costs of this design
style are high and therefore high quality and high production volume are expected. The standard
cell design methodology uses cells (such as OR, NAND, XOR, etc.), which are characterized and
stored in libraries. The placement of cells on the chip area is performed on rows. Cell rows are
spaced to leave extra room for routing, which is usually done using up to eight-nine metal layers.
An example of a standard cell placement is shown in Figure 8. These cells however need be
updated when technology changes. The main advantage is that it is easy to develop CAD tools for
design and optimization. Because the level of abstraction is relatively low, the placement problem
size is large. Also, tremendous characterization effort (e.g., parameterized area and delay over

ranges of temperatures and operating voltage) is needed.

] T_.|.T 2]
o | T
= |las :.-"'“r'

Figure 8 Illustration of standard cell placement.

Apart from standard cells there can also be macro-cells (PLA, ALU, etc.) which need be

placed. In this case the placement is called mixed standard cell and macro-cell placement. The
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main optimization objective of standard cell placement algorithms used to be the total wire-
length. The total wire-length represents the sum of lengths of each net in the circuit. At the
placement level (when the exact routing of each net is not known yet) the wirelength of each net
is commonly approximated by the half perimeter of the bounding box of all terminals of a net.
However, due to the fact that with the advance of technology into deep submicron geometries,
interconnects have become the dominant factor for the performance (delay) of a circuit. This
leads to an increased importance of the placement design step where wire planning and
performance optimization are treated as direct optimization goals because relying on wirelength
optimization only may not be enough (a minimum total wire-length does not necessarily mean
best circuit delay). The main standard cell placement approaches are as follows. (a) Constructive
placement techniques are based on the idea of divide-and-conquer. They usually use
bipartitioning or quadrisection to divide the problem into smaller problems, which can then be
placed individually with a better placement technique such as branch-and-bound or simulated
annealing. These approaches can be top-down when partitioning is used, or bottom-up when
clustering is used to divide the problem into smaller, easier to handle, subproblems. This
placement approach has the advantage of being scalable with the ever increasing circuit sizes
while offering competitive solution quality. Most of the ideas presented in following chapters
adopt this placement approach. (b) Iterative methods usually are based on simulated annealing or
force directed technique. They start with an initial placement and iteratively improve the wire-
length and area. (c) Analytic placement algorithms formulate the placement as a constrained
optimization problem where the objective is to minimize usually a quadratic in distance cost
function. Well established quadratic solvers are employed to seek the numerical solution. The

solution has overlapping cells which need be removed during a post processing step. Force-
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directed placement algorithms seek placement solutions by searching cell locations with the best
balance between attracting and repelling forces.

Gate array design style uses arrays which are pre-manufactured. Metal and contact layers are
used to programm the chip. It has the advantage that fewer manufacturing steps correlate to lower
fabrication time and cost. The CPLD/FPGA design style is described in the next section.
Programmable logic devices (PLD) design style. Any logic function is implemented using two
level logic embedded into two pre-fabricated arrays of AND and OR gates. A comparison

between all the above design styles is presented in Figure 9.

Full custom Standard cell | Gate array | FPGA SPLD
Density Very high High High Medium Low
Performance Very high High High Medium Low
Flexibility Very high High Medium Low Low
Design time Very long Short Short Very short Very short
Manufacturing | Medium Medium Short Very short Very short
time
Unit cost — Very high High High Low Very low
small quantity
Unit cost — Low Low Low High Very high
large quantity

Figure 9 Design styles comparison.

2.4  Physical Design for FPGAs

FPGAs are arrays of programmable modules with the capability of implementing any generic
logic function. Wires (routing segments) can be connected by programmable connections inside
switch blocks (SBs) and connection blocks (CBs). A typical (Xilinx XC4000 like) FPGA array is

shown in Figure 10.
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Figure 10 (a) Typical symmetric array FPGA (b) Subset switch block.

The logic (i.e., functionality) is implemented using memory look-up tables (LUTs - located at
fixed locations on the chip), which together with other "gluing" logic (multiplexers, flip-flops,
etc.) make-up combinational logic blocks (CLBs). A look-up table with » inputs can implement
any Boolean function depending on n variables. An example of a LUT with three inputs (which
means § entries in the table) is presented in Figure 11. A CLB can have more LUTs (clusters or
LUTs) in hierarchical programmable fabrics. FPGAs have routing resources pre-fabricated and
are uniform throughout the chip placed in horizontal and vertical channels. A channel can have
more tracks, and each track can have routing segments of different lengths. Connections between
routing segments are made using switch connections inside SBs while connections between LUTs
and routing segments are done inside CBs. Connections are implemented using multiplexers and
pass transistors. The advantage of FPGAs is that they reduce the development and production

time and have low cost. The content of every LUT (implementing logic functions) as well as
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information about what connections are on and off inside SB's and CB's is decided through a
bitstream (loaded from a PROM after power on), which is loaded onto the FPGA. Part of this
bitstream is the content of the LUTs themselves. The rest of it represents information which will

be stored in SRAM cells, which control multiplexers and pass transistors (see Figure 11).

—
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(a) (b)

Figure 11 (a) [llustration of controlling pass transistors and multiplexers (b) Three-input LUT.

The placement and routing of a circuit implemented on FPGAs is essentially similar to the
case of standard cell design style (see Figure 12). The main objective is usually the performance
of the circuit. However performance (i.e., delay) is not directly proportional to the Manhattan
distance as in the case of standard cell placement. Instead, the dominant factor is the number of
routing segments used to route a net. Using more routing segments (i.e., more switch connections
along the route) increases the delay because switches have large delays. Our goal, at placement
level, is to place all the cells (which now are functions embedded into LUTs) such that the final
wirelength and delay will be minimized and the circuit will be fully routable using a minimum
number of routing tracks (which eventually will translate into minimum chip area) because in

practice, pre-fabricated FPGA chips have limited routing resources.
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Figure 12 (a) Circuit example (b) Placement on symmetric array FPGA.

2.5  Summary

This chapter discussed physical synthesis as one of the main design steps in a typical design flow.
Emphasis was put on presenting graph partitioning within the context of design automation for
VLSI circuits. Placement for both VLSI circuits and FPGAs was presented as well. We thus built

the basic theoretical framework for presenting our contributions in the next chapters.
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3 Statistical Timing-driven

Partitioning and Placement

In this chapter, we present a method for statistical timing driven hMetis-based partitioning. We
approach timing driven partitioning from a new perspective, compared to previous works: we use
a statistical timing criticality concept to change the partitioning process itself. We exploit the
hyperedge coarsening scheme of the hMetis partitioner for our timing minimization purpose. This
allows us to perform partitioning such that the most critical nets in the circuit are not cut and
therefore timing minimization can be achieved. The use of the hMetis partitioning algorithm
makes our partitioning methodology faster than previous approaches. Simulations results show
that 10% average delay improvement can be obtained. Furthermore, integration of our
partitioning algorithm into a leading-edge placement tool demonstrates the ability of the proposed

edge weighting approach for partitioning to lead to better circuit performance.

3.1 Introduction
3.1.1 Motivation
The increase in circuit complexities and the high demand for short time-to-market products force

designers to adopt divide-and-conquer (partitioning-based placement tools attracted more
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attention [92]) and platform-based design methodologies [87]. Furthermore, ever-growing
performance expectations require designers to perform optimization at all levels of the design
cycle. Significant contribution of interconnect to the area and delay of today’s and future chips,
combined with the fact that partitioning has a great impact on the interconnect distribution, makes
it a very important early step during physical design. During this design step, it is imperative to
account for timing in order to facilitate early wire planning. Partitioning is a divide-and-conquer
approach that facilitates the decrease of the problem size to levels where each partition can be
handled in realistic computational times. It is an early and very important step during the physical
design process not only for the fact that it influences successor steps like placement,

floorplanning, routing but also because it influences the overall performance of the circuit.

3.1.2  Previous Work

Timing driven partitioning approaches can be classified into two categories: (1) fop-down
approaches and (2) bottom-up clustering-based approaches. Approaches in the first category are
usually based on the Fiduccia-Mattheyses (FM) recursive min-cut partitioning method [39] or on
quadratic programming formulations [72], [86]. Timing optimization is obtained by minimizing
the delay of the most critical path. Approaches in the second category are bottom-up clustering-
based approaches. They are used mostly as pre-processing steps for min-cut algorithms [24].
Most previous approaches achieve delay minimization by altering the netlist using logic
replication, retiming, and buffer insertion in order to meet delay constraints while minimizing the
cutsize. Gate replication in these methods can be massive. The way timing optimization is
handled in timing-driven partitioning approaches can be classified into two categories: (1) path-

based timing minimization approaches and (2) net-based timing minimization approaches. Most
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of the previous works fall into the second category. The idea of the path-based approaches is to
find the K most critical paths' in the circuit and then make sure that the partitioning does not cut
those paths or cuts them only a few times. That is obtained by assigning large weights to nets
along these K critical paths using formulations that capture path slack and path connectivity.
Timing minimization may be obtained because the most critical paths in a circuit determine the
final delay of the circuit. The advantage of this approach is mainly that global information about
the structure of the circuit is captured [37]. The disadvantage is that determining the best value of
K is difficult. Too small a K may not result in any delay improvement as many paths initially
declared as critical turn out not to be critical after placement and routing is done. Furthermore,
paths identified as non-critical may become critical along the physical design steps. On the other
hand, choosing a large value for K means longer run time and limited search space for the
partitioning / placement process. Hence, K has to be large enough to enclose critical and semi-
critical nets, but not too large to prohibitively slow down the physical design algorithms.

One can identify the following problems for previous timing driven partitioning approaches:
(1) Unrealistic delay models are used. Commonly, the general-delay model is used, which
considers delay 1 for all gates, delay O for interconnects inside a partition, and a constant delay
for interconnects between partitions [29], [67], [72]. (i1) Unrealistic simplifications are made. For
instance, circuits are mapped to two-input gates only [29]. (iii) The run time for moderate-sized
circuits is too long and makes previous approaches impracticable for large circuits. One reason
for that may be that previous approaches usually separate the timing-driven partitioning into two
steps: clustering or partitioning followed by timing refinement based on netlist alteration [29],

[72].

! The number of paths in a circuit is exponential with respect to the number of nodes in the worst case.

Hence, for practical reasons we have to focus on the K top-most critical paths.
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3.1.3 Research Approach

In an attempt to correct the above drawbacks, we approach, in this chapter, timing driven
partitioning using a statistical timing criticality concept to change the partitioning process itself
such that delay minimization is achieved while delay uncertainties are considered [3]. We use a
realistic delay model, which incorporates statistical net-length estimation. Furthermore, we
employ the hMetis partitioning algorithm, which is very fast. For our timing minimization
purpose, we exploit the hyperedge coarsening scheme of hMetis partitioner [56]. This allows us
to perform partitioning such that the most critical nets in the circuit are not cut and therefore
timing minimization can be achieved. Our approach is different from previous works in the sense
that we do not alter the netlist (e.g., by performing buffer insertion and gate duplication). Instead,
we perform the partitioning of the circuit carefully so that wire delays on the critical paths are
minimized. Previous techniques that exploit methods like buffer insertion can follow our
partitioning stage to further improve on circuit delay. By improving on timing by minimizing
critical wire delays at partitioning level, we provide a way of performing wire planning very early
in the physical design process. We validate the proposed timing-driven partitioning algorithm by
integrating it into Capo [24], a well-known placement tool to demonstrate that the improvements

from our partitioning method are sustained at the placement level as well.

3.2 Statistical Timing Analysis

We present the concept of criticality within the framework of statistical timing analysis versus
static timing analysis. The idea of static timing analysis is to compute the slack for every gate

based on the latest arrival time and the required arrival time values. Each gate has a constant
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delay value. However, in reality there are several uncertainties in both gate and wire delays, such
as fabrication variations, changes in supply voltage and temperature [44], [69], [85]. These
uncertainties are modeled in statistical timing analysis (SSTA) by considering gate and wire
delays as random variables (i.e., as probability distribution functions). That means that the delay
variation is captured by the standard deviation. In the past, different statistical timing analysis
models have been proposed [52], [63]. We adopt the approach proposed by Berkelaar [17], [50]
for its simplicity and because it represents the formulation which appears in other recent
statistical timing analysis techniques [9], [71]. Hashimoto and Onodera [44] introduced later the
concept of criticality, which we use in our weighted min-cut partitioning framework. Delay
distribution at primary outputs (POs) is obtained by computing the statistical latest arrival times.
Statistical delays are forward-propagated from primary inputs (PIs) towards primary outputs,
using statistical addition and maximum operations. Because it is not our main contribution and
because it is also used in a later chapter of this thesis, a description of SSTA is provided in
Appendix 4.

In what follows we present an example, which illustrates the difference between statistical (as
described in Appendix 4) and static edge weighting. As an example of the effect of criticality on
circuit delay and its interaction with the partitioning process, consider the circuit of Figure 13.
The hypergraph shown in Figure 14.a as a directed acyclic graph (DAG) depicts timing criticality

(as defined in Appendix A and [44]) values for all hyperedges.

28



3 Statistical Timing-driven Partitioning and Placement
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Figure 13 A sample circuit.

Gs

Gs

Gate G, in the circuit schematic (i.e., vertex 8 in the corresponding DAG) and its fanout net

(i.e., hyperedge {8, 9, 10} in DAG) is the most critical one with a criticality value of 2.

Partitioning 2

Partitioning 1

. Cutsize = 3

* Cutsize = 3 Delay = D, < D,
Delay = D,

(a) (b)

Figure 14 (a) Associated DAG with shown criticalities; the most critical hyperedge {8, 9, 10} is cut by

Partitioning 1 (b) Partitioning 2 does not cut the most critical hyperedge; therefore, circuit delay is smaller.

If a traditional min-cut partitioning algorithm were used, then there would be no way of

distinguishing between partitioning 1 (which cuts the most critical hyperedge) shown in Figure
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14.a and partitioning 2 shown in Figure 14.b. That is because both partitionings have the same
cutsize of three. However, the circuit delay” is different for the two cases, as shown in Figure 15.
In our partitioning methodology we try to avoid cutting the most critical hyperedges because
otherwise the circuit delay will increase. For example, we would like to choose the partitioning
shown in Figure 14.b instead of that shown in Figure 14.a, because it has the same cutsize but a
smaller circuit delay. We propose to use criticality values as hyperedge weights in the partitioning
process, and also choose the weights such that a balance is struck between delay and cutsize.
Thus, the hyperedge coarsening scheme of the hMetis partitioning algorithm clusters the most
critical hyperedges early, which means that they would not be cut during the partitioning process.
This has a great impact on circuit delay, because not cutting the critical nets will avoid their

becoming long/global interconnects.

? We simulated the two cases with Hspice. Interconnections were modeled with the RC lumped model for a
0.18 copper process technology with unit length resistance » = 0.1150/um and unit length capacitance ¢ =
0.15fF/pm.
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Figure 15 Voltage at the output of G6 (vertex 11 in Figure 14.b).

One can argue that the slack for each node is also an indication of the gate criticality and thus
the traditional static timing analysis can be used in the same way. However, from our
experiments, which included both traditional static and our statistical timing analyses, we found
no one-to-one mapping between the gate criticality found by the static timing analysis and the
gate criticality found by the statistical timing analysis. That means that a gate, that is declared the
most critical by the statistical timing analysis is not necessarily considered the most critical gate

by the static timing analysis.

33 Statistical Timing-driven Partitioning

The flow of the partitioning algorithm is shown in Figure 16.a. Bipartitioning is recursively
applied to the circuit (Figure 16.b), and after each partitioning level, the delays of the edges in the
circuit hypergraph are updated. After each partitioning level, we assign delay to all cut nets and

update timing criticalities, which are used as weights on hyperedges in the circuit hypergraph in
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the next level of partitioning. Partitioning is driven by the hMetis hypergraph coarsening scheme
[56]. By using timing criticality as hyperedge weight we practically discourage the partitioning
algorithm from cutting edges with high timing criticalities. As a result, critical nets will be less

likely to become long wires in the subsequent placement and routing phases.

Circuit netlist

]
/ Recursive bipartitioning \ - Level 1
L
| Delay assignment to Level 2
) cut nets
| L] E{ E Level 3

2 Criticality (edge EJ"E_ é o
1 weights) update | ) Level 4

\Go to next level ] / (E_Eﬁ 5 do EE‘)

! Leaf blocks with no more than a
user set number of vertices

Timing analysis

(a) (b)

Figure 16 (a) Schematic diagram of the proposed algorithm (b) Recursive bipartitioning tree, which

illustrates bipartitioning levels.

Criticalities are updated after each partitioning level. Initially we compute all criticalities in
the circuit assuming zero delay for all wires. These criticalities are then used as weights
associated to hyperedges for the first run of the bipartitioning. We call this process forward
annotation of criticalities. After the first bipartitioning, we know which nets are cut and thus we
are able to compute the delay for these wires based on a statistical wirelength estimation
technique for each net [89]. These wire delays are then used to re-compute all affected criticalities

in the circuit. We call this process back-annotation of the wire delays. As more levels of
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bipartitioning are performed, more cut wire delays are back-annotated to the circuit graph. Hence,
criticalities will reflect the timing criticalities more accurately. The recursive bipartitioning stops
when each block contains a number of vertices smaller than a threshold specified by user.

The pseudo-code of our statistical timing driven hMetis-based partitioning algorithm is

presented in Figure 17.

Compute initial criticalities; assign them as hyperedge weights
Queue = G(V,E) // Initialize queue with top-level graph
While ( Queue not empty ) do
Pop graph g from Queue
Partition g into g4 and g using hMetis
Push g4 and / or gp in Queue if cardinality of their vertex set greater than T
// T = maximum number of cells allowed in each partition
Backannotate estimated lumped RC Elmore delay to nets corresponding to
cut hyperedges
Update criticalities

S A ol

b

Figure 17 Statistical timing-driven partitioning.

Our delay model has two components. The first component is the gate delay. For all gates we
consider an intrinsic delay that is given for a typical input transition and a typical output net
capacitance. This delay is actually the mean value of the pdf associated with the gate delay. For
each pdf associated with a gate, we consider a typical standard deviation of 15% [85]. The second
component is the wire delay. We use the lumped RC Elmore delay to model the wire delay.
Because the same delay model is used throughout this thesis, a detailed description of it is

presented in Appendix B.
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34 Simulation Results

We now present the simulation results. Our goal is to show the potential timing improvement that
can be obtained using our methodology, versus the slack-based edge-weighting timing-driven
partitioning’® or against the case when the weights in graphs are constant corresponding to the
case when simple hMetis would be used for circuit partitioning (i.e., min-cut partitioning). The
experimental flow is shown in Figure 18.

We report simulation results for the largest ISCAS89 benchmarks [46] and the largest three
ITC99 benchmarks [47] (last three in Table 1). The results (average of ten runs of the partitioning
algorithms) are presented in Table 1. The maximum number of gates allowed for each partition
was set so that every circuit was 12-way partitioned. The second column indicates the number of
PIs and POs, followed by the number of gates in the third column. For each circuit, Cutsize
represents the number of all edges cut after the recursive bipartitioning - regardless of the level in
which the net was cut. Delay indicates the maximum delay of all POs computed using static

timing analysis®.

> We developed a slack-based partitioning algorithm similar to the proposed one except that instead of
statistical criticality we used static criticality, which is computed inversely proportional with the slack. The
smallest slack determines the largest weight associated to the corresponding hyperedge, and so on.

* The run time on an UltraSPARC-IT 450MHz machine with 2GB memory is reported in seconds.
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Figure 18 Simulation setup.

It can be observed that, the proposed partitioning methodology offers on average 11%
improvement in delay. However, this is at the expense of an increase of 21% in the cutsize. The
cutsize increased because the search space of the hMetis partitioner is reduced when criticality is
used as hyperedge weight. The partitioner does not have the same freedom in exploring the search
space as when all hyperedges have the same weight. The run time for our methodology is longer

due to the criticality update operation.

3.5 Partitioning-based Placement

In order to further validate our timing driven partitioning algorithm we integrated it with Capo
[24]. Capo is a leading fixed-die partitioning based placement tool, whose implementation can be
downloaded at [49]. Capo places a circuit by recursively bipartitioning it in a way similar to the
one described by Figure 16.b. However, the actual implementation of Capo is rather complex. It
has incorporated many heuristics for recursive bisection, hierarchical tolerance computation,
block splitting, and terminal propagation. The main objective of the Capo placement algorithm is

to minimize the average half-perimeter wire length (HPWL). A timing-driven version of Capo

35



3 Statistical Timing-driven Partitioning and Placement

appeared in [54], but it is not available in the latest version of Capo whereas the circuits used for
simulation results in [54] are not public. Congestion is indirectly minimized by the min-cut
partitioning algorithms, which are implemented inside Capo. Partitioning of graphs with more
than 200 nodes is done with a multi-level partitioning algorithm. Graphs with 35-200 nodes are
partitioned using a flat FM partitioning algorithm and graphs with less than 35 nodes are
partitioned optimally with a branch-and-bound partitioning algorithm. We developed our
customized Capo placement algorithm by replacing the multi-level and flat partitioning
algorithms with our proposed timing driven partitioning algorithm. Our modified version of Capo
can be run using either our statistical edge-weighting timing driven partitioning algorithm
(presented in Section 3.3), the slack-based edge-weighting timing driven hMetis algorithm or the
traditional min-cut hMetis partitioning algorithm. This provides us with a platform to verify the
effectiveness of the statistical timing-driven partitioning for delay minimization. The fact that we
use hMetis as the partitioning engine in all experiments, makes a level playing-field for the
methods being compared: we are not comparing hMetis to Capo’s internal partitioning algorithm
and the results better show the effect of our timing and criticality modeling. The simulation
results are shown in Table 2.

The final coordinates of the terminals of a net become available with better accuracy as the
partitioning-based placement proceeds. During placement we assign lumped RC Elmore delays to
all cut nets computed using the half-perimeter of the bounding-box. This is different from the
delay computation at partitioning level, described in Section 3.3, which used an estimation

method for the average wire length of every cut net. The delays reported in Table 2 are computed
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using the final placement coordinates. Hence, these delays are closer to the real circuit delays
then those reported in Table 1°.

It can be seen that the average delay when circuits are placed with the statistical timing-
driven partitioning based placement algorithm is 5% smaller than the delay when circuits are
placed with the traditional min-cut partitioning-based placement algorithm. The HPWL increased
on average about 12% and run-time increased on average about 12%.

The delay decrease is smaller compared to the delay decrease at the partitioning phase,
reported in Section 3.4. The difference can be explained by the fact that, the placement algorithm
has integrated terminal propagation, which is not present during partitioning described in Section
3.4. This results in placing nets with many terminals in smaller bounding-boxes. Therefore, these
nets will have smaller delay irrespective of the partitioning level at which they may be cut.
During timing-driven partitioning, delay decrease tends to be a result of not cutting these nets
especially at early partitioning levels (which however may be cut by the traditional min-cut
partitioning algorithm), which turns into larger delays assigned to them by the estimation
procedure. In this way the delay difference obtained in Section 3.4 may be bigger compared to the
delay computation inside the placement algorithm. The HPWL increase is in agreement with the
cutsize increase obtained in Section 3.4. That is because the increase in cutsize, obtained during
partitioning, translates into bigger bounding-boxes at the placement level.

The longer run-times for the timing driven placement is also in agreement with the longer

run-times obtained in Section 3.4 for partitioning. The run-time overhead is due to both the

> It is observed that the statistical wirelength estimation used at the partitioning level only in Section 3.4

leads to an overestimation of circuit delays.
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criticality update process and the statistical and static timing analyses integrated into the

placement algorithm.

3.6 Summary

We proposed a new edge-weighting based timing-driven partitioning algorithm. Because we
changed the partitioning process itself and we used the hMetis partitioning algorithm our
algorithm is fast, and thus applicable to large-sized circuits. The new delay model better reflects
the timing criticality inside circuits and leads to better circuit performance than the circuits
partitioned using pure hMetis or the slack-based partitioning algorithms. We further validated our

timing-driven partitioning algorithm by integrating it into a placement algorithm.
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4 Path-based Timing-driven Partitioning and Placement

4 Path-based Timing-driven

Partitioning and Placement

In this chapter, we present multi-objective hMetis partitioning for simultaneous cutsize and
circuit delay minimization. We change the partitioning process itself by introducing a new
objective function that incorporates a truly path-based delay component for the most critical
paths. To avoid semi-critical paths from becoming critical, the traditional slack-based delay
component is also included in the cost function. The proposed timing driven partitioning
algorithm is built on top of the hMetis algorithm, which is very efficient. Simulations results
show that 14% average delay improvement can be obtained. The proposed timing-driven

partitioning algorithm is again validated by integration with a placement algorithm.

4.1 Introduction

4.1.1 Motivation

The main advantage of net-based partitioning approaches is their efficiency. As we saw in the
previous chapter, net-based partitioning approaches define some criticality value for each net, as a
measure that indicates the degree of its contribution to the circuit delay. The partitioning process

is discouraged from cutting edges with high criticality values, which is similar to minimizing the
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bounding box for each critical net. However, the drawback of the net-based technique is that it
loses the global picture. For example, nets that lie on the same critical path are treated in the same
way as when they are on different critical paths. Figure 19 shows an example of a situation in
which net-based techniques fail to consider the whole path in the partitioning process. Assuming
the three paths have the same delay before partitioning, the partitioning process has to cut as few
nets on each path as possible to avoid a high delay on the path. It is clear that the partitioning in
Figure 19.a will result in a larger circuit delay than the one in Figure 19.b, because all three cut

nets belong to the same critical path, hence increasing its delay threefold compared to the solution

(a) (b)

shown in Figure 19.b.

Figure 19 Example of a situation when net-based partitioning approaches fail to differentiate partitionings

with the same cutsize but different delays.

4.1.2 Research Approach

In this chapter, we try to eliminate the above deficiency by modifying the objective function of
the hMetis partitioning algorithm to minimize the cutsize as well as the circuit delay [1], [2]. We
present multi-objective hMetis [56] partitioning for cutsize and circuit delay minimization. Our
timing-driven optimization approach is different from previous work: we modify the objective
function of the hMetis partitioning algorithm to minimize cutsize as well as circuit delay without

performing any netlist alterations (e.g., buffer insertion and gate duplication), though can be
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employed after our method partitions the design. We dynamically focus the timing optimization
engine on the K-most critical paths and use timing criticality to characterize each net that lies on
the critical paths. We use the Elmore delay, along with different wire delays at different levels of
partitioning to achieve a more realistic delay model. Our interconnect delay model incorporates a

statistical net-length estimation.

4.2 Multi-objective hMetis Partitioning: Cutsize and Delay Minimization
In this section we present the multi-objective hMetis partitioning algorithm. While the goal of
classic partitioning algorithms is to minimize cutsize — and hMetis performs this task very
efficiently — the multi-objective graph partitioning problem is much more difficult. One of the
main difficulties in performing multi-objective optimization is that no single optimal solution
exists. Instead, an optimal solution exists for each objective in the solution space. Furthermore, an
optimal solution for one objective may require accepting a poor solution for other objectives. The
result is that the definition of a good solution becomes ambiguous. We will adopt the formulation
of a good solution as it appears in [78]:
e [t should allow fine-tuned control of the tradeoffs among the objectives.
e The produced partitionings should be predictable based on user’s input.
e [t should be able to handle objectives that correspond to quantities that are both of similar as
well as of different natures (e.g., range, variance, sensitivity to changes in partitioning).
In our case we want a partitioning algorithm that can minimize both the number of wires cut
by the partitioning (hence minimizing congestion at placement) and the number of times most
critical paths are cut (minimizing circuit delay). We call our two objectives cutsize C and circuit

delay D that have to be minimized. However, the two objectives are dissimilar objectives, which

43



4 Path-based Timing-driven Partitioning and Placement

means that optimizing C alone does not necessarily imply that D is also optimized and vice-versa.
That is why we adopt the combination-based formulation for multi-objective optimization that is
proposed in [78]. The idea is to combine both objectives into a single objective. That is, if C, is
the optimal solution with respect to the objective C and D, is the optimal solution with respect to
the objective D, then the combined objective will be a linear combination metric C° given by the

following equation:

C D
C'=p—+p,— 1
plc pzD (D

Where (p;, p;) is the preference vector. Minimizing Equation 1 attempts to compute a
partitioning such that it is not far away from any of the optimal with respect to any initial
objective. A preference vector of (1, 3) for example, indicates that we need to move at least three
units closer to the optimal partitioning with respect to the delay objective for each unit that we
move away from the optimal partitioning with respect to the cutsize objective. The preference
vector can be used to traverse the distance between the optimal solution points of each objective.
That results in predictable partitioning based on the preference vector as well as fine-tuned
control of the tradeoff between the two objectives.

The delay objective component is expressed as a combination of three factors that directly
influence the delay of a circuit: the delay of the critical paths, the number of times that each
critical path has been cut, and the edge weight of all edges that lie on the critical and semi-critical

paths.
|E,| K

D=a) we+pY Dk’ (2)
i=1 Jj=1

Where « and [ are weighting parameters; ; is the weight of edge i (derived from the edge slack);

e; is either 0 or 1 depending on whether edge i is cut or not; |E,| is the number of edges that form
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the K critical paths; D; is the current delay of the j-th critical path; &; is the number of times that
the j-th critical path has been cut so far; and yis an exponent used for even finer tuning.

Equation 2 combines the advantages of the path-based method, which captures global delay
information, and the advantage of the edge-based method, that can capture timing criticality of
semi-critical paths without enumerating them. Parameters « and £ allow us to put more emphasis
on any of the two net-based and path-based components in Equation 2. The number of critical
paths that are enumerated during the recursive partitioning is established based on the circuit
structure, size and, number of pins. A discussion of how to choose K is presented in the next

section.

4.3  Path-based Timing-driven Partitioning

4.3.1 Choosing K-most Critical Paths

Since the number of paths in a circuit is exponential, a path-based timing-driven method has to
focus only on a limited number of K-most critical paths. The problem is, the set of K-most critical
paths is a moving target. After one step of partitioning, some of the paths previously among the
K-most critical become critical, and hence replace some of the paths in the original K-most
critical paths. We considered two strategies: (1) partitioning without updating of the K-most
critical paths during recursive bipartitioning, or (2) updating the list of the K-most critical paths
during recursion. In the first case we initially find the K-most critical paths and then perform all
subsequent recursive bipartioning stages trying to avoid these critical paths from being cut. The
second case is motivated by the fact that the initial K-most critical paths may not remain critical
after the partitioning (or placement and routing) is done [94]. In this case, we identify the current

K-most critical paths at each partitioning level and update the edge weights as well as the path
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delays. In this way we can see at any partitioning level what the current K-most critical paths are
and assign edge weights accordingly.

Another important problem to be addressed is how to choose the value of K. On one hand, if
we choose a too small K we will end up with no-timing improvement. That is because these K
paths will quickly become non-critical and other previously non-critical paths will become
critical. By focusing only on a small initial number of paths the optimization is diverted from the
goal of timing improvement during the partitioning. On the other hand, if we choose too large a
K, the run time will increase because there will be more paths that will have to be enumerated.
Also, if K is too large, there will be too many edges with large weights and the search space for
the partitioning algorithm will be very limited. For example, Figure 20 shows the path delay
distribution for the foo large benchmark [46]. Before partitioning, there were 81 critical paths
with normalized delays in the range (0.9, I]. After a 16-way partitioning, none of the initial
critical paths were among those with normalized delay in the range (0.8, 1]°. This fact is

illustrated by the arrow going from right to left in the top-right plot in Figure 20.

6 It is important to note that the initial estimated delay of a circuit is usually less than the estimated delay
for partitioning. The reason is that the pre-partitioning delay estimation does not consider wire delays.
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The arrows oriented from left to right in the same plot indicate initial non-critical paths that
became critical after partitioning was completed. This is similar to results obtained previously
when this situation was observed after placement and routing were done [94]. However, if we re-
calculate all K-most critical paths at each partitioning level, the above case will happen less
frequently. That is shown in the bottom-right plot in Figure 20, which shows the dynamics of the
most critical paths among paths mainly with large delays (regions 1, 2, 3 in the right side of
Figure 20). Updating the K-most critical paths enables us to concentrate the optimization process
on the “real” K most critical paths at any time at all levels because they are re-enumerated taking
into account all the wire delays that were assigned (the process of assigning wire delays to all cut
nets is described in Section 3.3) to all cut nets during previous partitioning levels.

To further illustrate the effect of updating the K-most critical paths during partitioning, Figure
21 shows the path distribution with respect to circuit delay in both cases (updating vs. not
updating). As we can see the delay obtained after partitioning performed with dynamic updating
the list of the K-most critical paths is smaller than the one obtained without updating the list. The
situation described in the example above is true for all the circuits that we tested. That is why we
decide to perform recursive partitioning while dynamically updating the K-most critical paths at
any partitioning level. In this way we determine a minimal number of critical paths at a certain
partitioning level to become non-critical later on. In our simulations we noticed that we obtain
satisfactory results if we consider as critical only the paths with normalized delays in the (0.95, 1]
range. In cases where the number of paths in this region exceeded 500 we retained only the first
500 paths. The enumeration path algorithm that was implemented is similar to that described in

[51].
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Figure 21 Path delay distribution when K most critical paths are updated or not illustrates the delay

improvement obtained when K most critical paths are updated for too_large.

4.3.2  Algorithm Details

Partitioning is done by recursively applying the timing driven bipartitioning. The recursive
bipartitioning process is graphically illustrated in Figure 16.b. It starts by partitioning the top-
level graph at the first partitioning level (composed of a single bipartitioning step), and then
continues with partitioning of resulted sub-graphs at the second partitioning level (composed of
two bipartitioning steps), and so on until each leaf of the tree contains no more than a user-set
number of vertices. After each bipartitioning step the algorithm may update slacks and K-most
critical paths. In this way, the contribution of all cut wire delays during each bipartitioning is
considered. In this way, slack values and K-most critical paths will be more accurate as the
algorithm proceeds at lower partitioning levels. However, at lower partitioning levels sub-graphs

are smaller, and the delay of cut wires will be smaller compared to the delay of cut wires at higher
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partitioning levels. Therefore, the major contribution to circuit delay is due to wires cut at high
levels of partitioning, which in the final circuit layout represent global wires. Thus, it is especially
important to update slacks and re-enumerate K-most critical paths at higher levels of partitioning.
In our simulations, slacks and K-most critical paths are updated at each bipartitioning step at the
first four partitioning levels and then once for each partitioning level in order to maintain the run-
time reasonable while achieving satisfactory accuracy.

Because the result of the first partitioning step has a great impact on the final delay (as it
represents the starting solution for all subsequent partitioning levels), it is especially important at
this level not to cut nets that will have assigned large delays. On the other hand, nets that do not
lie on the K-most critical paths can introduce large delays in case that they are cut. This may limit
the potential delay decrease that can be obtained. We have integrated a look-ahead like technique,
which we use at the first partitioning level only to keep the run time low, and which performs the
first bipartitioning more times as follows. First we start with slacks computed considering zero
wire delays and K-most critical paths. After bipartitioning is done, the K-most critical paths are
updated and their ;’s (see equation 2) are computed. Vertices on previous K-most critical paths
are fixed in their partitions and the rest of vertices are set free. If there are vertices on the new K-
most critical paths that were on the previous K-most critical paths they are set free. All wire
delays are reset to zero but the values of k;’s are kept. Then, bipartitioning is performed again.
This process continues until a certain number of vertices become fixed or a certain number of
iterations are performed. For each such top-level bipartitioning, we record the delay. When the
top-level bipartitioning iteration stops, we continue at the second partitioning level with the
partitioning that offered the best delay at first partitioning level. The delay model is the same as

presented in Chapter 3, and its detailed description is found in Appendix B.
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4.4 Simulation Setup and Results

In this section we describe the timing driven partitioning simulation setup and present simulation

results.

4.4.1 Simulation Setup

The simulation setup is shown in Figure 22. We start with a netlist of a circuit that was first
optimized using script.rugged in SIS [80]. Then, we perform recursive bipartitioning using either
the pure hMetis algorithm or the multi-objective hMetis. Finally we compare the partitioning

obtained in both cases in terms of cutsize and circuit delay.

/ K-most critical paths \

enumeration & slack based
weight computation

Circuit netlist [ 7
Multi objective K-most critical paths
l hMetis > re-enumeration and
\ partitioning slack update J

L]

Pure hMetis bipartitioning »| Cutsize and delay
(constant edge weights) comparison

Figure 22 Simulation setup for comparison of our proposed multi-objective hMetis partitioning algorithm

to pure hMetis algorithm.

4.4.2 Simulation Results

We report simulation results for the circuits shown in Table 3. Simulations results are reported for
three different cases.

e Net-based: The first case represents a pure net-based partitioning approach. In this case, we

assign weights to all hyperedges inversely proportional to their slack values (i.e., The
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smallest net slack in the circuit determines the largest hyperedge weight and the largest slack
net is assigned the smallest weight. By assigning hyperedge weights in this way, this case
falls into the category of net weighting, whose purpose is to determine hMetis algorithm to
cluster the most critical hyperedges early, which means that they would not be cut by the
partitioning process. This is different from net budgeting technique, which translates path
constraints into either length or timing upper bounds for each net using a delay budgeting step
[77]). There is no path information transmitted to hMetis in this case.

e  Net-based via path-counting case implements a recently proposed novel net weighting
technique [59].

e Path-based: The third case represents a pure path-based partitioning approach. In this case K-
most critical paths are updated dynamically, and transmitted to hMetis as dictated by
Equation 2. Hyperedges that lie on any of the K-most critical paths have weights assigned as
in the first case while the rest of edges have constant weights.

e Net+Path-based: The last case represents a net-path-based partitioning approach. This case
practically combines the first and third cases: K-most critical paths are transmitted to hMetis
while all hyperedges have weights assigned as in the first case. We expect to obtain large
delay decrease, especially with the third approach because it implements the multi-objective
partitioning algorithm, described in Section 4.3, and uses additional timing information for
hyperedges that do not lie on the K-most critical paths. These three cases are compared to the
standard pure hMetis algorithm.

Simulations results for delay, cutsize and run-time are shown in Table 3 for 16-way
partitioning. For each circuit, Delay indicates the maximum delay of all PO’s. The Cufsize

represents the number of all hyperedges cut after the recursive bipartitioning. All results in the
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table are the average of ten different runs on a Pentium dual-CPU, 1.5 GHz with 2GB of memory.
We observe the trade-off between delay, on one hand, and cutsize and run-time on the other hand.
It can be seen (see also Figure 23 and Figure 24) that the proposed partitioning methodology
improves delay by 14% on average. However, this is at the expense of an increase in cutsize and

run-time degradation, but the runtime is still very reasonable.
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4 Path-based Timing-driven Partitioning and Placement
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4 Path-based Timing-driven Partitioning and Placement

4.5  Partitioning-based Placement

In order to further validate our timing driven partitioning algorithm we integrated it with Capo,
similarly to the approach in Section 3.5 of Chapter 3. We developed our customized Capo
placement algorithm by replacing the multi-level and flat partitioning algorithms with our
proposed multi-objective partitioning algorithm. Our modified version of Capo can be run using
either our timing driven partitioning algorithm or the traditional min-cut hMetis partitioning
algorithm. Since our timing driven partitioning algorithm is built on hMetis, we want to compare
placements of the same circuits obtained when Capo uses either the proposed multi-objective
partitioning hMetis or the traditional min-cut hMetis partitioning algorithm (Our pure min-cut
hMetis placement results are worse than Capo. The reason is that the partitioning algorithm in
Capo is well tuned for placement ). The simulation results are shown in Table 4.

Table 4 Timing driven partitioning placement vs. min-cut driven partitioning placement.

Ratio between our and min-cut partitioning-based placement algorithms
Circuit Delay (best out of 6 runs) Delay (avg. of 6 runs) HPWL CPU(s)
misex3 0.82 0.83 1.46 1.25
x3 1.02 1.01 1 1.5
s13207 0.96 0.95 1.1 1.52
c6288 0.99 1.01 1.23 1.44
s15850 0.94 0.92 1.3 1.28
frisc 0.87 0.85 1.65 1.51
elliptic 0.93 0.93 1.44 1.59
ex1010 1.03 1.01 1.76 1.39
pdc 0.91 0.98 1.68 1.63
too_large 1.08 1.03 1.29 1.54
s38417 0.97 0.97 1.1 1.36
s38584 0.92 0.91 1.1 1.64
s38417 0.94 0.98 1.39 1.8
b21s 0.88 0.88 1.29 1.69
b22s 0.83 0.83 1.33 1.57
bl7s 0.81 0.88 1.09 2.02
b18s 0.85 0.82 1.15 4.71
Avg. 0.93 0.93 1.32 x1.73
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4 Path-based Timing-driven Partitioning and Placement

Because the coordinates of all terminals of every net are available during placement, we can
compute the Elmore delay for each net using the half-perimeter of its bounding-box. Note that
this is different from the delay computation at the partitioning level described in Section 4.3.2,
which used an estimation method for the average wire-length of every cut net. It can be seen that
the average delay when circuits are placed with the timing-driven partitioning based placement
algorithm is 7% smaller than the delay when circuits are placed with the traditional min-cut
partitioning-based placement algorithm. The half-perimeter wire-length (HPWL) increased on
average by 32% and the run-time increased on average by less than two times. The difference
between the delay decrease obtained at the placement level and the delay decrease obtained at the
partitioning level, in Section 4.3.2, may be explained as follows. The placement algorithm has
integrated terminal propagation, which is not present during partitioning described in Section
4.3.2. This makes nets with many terminals to be placed within smaller bounding-boxes.
Therefore, these nets will have smaller delays irrespective of the partitioning level at which they
may be cut. During timing-driven partitioning, delay decrease tends to be a result of not cutting
these nets especially at early partitioning levels (which however may be cut by the traditional
min-cut partitioning algorithm), which turns into larger delays assigned to them by the estimation
procedure. In this way the delay difference obtained in Section 4.3.2 may be larger compared to
the delay computation inside the placement algorithm. The HPWL increase is in agreement with
the cutsize increase obtained in Section 4.3.2. That is because the increase in cutsize, obtained
during partitioning, translates into bigger bounding-boxes at the placement level. The longer run-
times for the timing driven placement is also in agreement with the longer run-times obtained in
Section 4.3.2 for partitioning. The run-time overhead is due to both the path enumeration process

and the static timing analysis integrated into the placement algorithm.
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4 Path-based Timing-driven Partitioning and Placement

4.6 Summary

We proposed multi-objective hMetis partitioning algorithm for cutsize and circuit delay
optimization. The proposed algorithm is efficient and applicable to large-sized circuits. It
performs better timing-driven partitioning because it considers path delays as opposed to slack-
based approaches. It does not determine area increase because it does not use netlist alteration as
previous approaches but only due to an increase of the average wirelength. The proposed timing-

driven partitioning algorithm was integrated with a partitioning-based placement algorithm.
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5 Placement for Robustness Predictability and Performance

5 Placement for Robustness

Predictability and Performance

In this chapter, we study the relationship between robustness, predictability and performance of
VLSI circuits. It is shown that predictability and performance are conflicting objectives.
Performance and robustness are statically conflicting objectives but they are statistically non-
conflicting. We propose and develop means for changing a standard timing-driven partitioning-
based placement algorithm in order to design more predictable and robust circuits without

sacrificing much of performance.

5.1 Introduction

5.1.1 Motivation

Ideally, we would like a design methodology to offer predictable and robust designs at the best

performance. High robustness means that performance of the design is less influenced by noise

factors and remains within acceptable limits, i.e., the design is more tolerant to perturbations -

such as process variations, temperature and supply voltage changes - and therefore more reliable.
We would also like our design methodology to be predictable. Accurate estimation

techniques would allow correct decisions early in the design process, which would result in fast
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5 Placement for Robustness Predictability and Performance

design convergence. Predictability is to be achieved in the face of design uncertainties, which are
caused by either incomplete system specification or inherent difficulty of estimating performance

metrics during the optimization process.

5.1.2  Previous Work

Several ways of defining predictability or uncertainty have been proposed. Uncertainty was
considered as the unpredictable process variations, which can cause delays to change from their
nominal values [14]. Srivastava and Sarrafzadeh define predictability as the quantified form of
the accuracy of the cost function estimation [84]. In the context of floorplanning, Bazargan et al.
describe uncertainty as multiple values for heights and widths of the same module, and the goal is
to minimize a linear combination of the expected value and the standard deviation of the area of
the floorplan [16]. Wang et al. consider uncertainty at the placement level as the incomplete
information about modules in the netlist [91]. To make routing more predictable at the placement
level, one can use techniques for increasing the flexibility of rectilinear Steiner trees [21]. Kahng
et al. describe signals as having no uncertainty when they all arrive simultaneously, which means
the output of the cell has little or no uncertainty [53]. However, when the uncertainty of the
signals varies simultaneous arrival of all signals will actually cause greater average and standard
deviation of the output cell distribution [45]. A design process is considered predictable in [82]
when the analytical or statistical predictive tools are accurate and allow providing constraints for

the following design steps.
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5 Placement for Robustness Predictability and Performance

5.1.3 Research Approach
In this chapter we analyze the relationship between robustness, predictability and performance
(optimality) and seek means for their control [4]. We apply our methodology to timing-driven
partitioning-based placement in order to design predictable and robust circuits. We regard the
optimization process under uncertainty as the iterative computation of a number of objective
functions, which depend on variables whose values are known within a range of values (i.e., as
probability distributions or as intervals within which these variables lie). Predictable design
means the ability to accurately compute the objective function (within the chosen modeling
framework), and to find means of making current estimations closer to the real final values. We
use the standard deviation (standard deviation - fraction of the mean delay value) as the measure
of predictability of the overall circuit delay distribution at the primary outputs, as well as at the
output of each cell inside the circuit. This means that the smaller the standard deviation, the more
predictable is the delay. The slope of the variation of the standard deviation of the overall circuit
delay, when gate and wire delays change, characterizes the robustness of the circuit.

We use statistical timing analysis (see Appendix 4 for a detailed description) as a modeling
framework for the purpose of characterizing circuits from the predictability and robustness

perspectives.

5.2 Predictability Analysis

To understand the mechanisms behind the interaction between the statistical addition and
maximum operations and the predictability of a circuit we performed some studies. Initially, our
focus is on two very simple toy-cases: (1) a chain (e.g., path) of delay elements and (2) a generic

gate with a given number of input pins with statistical arrival times. The output of the first case is
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calculated by successive statistical add operations, while the output of the second case is
computed using the statistical max of the inputs, followed by the statistical addition of the gate
delay. In each case, we want to find the variation of the standard deviation at the output o, when
the standard deviation of the delay elements vary, for different values of the number of delay
elements (or inputs) m. When the standard deviation of the delay elements vary within /5%, 50%)]
of their means, the output standard deviation o,,, varies as shown in Figure 25.

Observation 1: We note that for large standard deviation of gate and wire delays (larger than
about 9%), circuits that consist of gates with larger number of inputs show more robustness and
better predictability (Figure 25.b). On the contrary, when gate standard deviation is small, fewer
inputs translates into better robustness.

This observation has an implication for CAD developers: it can be used in a physical
synthesis process to minimize circuit delay variations. Gates that are placed in regions with high
temperature variations (e.g., close to a floating-point unit that is active only part of the time), and
hence larger delay variations, can be mapped to large fanin gates in the library. Note that mapping
gates to larger fanin gates could have a negative impact on the area or even delay of the circuit.

Hence, the technology mapping process has to be done judiciously.
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Figure 25 (a) Standard deviation at the output o, of a series of m delay elements (b) Standard deviation at

the output of a gate with m inputs

Observation 2: Better predictability and robustness is obtained for interconnects with more
buffers (Figure 25.a). Furthermore, smaller wire and inverter delay variations results in smaller
output variation.

The observation is good news for interconnect optimization and it says that more buffers not
only helps in reducing the delay; it also helps reduce the variation at the output. Furthermore, this
observation confirms the intuition that the uncertainty adds up: the more uncertainty individual
elements in a path have, the more uncertain the output would be. It is important to note that

observation 2 should not be generalized to any chain of gates with possible converging paths. As
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will be shown in Figure 25.a, more elements on the chain does not necessarily result in smaller
deviation at the output.

Next, we analyze the behavior of o,, when two elements in the chain vary in opposite
directions. This situation can happen when the length of a net increases while the length of a
different net decreases but the sum of both remains the same (e.g., inverter free to move to left or
right in Figure 26.a). A similar situation can appear among the delay elements at the inputs of a
gate when the decrease in a latest arrival time at one input can be at the expense of the increase of

one at another input (e.g., gate free to move to left or right in Figure 26.b).
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Figure 26 Study cases.

The simulation result of the two cases is shown in Figure 27. Plots in Figure 27.a show that
the standard deviation at the output of a chain is minimum when /,=/; and that it is better
observable when the standard deviation of the elements in the chain increase (bottom). This is
true as long as the contribution to o, of the two changing delays is significant (i.e., comparable

to the contribution of the rest of delay elements - small values on y axis). When the contribution
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to o, of the two changing delays is very small (e.g., wire delay of wires of lengths /, and /; are
much smaller than the wire delay of wire /; and the gate delays), the plots become almost flat (for
large y in Figure 27) because the effect of length change of wires of length /, and /; would be
absorbed by the computation of the overall o,,,. When the delay elements are latest arrival delays
at the inputs of a gate (Figure 27.b), and the contribution to o, of the two changing delays is
significant, the minimum o,,, is achieved when /,=/; only for large standard deviation (>9%) of
all delay elements. For small standard deviation of all delay elements, the minimum o, is
achieved at the extremes when /,=0, [5=max length or [,=max length, [;=0.

Observation 3: Plots in Figure 27 suggest the following intuition to be used in a placement
algorithm. To minimize the standard deviation of the gate output delay, the LATs at its inputs
should be equalized (Figure 27.b). Furthermore, the delays of the wires on a critical path should
be equalized so that the output deviation is minimized (Figure 27.a). Observation 3 implies that

the placement method should be aware of statistical slack distributions.
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Figure 27 Standard deviation when one delay element increases and another decreases for a) a series of

delay elements and b) delay elements as LATs gate inputs. The x axis represents the varying length /, and

the y axis is the ratio between the sum of means of fixed elements over the sum of varying means. Default

standard deviation of all delay elements is 10% (top) or 25% (bottom).

53 Robustness Analysis

To study the relationship between robustness and optimality, we adopt the methodology proposed

by Lopez et al in the context of optimization of interconnection network throughput [62]. The
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idea of a robust design methodology is to study the effect of factors on the performance and the
interactions between such factors. The key point of such an analysis is to correctly identify and
classify variables that affect the design performance within the modeling framework of the
optimization problem. These variables are classified into two categories: controlled factors and
noise factors. Controlled factors are design parameters that can be controlled directly or
indirectly. Noise factors are random effects that cause performance variation. In the case of the
timing driven placement, the response variable is the overall circuit delay, which should be
minimized.

In what follows, we focus our attention on a generic gate (Figure 26.b - top). For simplicity,
we use the maximum difference between the latest arrival times at the inputs of the gate as a
control factor (i.e., the length of the range [min, max] within which all latest arrival times lie,
called the input range). We choose input range because of three reasons. First, it would allow
pursuing the same objective as in the case of predictability as illustrated in Figure 27.b. Secondly,
this factor can be indirectly controlled during placement. The placement algorithm can control the
lengths of all nets along paths and thus perform a delay budgeting, which affects the latest arrival
times at any point inside the circuit. Finally, the selection of this control factor was suggested by
the results obtained by Hashimoto et al. [45] and Bai ef al. [14]. The noise factor is chosen as the
standard deviation of gate and wire delays. Other possible noise factors, not considered in this
experiment include: correlations between lines inside the circuit due to fanout re-convergence,
approximation of the density function of all gate and wire delays with the normal distribution and,
input patterns applied at the primary inputs of the circuit, which may not be known during the

design.
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The first part of the experiment consists of selecting three different values for the control
factor, simulating the model of the gate, generating groups of output samples for each of the three
values of the control factor, and analyzing them. We constructed a toy-case using a three-input
gate’ where the control factor (i.e., input-range) can have one of the values {0, 0.5, 1} for a gate
with three inputs determined by the following three sets of LATs: {10,10,10}, {9.7,9.7,10.2},
{9.5,10,10.5}*. The value of “0” for the input-range represents the case when the latest arrival
times have equal means, therefore the input-range is zero, and so on. After the gate model is
simulated, groups of 10000 samples of the output delay are generated for each value of the
control factor. These groups are then analyzed using ANalysis Of VAriance’ (ANOVA) method
using Matlab [48]. Figure 28.a shows the significance of the control factor.

The plot in this figure shows that the smallest mean (i.e., 12.73 shown on top of Figure 28.a)
for the gate delay is obtained when the input-range is 0.5. In this case, the set of latest arrival
times {9.7,9.7,10.2} is, from a statistical perspective, better than the set {10,10,10}. Note that
static timing analysis would choose {10,10,10} as the best because it has a static delay of 10.
Controlling the input-range as a control factor can be used in a placement algorithm to achieve a
robust design that is less sensitive to delay variations.

The second part of the experiment studies the interaction between the control and the noise
factors. Figure 28.b shows the impact of the noise factor on the mean delay at the output of the
gate for the three different values of the control factor. It can be seen that when the input range is

0.5, the slope of the output delay is smaller than the slope in the case when the input-range is 0.

7 We performed similar analyses for gates with different number of inputs and similar results were
obtained. We restrict our presentation to the three-input case for simplicity.

¥ The actual delay value (i.e., 10), is not relevant. Only the range matters.

Y ANOVA is a well-known statistical method for studying the effect of control factors on the average value

of the response variable, which in our case is the mean delay [62], [48].
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This means that the delay at the output increases at a higher rate when the LATs at the inputs are
equal. Therefore, the gate is more robust to variations when the input-range is different from zero.
In other words, if our modeling is based on static timing analysis, optimality (best cell delay is
obtained when the input-range is zero) and robustness (cell is more robust for input-range 0.5 -
Figure 28.b) are conflicting objectives. On the other hand, if our modeling is based on statistical
timing analysis, optimality (middle box in Figure 28.a) and robustness (case 0.5 in Figure 28.b)

are non-competing objectives.

Output mean delay
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Figure 28 (a) Average output delay of a three-input gate with input LAT range of 0, 0.5, and 1 (b) Average

cell delay for the combination of the control factor with the noise factor.

Results in the above analysis are in agreement with those obtained in [45] and exploited for
circuit slack optimization in [14]. These results give us insight into the mechanisms, which

determine a design to be more optimal or more robust and helps in identifying means for
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controlling them. It is often more costly to control causes of variations than to make a design

process less sensitive to these variations.

5.4 Case Study: Partitioning-based Placement

We now describe how we can develop means for modifying a standard partitioning-based
placement algorithm in order to achieve more predictable and robust circuits. Based on the
analyses presented in the previous sections, we propose a new net-weight assignment scheme that
we integrated into a timing-driven partitioning-based placement tool. The goal is to change the
behavior of the placement such that the final placement solution is predictable and robust without
sacrificing too much performance. Our placement tool is a modified version of Capo [24]. We
developed our customized Capo placement algorithm by replacing the multi-level and flat
partitioning algorithms of Capo with a timing-driven version of hMetis, a leading partitioning
algorithm [56]. Timing is minimized using timing criticalities (slack-based'’) as net-weights
inside the partitioning engine.

Two main observations are the basis for our motivation in the derivation of our new net-
weight assignment scheme. The first observation is that the closer a wire is to the POs, cutting it
is likely to have greater impact on the circuit delay, as it is more likely to lie on many different
critical paths''. Second, standard deviation of the latest arrival times on timing paths decreases
from PIs towards POs for large standard deviation for all wire and gate delays inside the circuit.

However, the decreasing trend is not maintained for small standard deviation That is shown in

' Timing criticality is computed as inversely proportional to slack. The smallest slack determines the
largest weight associated to the corresponding net, and so on.
" This observation was directly derived from our placement experiments, and not from the analyses in the

previous sections.
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Figure 29.a, which depicts the standard deviation of the latest arrival times at intermediate nodes
on the most critical path for typical standard deviation of 25% and 5% for two different
placements of the circuit too_large. It can be observed that as the statistical timing analysis
advances towards POs with the computation of the latest arrival times, standard deviation tends to
converge to values within a convergence-region. By comparing Figure 29.a to Figure 25.b, we
can see that the behavior of a chain of inverters is quite different from a path with gates of
different sizes and with converging fanins.

It can be seen in Figure 29.a that for small standard deviation of the LATs at the inputs of a
gate, the statistical maximum operation increases with depth. However, for large standard
deviation values, the standard deviation of the intermediate nodes along the path actually
decreases. The difference in behavior of small and large standard deviation values is similar to
what we can observe in Figure 29.b, which is the enlarged bottom-left corner of Figure 25.b. For
small (large) values of standard deviation, gates with smaller (larger) number of inputs can better
tolerate input variations. Gates at small (large) depths of the circuit show a similar statistical
behavior as gates with smaller (larger) fanins.

In order to develop a methodology that minimizes output variations, we have to consider two
factors: (1) how we can affect the deviation (the control factor discussed in Section 5.3), and (2)
how effective our effort would be in minimizing the deviation at the output of a gate (Figure
29.a). We can control the deviation by affecting how close are the latest arrival times at the inputs
of a given gate. Furthermore, the position of the gate on the path (close to PIs or POs) indicates
how much influence we would have on optimizing the deviation. Therefore, for large (small)

standard deviation values, we would like gates close to the PIs (POs) have their latest arrival
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times as close as possible in order for the maximum operation to provide the smallest standard

deviation (see Figure 27.b).
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Figure 29 (a) Standard deviation of LATs at nodes on critical path for too large for 25% and 5% standard

deviation for wire and gate (b) Enlarged bottom-left corner of Figure 25.b.

The delay of an input can be controlled by changing the bounding box of the net connected to
it (in a partitioning-based placement algorithm, cutting a net at a higher level results in larger
bounding box). Our new net-weight assignment scheme for large standard deviation is described

by the following equation:
slack lat
w, =B -(a-w™" + [-w") 3)
where, B; is a biasing factor to emphasize weights of nets driven by nodes close to the Pls (nodes
with small logic depths). The classic slack-based net-weight component is y:* and ™ is the

“lat” net-weight component, which is introduced to achieve LATs equalization at the inputs of
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gates (nodes) with small logic depths. Parameters « and £ are used to put more weight on the
“slack” or the “lat” weight components.

The biasing factor B will have values such that nets at large logic depths are cut more easily
in order to capture the phenomenon of decrease of the standard deviation of the propagated LATs
as described in the beginning of this section. At small logic depths (where the standard deviation
of propagated LATs and the default standard deviation of gate and wire delays are large - Figure
29.a) we put more emphasis on the “lat” net-weight component, which accounts for equalization
of LATs in order to decrease the standard deviation as shown in Figure 27 - bottom and to

achieve robustness as described in Section 5.3).

5.5 Simulation Results

We report simulation results obtained with the placement algorithm described in the previous
section for a set of MCNC91, IWLS93 [46] and ITC99 [47] (last two in Table 5) circuits in two
different scenarios. In the first scenario after the circuit is placed we set all gate and wire delays
as samples of the corresponding distributions. This case mimics the manufacturing process when
gate and wire delays can vary due to process variations [85]. In the second scenario we model
the increase of gate and wire delays due to temperature increase. We consider a pattern where
gate and wire delays increase by 25% (Interconnect Elmore delay increases approximately 5% for
every 10°C increase and current designs can drive the operating temperature to higher than 100°C
[88].) at the center of the chip, by 5% at the boundaries, and y 10% elsewhere. Although the
temperature pattern on a chip can be different and the increase of delay larger [10] [26], we
consider a rather simple pattern for simplicity. The simulation results (average of ten different

runs) are presented in Table 5. After the placement is performed using the classic placement
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algorithm and our placement algorithm we compute the circuit delay denoted as Delay (static
delay is computed using the Elmore delay for the lumped RC wire model and the half perimeter
of the bounding box for the wire-length of a net) using the static timing analysis. Then, we model
gate and wire delays as random variables and perform statistical timing analysis to obtain the
Standard Deviation (as percentage of the mean delay value) of the overall circuit delay.

After injecting simulated noise (based on scenarios 1 and 2) to gate and wire delays, static
analysis is repeated and the change in delay is reported as Delay-change in Table 5. Standard
deviation characterizes predictability while delay-change shows how robust the placement is. It
can be seen that the standard deviation of the overall circuit delay is consistently smaller for
placements obtained with our placement algorithm (the rather small differences are due to the
convergence property described in Figure 29.a), which means better predictability. The delay
changes after noise injection are smaller for placements obtained with our placer, which means
better robustness (26% and 7% on average in scenarios 1 and 2). A main benefit of better
predictability and robustness and the same delay is the improved manufacturing yield. The run
time is not reported because both placement algorithms have almost the same run-time. The run-

time for the largest circuit is around 2 hours on a 1.5GHz CPU, 2GB memory running on Linux.

5.6  Summary

Analyses on the relation between predictability, robustness, and performance of VLSI circuits
were presented. They served to finding novel means to change a standard timing-driven
partitioning-based placement algorithm in order to design more predictable and robust circuits

without sacrificing much in performance.
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6 Place and Route for 3D FPGAs

6 Place and Route for 3D FPGASs

In this chapter, we present a timing-driven partitioning based placement algorithm together with a
detailed routing tool for 3D FPGA integration. The circuit is first divided into layers with limited
number of inter-layer vias, and then placed on individual layers, while minimizing the delay of
critical paths. We use our tool as a platform to explore the potential benefits in terms of delay and
wire-length that 3D technologies can offer for FPGA fabrics. Experimental results show on
average a total decrease of 25% in wire-length and 35% in delay, can be achieved over traditional

2D chips, when 10 layers are used in 3D integration.

6.1 Introduction

6.1.1 Motivation

Smaller feature size and increasing transistor counts allow the implementation of more complex
and larger designs. However, a number of new design problems emerge and old problems become
more difficult to solve. For example, global wires dominate the delay and power budgets of
circuits, and signal integrity, IR-drops, process variations, and high temperature gradients pose
new difficult design problems. Furthermore, shrinking time-to-market windows and ever-
increasing mask costs have reduced profit margins alarmingly. 3D integration (apart from
nanotechnology) is considered as a potential future Moore’s law enabler. However, the potential

impact of practical application of 3D integration for FPGAs is currently unclear partly due to a
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lack of efficient 3D CAD tools. Our goal is to present an efficient placement and detailed routing
tool for 3D FPGAs. Unlike previous works on 3D FPGA architecture and CAD tools, we
investigate the effect of 3D integration on delay, in addition to wire-length because wire-length
alone cannot be relied on as a metric for 3D integration benefits. Apart from the commonly used

single-segment architecture, we also study multi-segment architectures in the third dimension.

6.1.2  Previous Work
In response to the mounting problems of integrated circuit technology, discussed above, various
research groups have shown renewed interest in 3D IC integration, and a number of successful
projects have shown the viability of the technology [74], [15], [33], [83], [22], [60], [43]. 3D
integration can significantly reduce wire-lengths (and hence circuit delay), and boost yield'.
Furthermore, there has been a trend towards employing IP-based design and structured gate
arrays (e.g., FPGA blocks) to partially solve complex signal integrity and noise issues as well as
time to market constraints. 3D integration can particularly be useful for FPGA fabrics. It can
address problems pertaining to routing congestion, limited I/O connections, low resource
utilization and long wire delays.

For the standard cell technology, Das et al. recently proposed a placement and global routing
tool as well as a 3D layout editor [31]. The placement algorithm is based on recursive min-cut
partitioning of the circuit represented as a hypergraph and follows the same idea as in the Capo

placer [24]. Interlayer via minimization is sought by using min-cut partitioning for layer

"2 True only in technologies that fabricate different layers separately, weed out the faulty layers from the
layer wafers, and only integrate the working ones. However, wafer stacking technologies have been shown
to be more practical and successful compared to techniques that “grow” different layers on top of each

other in a single process.
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assignment and wire-length (WL) minimization is done by considering the aspect ratio during
partitioning. The user can select either hMetis [56] or PaToH [25] as the partitioning algorithm.
Their global routing algorithm is a concurrent approach based on the idea in [23]. It was shown
that 28% (51%) wire-length improvement could be obtained with two (five) layers, compared to
[65] (the improvement is only 7% (17%) when inter-layer via minimization is the main
objective). Wire-length reduction of up to 74% was reported in [70]. Deng and Maly showed —
using a placement algorithm based on Capo — that the total wire-length can be reduced by 16%
compared to flat placement, when two-layer integration is used [37]. It is important to note that
current technologies allow for chemical mechanical polishing (CMP) substrate thinning down to
about 5-10um, hence allowing for multiple thin active device layers and interconnect levels be
stacked on top of each other, resulting in short inter-layer vias with small aspect ratios [74].

Even though the idea of 3D integrated circuits is not new, recent technological advances have
made it a viable alternative. However, there is a lack of efficient 3D CAD tools that can exploit
the potential gains that 3D integration can offer. Furthermore, a number of important issues —
such as heat dissipation, thermal stress [42], and physical design considerations — remain to be
addressed for 3D architectures.

There has been some previous work proposing 3D FPGA architectures. Borrowing ideas from
multi-chip module (MCM) techniques, Alexander et al. proposed to build a 3D FPGA by stacking
together a number of 2D FPGA bare dies [11]. Electrical contacts between different dies would
be made using solder bumps or vias passing through the die. The number of solder bumps that
can fit on a die determines the width and separation of vertical channels between FPGA layers.
Depreitere et al. proposed using optical interconnects to construct a multi-layer FPGA [35]. A

straightforward extension of a 2D architecture [20] is found in the Rothko 3D architecture, which
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has routing-and-logic blocks (RLBs) placed on multiple layers [61]. Fine-grained interlayer
connections were added outside each RLB, providing connections between cells above and
below, using a specially designed technique [76], [90]. An improved version of the Rothko
architecture — which advocates putting the routing in one layer and the logic on another for more
efficient layer utilization — appears in [28]. It was shown that the percentage of routed
connections increases with an increase in the flexibility of switch boxes. Also, computational
density is higher compared to a 2D architecture. Universal switch boxes for 3D FPGA design
were analyzed in [93]. It is important to point out that all of these works assume that the inter-
layer connectivity is provided by vertical wire segments that connect each layer to its adjacent
layers only.

There has also been previous work on CAD tools for 3D FPGA integration. Alexander et. al.
proposed 3D placement and routing algorithms [12] for their architecture in [11]. Their placement
algorithm is partitioning-based followed by a simulated annealing based refinement for total
interconnect length minimization. Savings of up to 23% and 14% in total interconnect length at
the placement level and routing level was reported. An improved version of the placement
algorithm appears as Spiffy, which performs placement and global routing simultaneously [55].
In the experimental methodology presented in [28], placement was performed with VPR [18] and

routing was performed with a custom routing tool [27].

6.1.3  Research Approach
Our goal is to present an efficient placement and detailed routing tool for 3D FPGAs [6], [7], [8].
Unlike previous works on 3D FPGA architecture and CAD tools, we investigate the effect of 3D

integration on delay, in addition to wire-length because wire-length alone cannot be relied on as a
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metric for 3D integration benefits. Apart from the commonly used single-segment architecture,
we also study multi-segment architectures in the third dimension. Our placement algorithm is
partitioning-based, and hence scalable with the design size. A circuit is first partitioned for min-
cut minimization into a number of sub-circuits equal to the number of layers for the 3D
integration. Then, timing-driven partitioning-based placement is performed on every layer
starting with the top layer and proceeding towards the bottom layer. The allowable bounding box
for nets on a particular layer is decided by the layers above it, in order to minimize the 3D
bounding-boxes of the most critical nets. Constraints for any given layer are set by the placement
on layers above. The routing algorithm was imported and adapted for the 3D architecture from
the leading academic placement and routing tool for 2D architectures, VPR [18]. The main
contribution of our work is as follows.

e TPR: We developed a partitioning-based placement and maze routing toolset called TPR
(Three-dimensional Place and Route). Its purpose is to serve the research community in
predicting and exploring potential gains that the 3D technologies for FPGAs have to offer
(similar to the role VPR played in the development of FPGA physical design algorithms). It
shall be used as a platform, which can be used for further development and implementation of
new ideas in placement and routing for 3D FPGAs.

o Architectural analysis: we analyze potential benefits that 3D integration can provide for
FPGAs. More specifically, we place and detailed route circuits onto 3D FPGA architectures
and study the variation in circuit delay and total wire-length compared to their 2D
counterparts, under different 3D architectural assumptions. The results of this study and
similar studies in future can guide researchers in designing high performance 3D FPGA fabric

architectures.
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6.2 Overview of TPR

The philosophy of our tool closely follows that of its 2D counterpart, VPR [18]. The flow of the
TPR placement and routing CAD tool is shown in Figure 30. The design flow starts with a
technology-mapped netlist in .blif format, which can be generated using SIS [80]. The .blif netlist
is converted to a netlist composed of more complex logic blocks with T-VPack [66]. The .net
netlist as well as the architecture description file are inputs to the placement algorithm. The
placement algorithm first partitions the circuit into a number of balanced partitions equal to the
number of layers for 3D integration. The goal of this first min-cut partitioning is to minimize the
connections between layers, which translates into minimum number of vertical (i.e., inter-layer)
wires. The reason is that in 3D technologies, the architecture is not isotropic (i.e., due to their
higher pitch, vertical vias are not as dense as the 2D channels) and thus the placement and routing
tools must judiciously use scarce vertical routing resources. After dividing the netlist into layers,

TPR continues with the placement of each layer in a top-down fashion.
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T-VPack <:|

Tech mapped
netlist (.net)

TPR tool

Partitioning and assignment to layers

Constraint driven placement
top-to-bottom layers

3D detailed routing

@ent and routiD

Figure 30 Flow diagram of TPR: 3D placement and routing tool.

The top layer is placed by unconstrained recursive partitioning. The rest of the layers are then
placed in turn by recursive partitioning, but constrained to reduce the delay on timing-critical
nets: the terminals of the most critical nets, which span more than one layer, are placed on
restricted placement regions. The restricted placement regions are defined by the projection of the
bounding-boxes defined by the terminals already placed in the layers above onto the current
layer. Hence, the 3D bounding-box of the critical nets is minimized (similar to the 2D terminal
alignment proposed by Maidee et al. in [64]). Finally, global and detailed routing is performed

using the adapted 3D version of the VPR routing algorithm.
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6.3  Placement Algorithm

The simplified pseudo-code of the partitioning-based placement algorithm is shown in Figure 31.
In the first stage the circuit netlist undergoes the initial min-cut partitioning and assignment to
layers. The second main phase is the actual placement of cells on all layers. In this section we

present in more detail the two main steps of our placement algorithm.

3D Placement Algorithm
Input:
Tech mapped netlist .net G(V,E)
Architecture description file
Algorithm:
1. Initial min-cut partitioning into layers for via minimization
2. For all layers i =0 to L-1 from top to bottom
3. Do partitioning based placement of layer i
4 Update timing slacks
5. Re-enumerate critical paths
6. Greedy overlap removal
7 Constraint generation for layers below (only for critical nets)
8.  Write .p placement output file

Figure 31 Pseudo-code of TPR placement algorithm.

6.3.1 Initial Partitioning and Assignment to layers

The initial partitioning-into-layers step is performed using the min-cut hMetis partitioning
algorithm [56] and is further illustrated in Figure 32. This is motivated by the limitations imposed
by current technologies, which require us to minimize the usage of vertical connections (it was
also observed in [32] that optimizing inter-layer interconnect is of key importance for 3D

integration technologies).
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Initial netlist Min-cut partitioning and assignment to layers

Figure 32 Illustration of initial partitioning and assignment to layers.

After the initial partitioning into layers we assign blocks (i.e., partitions) to layers using a
linear placement technique. The goal of this step is to minimize both the total (vertical) wire-
length and maximum cut between any two adjacent layers. For example, in Figure 33, we would
like to assign the five blocks (as a result of the initial 5-way min-cut partitioning) to layers of the
3D architecture as in the case labeled “Good” rather than in the case labeled “Bad”. That is
because the good layer assignment minimizes both the total wire-length and maximum cut

between adjacent layers.

1
4 2 ! 2
OK
1 3
5-way initial Good Bad
partitioning Total cut # =14 Total cut # =28

Figure 33 Illustration of good and bad initial linear placement of partitions into layers.
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The objective of minimizing the total vertical wire-length and maximum cut between any two
adjacent layers is equivalent to minimizing the bandwidth of the EV-matrix associated to the
layer-blocks graph which resulted from the above partitioning [36]. Edges of this graph have
weights given by the number of edges of the initial netlist graph, which span different layer-
blocks. The EV-matrix is an mxn matrix where m — the number of rows — is the number of edges
in the graph and n — the number of columns — is the number of nodes. An element a(i, j)=1 in the
matrix is non-zero if the j-th node is a terminal of the i-th net. If a node is not a terminal for a net,
the corresponding EV-matrix element is zero. The bandwidth of a matrix is defined as the
maximum distance between first and last non-zero entries, among all rows. An example of such a
layer-blocks graph and its associated EV-matrix are presented in Figure 34. In this example the
bandwidth equals four due to second row, which has its first non-zero entry in the second column

and its last nonzero entry in the sixth column.

Vertices

123456
101000
010001
001100
001001
000011

EV-matrix

Edges

A W N~

Figure 34 Layer-blocks graph and its associated EV-matrix.

The bandwidth minimization problem is known to be NP-complete [36] and a solution for the
layer assignment problem may not be optimal in terms of both objectives of wire-length and
maximum cut between adjacent layers. Therefore, for this step, we use an efficient heuristic [5]
which is able to find solutions with very good trade-off between wire-length and maximum cut.
This technique is briefly described in what follows using the graph example shown in Figure 35.

We first build the EV-matrix, and then transform it into an as-close-as-possible to a band-form
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matrix. This problem is denoted as B(EV-matrix)-min problem (i.e., minimization of the
bandwidth of the EV-matrix problem). The procedure to solve this problem uses row and column
flips in order to sort rows and columns such that non-zero elements are moved towards the main
diagonal. For example, for the matrix shown in Figure 35, in order to “drift” non-zero elements
from the upper half towards the main diagonal (i.e., from right to left) column flips are performed
between columns 2 and 3 and then between column 6 is moved between columns 3 and 4. This
technique is performed to move non-zero elements from left to right and from top to bottom (for
the upper right half) and from left to right and from bottom to top (for the lower left half). When
the above procedure finishes, the example from Figure 34 becomes as described in Figure 35. The
goal of getting the matrix to a band-form (which translates into a best linear ordering) serves two
objectives:

1.  Cutsize minimization — by having all 1’s in the matrix clustered along the main diagonal,
the cutsize (the number of nets cut by a vertical cut applied between any two consecutive nodes in
the linear arrangement) is minimized everywhere in the linear arrangement.

2. WL minimization — by minimizing the bandwidth (maximum distance spanned by any of

the nets) of the EV-matrix, the total wire-length of all nets is minimized.
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Right to left Bottom to top Left to right Top to bottom

123456 132 645 132 645 143265 143265
/1[1T01000 11110000 1/1110000 1{101000 71/101000
2/010001 21001100 3/010010 31011000 3/011000
3l001100, o 3(/010010, 4 4/010100f 4 4/001010f - 4/001010
4/001001 4010100 21001100 21000110 2/000110
51000011 5000101 5000101 51000011 5000011

WL=7, Max-cut=2

Final

WL=11, Max-cut=3

OROEOOCROEO,

Initial

Figure 35 Illustration of the EV-matrix band-width minimization for both wire-length and maximum cut

between adjacent layers.

6.3.2 Placement Method

After the initial layer assignment, placement is performed on each layer starting with the top layer
(layer 0) and continuing downwards till the last layer (layer L-1). The placement of every layer is
based on edge-weighted quad-partitioning using the hMetis partitioning algorithm, and is similar
to the approach in [64], which has the same quality as VPR but at 3-4 times shorter run times.
Edge weights are usually computed inversely proportional to the timing slack of the
corresponding nets. However, we also selectively bias weights of the most critical nets. The set of
critical nets is comprised of edges on the current k-most critical paths. The placement algorithm
has an integrated static timing analysis engine as well as a path enumeration algorithm [51]. The
delay of the circuit (and therefore slacks) and the set of the most critical paths are periodically
updated based on the delay assigned to all current cut nets by the partitioning engine. This

ensures accurate estimation of the circuit delay as the placement algorithm progresses. The rate of
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delay update and critical paths re-enumeration is dictated by the runtime / estimation accuracy
trade-off.

The recursive partitioning of a given layer stops when each placement region has less than
four blocks. Complete overlap removal is done using a greedy heuristic which moves non-critical
blocks (i.e., not on any critical paths) to the closest available empty location. When the placement
of a layer is finished, we propagate placement constraints for the most critical nets. For example,
assuming that layer ky is the first layer (from the top, as shown in Figure 36) in which some
terminals of a critical net are placed, the bounding box of the net is cumulatively projected to
lower layers ky+1 through L-/ as a placement constraint for the rest of the terminals of the net in
these layers.

In layers that have net bounding box constraints, terminals that have placement restrictions
are fixed in appropriate partitions before a call to the hMetis partitioning engine. This technique
explicitly minimizes the 3D bounding-boxes of critical nets, which leads to minimization of the
total wire-length and circuit delay. Steps 3 to 8 of the algorithm shown in Figure 31 are

performed for all layers, and when the last layer is finished the circuit is completely placed.

Layer ko // - 1 | Bounding box on already
..... 2 97 ; ' placed layer ko
g, LS // /
Source 0 ] )
H P Region constraint for
Layer ki>l{o 3 gilﬁlc(::rgint on layer k; of
« 4@ 7 L

Figure 36 Illustration of the restricted placement-region (i.e., projection of the bounding box of terminals 0,
1, and 2 placed on layer k) acting as a region constraint for sinks 3, 4 of a critical net, which has the source

and sinks 1, 2 placed on a layer above.
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6.4  Routing Algorithm

6.4.1 Description of Detailed Routing Algorithm

The 3D FPGA architecture (see Figure 37) — described in the architecture file — is represented as
a routing resource graph. Each node of the routing resource graph represents a wire (horizontal
tracks in the x and y channels of all layers and vertical vias in the z channels) or a logic block (i.e.,
CLB) input or output pin. A directed edge represents a unidirectional switch (such as a tri-state
buffer). A pair of directed edges represents a bi-directional switch (such as a pass transistor). An

example of a routing resource graph construction is shown in Figure 38.

Horizontal
tracks

Figure 37 Illustration of key elements of a 3D architecture; routing resources are horizontal tracks and

vertical vias.
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LUTB LUTA

B in2 B inl A out

7\_N/i e 3f / = / Wire 1

_éWire4 //:__._‘_<} /‘//\/// Wire 2

A

" Switch-box

Wire 5

B_in2 Wire 4 Wire 2

Sink @3 B inl Wire 3 Wire 1

e

Sink O Ciin 1 Wire 6

A_out Source

Figure 38 Illustration of the routing graph construction.

TPR 3D detailed router is based on the Pathfinder negotiated congestion algorithm [38]. The

routing is a rip-up and re-route iterative process, which routes every net by the shortest path using

a breadth-first-search technique. The cost of overused routing resources is gradually increased so

that the algorithm forces nets with alternative routes to avoid overused routing resources, leaving

behind only the net, which most needs a given resource. We add extra penalties to bends of a

route created by a horizontal track and a vertical via as well as to vias themselves in order to

discourage the routing engine to prefer vias and therefore to avoid a net placed totally in one layer

to be routed using tracks in different layers. This will make, for example, the routing engine find

the routing shown in Figure 39.b rather than the routing solution shown in Figure 39.a.
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...................................

...................

Source .

Figure 39 Illustration of two routings for a two terminal net.

TPR router can find the minimum horizontal and vertical channel widths (CWs) for which the
circuit is fully routable. Vertical channel width starts with a value specified by the architecture
file and is incremented every time when routing fails for a pre-determined number of different
values for the horizontal channel width. The simplified pseudo-code of the routing algorithm is

shown in Figure 40.

3D Routing Algorithm
Input:
Placement .p of netlist G(V,E)
3D FPGA architecture
Algorithm:
1. Build routing graph
2. Route breadth-first-search all nets
3. While (congested routing resources exist)
4. For cach net
5 Rip-up and re-route
6 Update costs of routing resources
7. Write .r routing output file

Figure 40 Pseudo-code of TPR routing algorithm.
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6.4.2 Computation of Total and Foot-print Area

In order to be able to compute the foot-print chip area after detailed routing is completed for 3D
architectures (simulations results reported in Section 6) we use a new formula, which is the
adaptation to 3D of the computations performed in 2D. Footprint area is calculated as total area
divided by number of layers. Generally, the overall chip area is the summation of the area taken

by logic (CLBs) and routing resources (switch boxes, connection boxes, track segments).

Area = Area,,,, + Area,,,,, 4)

The above formula reduces to the following simplified equation (we omitted details for

brevity), for 2D case (see [19], pages 207-217):

Area,,, =[Area,,, +C, - HCW+C, - Area,, (HCW)]-W? (5)
where:
Area,, (HCW)=6-[log,(HCW) |+ 2HCW -2 (6)

represents the area of all minimum-width transistors required by a multiplexer with HCW
inputs [19]. Such multiplexers are used to connect tracks in the routing channels to the input pins
of CLBs and because of that we need multiplexers with a number of inputs equal to the horizontal
channel with, HCW. C;, C, are functions of track-buffer area, number of input pins within an
FPGA tile, number of input pins within a tile which share a common buffer, output pin buffer
area, number of pass transistors corresponding to an output pin of a CLB, buffer (inside switch
boxes) area, and F (=3 for 2D) [19]. Area,yr is the total area of a CLB, which may contain one
or more LUTs. W is the width of the FPGA chip measured as multiple of inter-CLB distances
(assumed to be equal to the height of the FPGA chip).

The overall chip area computation, extended to 3D case, is given by the following expression:
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Area= Areq, cict Areq,, ;. "

= Are%agic + Are%‘on[s’ox + Are%wirchBonD + Arquwitchb’ax}D

= Are% ur’ L ! W2 + Are%ileC())zBox(Num_ l.pi%ile’ Are%mckBL{[]:Ipin’ Are%mckBu[fOpin’ Areq'zux’ HC VV’Are%a.\'.xTruns) : L : W2
+ Are%‘w:‘tchBox2D (F;ZD ’ Are%uff’ HC w— VCVV) -L- (W_ 1)2
+ Are%‘witclzBoﬁD (FZSD > Are%u[f’ VCVV) L (W_ 1)2

(7
which can be written in a simpler form as:

Area,,, =[Area,,, +C, - HCW +C, - Area,, (HCW)]-L-W? (8)
+[C, -(HCW —VCW)+C, -VCW]-L-(W —1)*

C{,Cz,C3,C ,are functions of track-buffer area, Areaz . s,y for input or output pins of a CLB,

number of input pins within an FPGA tile, Num_iping;., number of input pins within a tile which
share a common buffer, area of all pass transistors corresponding to an output pin of a CLB,
Areapass 1rans, buffer (inside switch boxes) area, Areag,; and F (Fi=3 for 2D and F=6 for 3D).
HCW, VCW are horizontal and vertical channel widths. L is number of layers for 3D
architectures. In the formulas above, Aredas,icn.pox.2p aNd Aredas,ien.pox.3p rEpresent switch-box area
fractions corresponding to connections of tracks characterized by F=3 (horizontal tracks entering
a switch-box connect to only other horizontal tracks) and of tracks characterized by F=6
(horizontal tracks entering a switch-box connect to both horizontal and vertical tracks). Because
number of vertical tracks for a z channel is always smaller than the number of horizontal tracks in

x, y channels we have to consider the difference HCW-VCW.

6.5 Simulation Results
6.5.1 3D Architectures
Our goal is to study the variation of the circuit delay and the total wire-length as a function of the

number of layers when the delay of an inter-layer wire (i.e., vertical via) has different values. We
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considered two different architectures: Sing-Seg and Multi-Seg (see Figure 41). In both
architectures, each horizontal layer has a routing architecture that resembles the Xilinx Virtex 11
architecture (they have wire segments of lengths 1, 2, and 6, as well as long lines in each layer).
However, Sing-Seg has vertical (inter-layer) vias of length one only, while Multi-Seg has vertical
vias that span 1, 2, and all planes. Length one vertical segment is assumed to have the same delay
and wire-length as 2D unit-length segments. This is a reasonable assumption, because 3D
fabrication methods such as [74] can create inter-layer vias that are merely 5-10um long. In such
vertical segments, the switch delay dominates the delay of the segment, which is similar to the 2D
case. Our architectures have one 4-input LUT per CLB as this is a common assumption made in
most previous works. We do not include a description of the LUT because it is essentially the
same as for 2D cases and there are many previous works describing them such as [19]. Vertically,
our architectures are unique by being vertical in the third dimension, but they are also along the
same line of traditional FPGAs: either containing vias of length one or vias spanning more layers.
The switch-box in our architecture is different from the 2D case by the fact that some tracks are
connecting to the vertical vias. The switch-box will be described more later on (see Figure 48).
We would like to mention that these architectures are very complex and our implementation is
very flexible supporting any combination of segment and via lengths as well as any known type
of switch-box. We randomly placed 1O terminals on the periphery of every layer after the
partitioning and assignment to layers is performed. However, the user can provide locations for

10 terminals.

94



6 Place and Route for 3D FPGAs

LT P P P
SO SWitch-DOX  +eeereeererees -
LT L
.......... LUT ..
AT it P
P T BTG
P LT
) — ) —
Sing-Seg: Length 1 vias only Multi-Seg: Length 1, 2 and long vias
CW.=6 CW,=6

Figure 41 Two different architectures used for simulations: Sing-Seg and Multi-Seg.

6.5.2 Delay Results of TPR

We cannot compare our results to any of the previous works for a couple of reasons. First, our
place and route tool is the first to report comprehensive results on wire-length and circuit delay as
well as on all other metrics such as chip area, horizontal and vertical channel widths, and run-
times on all twenty circuit benchmarks of the VPR package. We cannot compare to the only
previous existing results reported in [11] or [55] because the authors of [11] used only six circuit
benchmarks (unavailable to us) different (except Apex2) from those we use. Moreover, the
authors of [11] report only wire-length and minimum channel width results obtained for a very
simple architecture, which only contains horizontal and vertical routing segments of length one.
This is in contrast with our architectures, which have mixed — Virtex II-like — routing resources
both horizontally and vertically. The authors of [11] use only four layers whereas we report
results for a range between two and ten layers. The authors of [55] report results for wire-length
only for a number of layers between two and four, using unknown circuit benchmarks and
architecture, most likely similar to the one used in [11] and different from our more complex
architectures. Since we are providing the source code and benchmarks that we use in this paper

on the World Wide Web (see the Summary Section), other researchers can easily compare their

95



6 Place and Route for 3D FPGAs

results to ours. Nevertheless, we present and discuss, for comparison purposes, results obtained
with a simulated annealing placement algorithm SA-TPR, which was developed as a direct
extension of VPR placement algorithm to the 3D case [68]. Placements obtained using SA-TPR
were routed using our 3D routing algorithm.

We placed and detailed routed all circuits (see Table 6) on a number of layers varied between
one (the 2D case) and ten. We recorded the average circuit delay and the average total wire-
length of four different runs for each circuit. TPR results showing post-routing delay for both
routing architectures are presented in Figure 42 and Figure 43. In Figure 42, circles represent the
average delay of all circuits and squares represent the minimum and the maximum delays among
all circuits. The comparison between the variation of the average delay values obtained using
partitioning-based (TPR) and SA-based (SA-TPR) placement algorithms is illustrated in Figure
44. We observe that delay decreases" by about 30% for both architectures using either placement
algorithm compared to the 2D case, although architecture Multi-Seg shows slightly better delays,
as the number of layers increases beyond six. However, the difference is not large, mainly
because the routing algorithm considers fully buffered'* routing resources, which leads to
comparable delay values for both architectures. Delay achieved using the SA-based placement
algorithm is smaller compared to the delay achieved using the partitioning-based placement

algorithm, which is not surprising, because annealing takes longer runtimes.

> We notice that delay does not decrease as much when compared to results reported for ASICs by other
researchers. This emphasizes the intrinsic higher complexity of FPGAs and their hyper-dimensional routing
architectures in which a LUT has more “immediate” neighbors through different segment lengths.

' Modern FPGAs use fully buffered routing resources extensively.
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Figure 44 Variation of delay as reported after detailed routing for placements obtained using our TPR and

SA-TPR of [68].

We noticed that the amount of delay decrease compared to the 2D case for different circuits
and same number of layers can vary. For example, delay decreases (Figure 43) by 27% for Pdc
benchmark but only 18% for Spla benchmark when nine layers are used. We suspect this is due to
the internal structure (such as higher connectivity) of Pdc as opposed to Spla, which leads to a
larger fraction of nets spanning different numbers of layers, as shown in Figure 45. During our
experiments we also noticed that benchmarks with large number of terminals (relative to the
number of cells), such as Des (see Table 6), tend to lead to more delay decrease compared to 2D
case. This can be explained by the fact that in the 2D case, the chip size necessary to
accommodate all terminals is bigger than if the circuit had less terminals (i.e., final chip will have
more “white-space”) and therefore delays of nets involving input or output terminals will have

larger routing delays in 2D case.
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different layers for two circuit-benchmarks.

6.5.3  Wire Length Results of TPR

Wire-length results of TPR on Multi-Seg architecture are shown in Figure 46. Results for
architecture Sing-Seg and using the SA-based placement algorithm are similar. Figure 47, shows
the average wire length for architecture Multi-Seg as the number of layers increases. We observe
that wire-length after detailed routing decreases by 25% on average as the number of layers
increases. If the length of the inter-layer via increases, then the total wire-length decrease will be
less. That is mainly because the fraction of the vertical wire-length relative to the total wire-
length will become significant and also the average net delay will increase due to bending (i.e.,
switches) of nets spanning more layers. Wire-length achieved using the SA-based placement
algorithm is smaller compared to the wire-length achieved using the partitioning-based placement

algorithm.
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Figure 46 Variation of wire-length, normalized to 2D case, as reported after detailed routing. TPR is used
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Figure 47 Variation of average wire-length after detailed routing as a function of number of layers, using
both TPR and SA-TPR [68] placement algorithms.

We note that the decrease in total wire-length can have favorable impact on the routing

congestion (hence channel width), as well as power dissipation (especially due to the fact that
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most of the power dissipated in FPGAs is due to interconnects, which account for more than 80%
of the total area) as predicted by Rahman et al. in [73].

The decrease in total WL is directly related to a decrease of the average net wire-length,
which in turn relates to the overall usage of routing resources and therefore to the circuit delay.
Variations of the average net wire-length, and other metrics of interest, are shown in Figure 49
(see also Table 7 and Table 8). Routing area counts the exact number of pass transistor and
SRAM cells that control them, as suggested in [19]. We observe that overall area (i.e., chip foot-
print area multiplied by the number of layers) slightly increases for a small number of layers. This
increase is due to the higher connectivity inside of a switch box (i.e., a track entering a 3D switch
box will have to connect to 5 correspondents as opposed to only 3 in the 2D case; see Figure 48).
However, routing area decreases as the number of layers increases for Multi-Seg architecture, as a
direct consequence of a decrease of the horizontal channel width (HCW) required for successful
routing (Figure 49). Routing area increase is overall less than 10% when SA-based placement
algorithm is used. Except for cases where only few layers are used, CW decreases significantly.
The reason is that the number of vertical connections is minimized. In other words, the
partitioning algorithm is able to find the clustering structure of the circuit and practically divide
the initial netlist into a number of smaller circuits with similar internal structure (in terms of
connectivity or Rent’s parameter) to the initial one. As a consequence, the horizontal channel

width for each layer will be in the same range as when the initial netlist is placed in 2D.
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2D Switch-box 3D Switch-box

Figure 48 Third dimension adds vertical tracks which require five connections.

We observe that, overall, run-times of SA-based placement are about twice the run-times of
detailed routing (see Table 6) and about an order of magnitude longer than run-times of
partitioning-based placement. Therefore, partitioning-based placement can be used for efficient
solution space (especially for big circuits) and different architectural assumptions exploration.
Also, the vertical channel widths reported in Table 6 are 1/5 of the horizontal channel widths,
which demonstrates that our layer partitioning and linear placement as well as the routing
algorithm are very well tuned to minimize the use of vertical tracks. Another advantage of using
fewer vertical tracks greatly reduces the required area for switchboxes (A vertical/horizontal
intersection with F;=3 requires 6 switches, while an intersection with /=5 requires 15 switches.

Each switch has a pass transistor, an SRAM cell, and possibly a buffer.).
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Figure 49 Variations of the average delay, average net wire-length, horizontal channel width, and of total

routing area for Sing-Seg (left) and Multi-Seg (right) architectures normalized relative to 2D, using TPR

placement algorithm.

6.5.4 Experiments Using Mixed Partitioning- and SA- based Placement Algorithm

We also implemented a mixed partitioning and simulated-annealing placement algorithm, in

collaboration with the author of [68]. The reason for that is that the initial partitioning and

assignment to layers does a very good job at minimizing the amount of vertical vias. This

technique combined with SA-based placement on each individual layer (under the restriction of

not moving cells between layers) leads to high quality placements with minimum vertical

connectivity, which is desirable due to the limitations imposed by current technologies, which

require us to minimize the usage of vertical connections. As we can see in Figure 50, this strategy

indeed leads to a decrease in wire-length whereas delay is virtually the same compared to full SA

placement, which results into slightly smaller horizontal channel width (see Table 7 and Table 8).

These results show that the quality of our layer partitioning and linear placement is very good.
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routing, using partitioning-, SA-, and mixed partitioning + SA- based placement algorithms (left) and

variation of delay as reported after detailed routing (right).

Table 6 Simulated circuits: statistics, vertical channel width (VCW) for successful routing, and run-time

(TPR compiled with g++ on a Linux box running on a Xeon 2.54GHz with 2G of memory).

VCw CPU (s)
SA-based .
Circuit No. CLBs No. 10s |TPR S4- TPR |Par-based Placement Detaz.led
[68] \placement Routing
[68]
Ex5p 1064 71 6 5 7 85 77
Apex4 1262 28 6 5 8 105 76
Misex3 1397 28 6 5 9 55 84
Alu4 1522 22 5 5 16 145 61
Des 1591 501 5 5 11 227 69
Seq 1750 76 5 5 12 212 114
Apex2 1878 42 5 5 13 243 148
Spla 3690 62 5 6 37 912 532
Pdc 4575 56 7 7 60 1354 1039
Ex1010 4598 20 4 5 56 1238 273
Dsip 1370 426 5 5 28 154 34
Tseng 1407 174 5 5 8 70 14
Diffeq 1497 103 5 5 14 154 46
Bigkey 1707 426 5 5 22 209 48
S298 1931 10 5 5 23 208 53
Frisc 3556 136 5 5 56 881 227
Elliptic 3604 245 5 5 74 818 142
S38417 6406 135 5 5 133 2000 210
S38584.1 6447 342 5 5 230 2034 268
Clma 8383 144 5 5 199 892 950
Sum 1016 11996 4465
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Table 7 Average (of all circuits) of Delay, wire-length (WL), horizontal channel width (HCW), and routing

area after successful routing for Sing-Seg architecture.

Combined Partitioning + SA

Num | TPR SA-TPR [68] P g
layers Dela)f7 W Routing HCW Dela)f7 WL Routing HCW Dela)f7 WL Routing HCW

(x 107) area (x 107) area (x 107) area
1 1.62 107087 1.00 1.00 1.30 79553  1.00 1.00 1.27 79626  1.00 1.00
2 1.52 98808  1.088 0.92 1.22 76072 1.016 0.95 1.18 73663  1.113 0.99
3 1.37 93162  1.097 0.89 1.18 74786  1.096 0.96 1.13 69913 1.114 0.90
4 1.30 87410  1.096 0.85 1.12 73277  1.091 0.93 1.10 67746  1.108 0.85
5 1.28 84741  1.041 0.77 1.08 71817  1.117 0.93 1.06 68154 1.119 0.85
6 1.22 81707  1.089 0.74 1.06 70975  1.106 0.91 1.05 67045  1.121 0.81
7 1.22 80143  1.065 0.70 1.05 69902 1.116 0.89 1.03 65753  1.119 0.78
8 1.20 78589  1.005 0.71 1.03 69589  1.096 0.87 1.01 67361 1.117 0.80
9 1.21 78456  1.018 0.67 1.04 68800  1.100 0.87 1.04 66559  1.117 0.77
10 1.19 78643  1.072 0.69 1.01 68411  1.084 0.85 1.02 66185 1.122 0.77

Table 8 Average (of all circuits) of Delay, wire-length (WL), horizontal channel width (HCW), and routing

area after successful routing for Multi-Seg architecture.

Combined Partitioning + SA

Num TPR SA-TPR [68] Place
layers Dela)f7 WI Routing HCW Dela)f7 WL Routing HCW Dela)f7 W Routing HCW
(x 107) area (x 107) area (x 107) area

1 1.62 107087 1.000 1.00 1.28 79410  1.000 1.00 1.27 79626  1.000 1.00
2 1.52 98808  1.088 0.92 1.20 76088 1.015 0.96 1.18 73663  1.113 0.99
3 1.38 93162  1.096 0.89 1.19 75304  1.068 0.96 1.14 70729  1.112 0.91
4 1.35 87410  1.053 0.83 1.12 73796  1.075 0.95 1.07 67383  1.107 0.86
5 1.24 84741  1.025 0.78 1.07 72228  1.045 0.90 1.06 66798 1.113 0.82
6 1.21 81707  1.038 0.74 1.03 70888  1.064 0.90 1.05 66682 1.115 0.80
7 1.20 80143  1.003 0.70 1.03 70710  1.052 0.88 1.03 65605 1.115 0.77
8 1.19 78589  0.942 0.70 1.02 69849  1.054 0.87 0.98 67049 1.113 0.81
9 1.19 78456 0.967 0.67 0.98 69190  1.062 0.87 0.98 65536 1.114 0.77
10 1.16 78643  0.981 0.68 0.97 68840  1.058 0.85 0.98 65439 1.115 0.77
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6.6  Summary

Benefits which 3D FPGA integration can offer were analyzed using a new placement and detailed
routing tool. The partitioning-based placement algorithm has integrated techniques for
minimization of the 3D bounding-boxes of nets and of the delays of the critical paths. Simulation
experiments, after detailed routing, showed potential total decrease of 25% for wire-length and
35% for delay. We observed that the Multi-Seg architecture shows slightly better delay
characteristics compared to the Sing-Seg architecture.

We plan to analyze whether circuits are fully routable when vertical channels do not exist at
every CLB location. The reason for that is because a smaller (i.e., rare) number of vertical vias is
preferred due to technological limitations and because an architecture with a smaller number of
vias translates into a smaller chip foot-print area (due to smaller transistor area dedicated to
connections inside switch boxes). Source code and documentation is available for download at:

http://www.ece.umn.edu/users/kia/.
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7 Conclusions and Future Work

7.1 Dissertation Summary

The increase in circuit complexities and the high demand for short time-to-market products force
designers to adopt divide-and-conquer design techniques. Furthermore, ever-growing
performance expectations require designers to perform optimization at all levels of the design
cycle. In the first part of this dissertation (Chapters 3 and 4), we addressed the problem of delay
optimization at the physical design stage. A new net-based statistical timing-driven partitioning
algorithm demonstrated that circuit delay could be improved whereas the run-time remained
virtually the same with insignificant cutsize deterioration. We also proposed a path-based multi-
objective partitioning for cutsize and circuit delay minimization. We changed the partitioning
process itself by introducing a new objective function that incorporates a truly path-based delay
component for the most critical paths. Integration of the proposed partitioning algorithms into a
placement tool demonstrated the ability of the proposed edge-weighting and path-based
approaches for partitioning to lead to a better circuit performance.

Due to the non-uniform scaling of transistors and interconnects, previously ignored
perturbations have become major design challenges because of their significant negative impact
on the predictability of classic design methodologies, as well as on performance. In the second
part of this dissertation (Chapter 5) we proposed new physical synthesis design techniques, which

shall lead to more robust designs and more predictable design methodologies. More specifically,
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we proposed and developed means for changing a standard timing-driven partitioning-based
placement algorithm in order to design more predictable and robust circuits without sacrificing
much of performance.

Due to technology scaling global wires dominate the delay and power budgets, and signal
integrity, IR-drops, and process variations pose new design problems. In response to these
problems, 3D integration could significantly reduce wire-lengths, boost yield, and could
particularly be useful for FPGA fabrics because it could address problems related to routing
congestion, limited I/O connections, and long wire delays. Practical application of 3D integrated
circuits yet needs to gain momentum, partly due to a lack of efficient 3D CAD tools. In the third
part of this dissertation (Chapter 6) we proposed a new efficient timing-driven partitioning-based
placement and detailed routing tool for 3D FPGA integration. We showed that 3D integration

could result in smaller circuit delay and wire-length.

7.2 Future Work

This work represents a step further towards developing physical design techniques capable to
cope with the new and more difficult problems of the ever increasing circuit (both VLSI circuits
and FPGAs) complexities. The ideas presented in this dissertation can be seen as triggers of some

avenues of future work, which are discussed in the following sub-sections.

7.2.1 Multi-objective Optimization

There is still much to do on multi-objective optimization. Multi-objective optimization is more
difficult than single objective optimization (e.g., mincut partitioning or wirelength-driven
placement) because often intricate trade-offs between objectives exist. This means that it is very

likely that a single solution will not be optimum with respect to every objective, and therefore one
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will have to first understand the mechanisms behind these trade-offs (influenced by the accuracy
of the models too) and then device design techniques to exploit and account for these
mechanisms, which shall lead to the best solution from all perspectives while satisfying all the
initial design constraints. In Chapter 4 of this dissertation, we presented a solution to multi-
objective (cutsize and delay) partitioning, and we embedded our partitioning algorithm into a
placement tool. The multi-objective design approach can be extended to directly incorporate other
objectives (such as power) into the cost function or be applied at other design flow levels such as
logic synthesis. Better, more accurate models (e.g., delay, power models) yet efficient (i.e., which
shall not add too much run-time overhead) will contribute to obtaining additional results,

preferably using industry size benchmark circuits.

7.2.2  Robust Design under Uncertainty

Rampant decreasing of transistor and feature size as technology advances into deep submicron
(DSM) geometries gave rise to many new challenging problems (IR drops, parameter variations,
crosstalk, etc.). Many of these problems are due to process variations, temperature, and supply
voltage changes, which cause the emergence of uncertainty in almost every design aspect. The
ideas presented in Chapter 5 represent an effort in trying to cope with the difficulties associated
with the DSM technologies. Much work will have to be done in the recently awaken domain of
probabilistic and “for manufacturing” design in order to develop design methodologies which
shall be more predictable (predictability is to be achieved in the face of design uncertainties) and
robust (high robustness means that performance of the design is less influenced by noise factors

and remains within acceptable limits).
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7.2.3  Architectural Studies and Efficient CAD Support for 2D and 3D FPGAs

New FPGA architectures cannot be proposed and studied independently. An important
component of that process is represented by the CAD tools and their algorithms used to design
circuits of ever increasing size. Much work is still needed in finding better FPGA architectures (in
terms of performance, power, area, etc.) to make them more competitive relative to standard cell
designs. 3D FPGA architectures (discussed in Chapter 6) can represent (apart from
nanotechnology) a potential new Moore’s law enabler. However, more architectural studies on
problems regarding for example the distribution of vertical vias and their lengths or the presence
of blockages (under the form of heat pipes or macro-blocks such as processors or other DSP
blocks embedded into the reconfigurable fabric) need to be investigated. Likewise, efficient
scalable algorithms will have to be developed in order to facilitate the analysis of architectures as

well as the design automation process.
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Appendix A

Statistical Timing Analysis

In this section we present the Statistical Timing Analysis (SSTA), which we use as a modeling
framework for the purpose of characterizing circuits from the predictability and robustness points
of view.

Uncertainties in gate and wire delays (such as fabrication variations, changes in supply
voltage and temperature [69], [85]) are modeled in statistical timing analysis by modeling gate
and wire delays as random variables (i.e., probability distribution functions). That means that the
delay variation is captured by the standard deviation. We adopt the approach proposed by
Berkelaar [17], [50] for its simplicity and because it represents the formulation, which appears in
other recent statistical timing analyses [9], [71]. Delay distribution at primary outputs is obtained
by computing the statistical latest arrival times. Statistical delays are forward-propagated from
primary inputs towards primary outputs, using statistical addition and maximum operations. In
other words, applying the statistical maximum and addition operations to all gates and wires in a
circuit, from primary inputs towards primary outputs, we can compute the probability density
function of the overall circuit delay by computing the pdf of each PO.

Let us now consider the example of a two-input gate presented in Figure 51. Under the
assumption of stochastic independence of the two inputs 4 and B, the maximum latest arrival time

at its inputs can be modeled with a normal distribution whose probability density function is:
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Je@) = (X)) Fp(x)+ f5(x) F (x) )

Where f}, f3 and f¢ are probability density functions (pdf) of the latest arrival times (LATs) at
the two inputs A, B (with means x,, 1 and standard deviations oy, op) and of their maximum
denoted by variable C. F; and F are the cumulative density functions (cdf) of the two inputs. The
latest arrival time at the output of the gate O is then obtained as the addition” of two

distributions: the maximum at the inputs and the gate delay itself D.

DNN(HDacD)

A~N(pa,04) Hﬁ C+D=0~N (p0,00)
H=—H
B-N(us.o)) H——F

max(A,B)=C~N(uc,6c)

Figure 51 Illustration of statistical “max” and “add” operations.

We present the analytic formulas [50] for the computation of the mean and the standard
deviation of the addition of two series delay elements and of the maximum of two latest arrival
times for the sake of completeness and because they are behind the simulation analyses
performed in Chapter 5. The mean g and the standard deviation op of the statistical addition,
denoted by variable O, of C and D (with means z, tp and standard deviations o, op) are given
by the following equations:

Ho = Hc T Hp (10)
O'é = Gé +0o [2, (11)

The mean of C, as the max(4,B), is given by the following equation:

'3 The statistical addition and maximum operations are also referred to as “add” and “max” operations.
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pe=ye? +u, @)+ iy O(f) (12)
The standard deviation of C is given by the following equation:
op=EC? -y (13)
Where, EC°, a, f3, v, and @ are given by the following equations:
EC* =
Ly (14)

(U, +1p)-y-e > +(ud+02) D) +(ul +02)-D(f)

Ho=Hct UHp (15)

g =M1 Hs (16)
Joi+o,
Hg — Hy

p == (17)
\Joi+o;

lo? + o
y =, (18)
2

15
D(x) = 2" du (19)

1 [e
\/ﬂ —w

Interested reader can find details on the derivations of the above equations in [50].

Generally, for an n-input gate (see Figure 52.a), again, under the assumption of stochastic

independence of the inputs, the maximum latest arrival time at the output, which is

T, Zmyélx (T, +1t,), can be modeled with a normal distribution whose probability density
i=1

function is [44]:
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S ®= 3| £O T 20

j#i
Where T; represents the latest arrival time at input i, ¢; is the gate delay from input i to the
gate output, f; and F; are the probability density function and the cumulative distribution function

of the statistical delay at the gate output due to input i (i.e., corresponding to the T;+#;, as a

summation of two normal random distributions).

Inf1 (G) ]

}
: G Crit(G) Crit(Gl)
T, - _: :

''''' TOUt:N (uoutacout)

Crit(Gm)
Ty i Infic) o G
Influence propagation 1

»

P
<

Criticality propagation

(@) (b)

Figure 52 (a) Example of general gate (b) Influence and criticality computation.

The equivalent of slack in static timing analysis are the notions of influence and criticality,
which were proposed by Hashimoto and Onodera [44]. In what follows, we briefly describe
influence and criticality, which we use for simulations in Chapter 5. The term between brackets in

Equation 20 represents the following probability:

f,.(t)~1i[Fj(t)=P(Ti +tl.=t)~1£[P(Tj +1,<1) @1

J#i J#i
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The probability P(T;+t,=t) expresses the magnitude of the influence that the i-th input gives to
four at t. The influence infl; is defined as the influence proportion of the i-th input in the range >,
as follows:
infl, = C,- [ £,(6)- T] F,(0) - exp(C,)dlt (22)

f J#i
Where C; is a normalization coefficient to satisfy z‘i”ﬂi =land C, is a constant to

emphasize the region of large arrival time. These coefficients are computed empirically [44]. The
worst-case delay at the gate output is #,=¢4,,,+3 0., Where u,,, is the mean and o, is the standard
deviation of the gate output delay f,,,. The integration in Equation 22 is done for £>¢; because in
this range the estimation of f,,, has to be done with small errors in order to achieve high
confidence for the estimation of ¢;. Criticality is meant to represent the timing criticality at each
gate (i.e., the contribution to the circuit delay of all the paths that pass through that gate). It is

computed using the following relation (see Figure 52.b):
crit(G) = Z_,- infly (G ;) crit(G ) (23)

Equation 23 defines influence infli)(G;) as how much the i(G)-th input affects the timing at
gate G; for ¢>t;. In other words, infl;;)(G;) represents how easily the timing criticality back-
propagates from gate G; to gate G. All influences are computed by propagation from PIs towards
POs. Criticalities are computed by back-propagation from POs towards Pls (the criticality of
gates feeding POs is set to one as described in [44]). The gate with the largest criticality in a
circuit is the most critical in terms of timing because its contribution to the circuit output delays

is the most significant among all gates in the circuit.
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This version of statistical timing analysis and criticality calculation has linear time
complexity with respect to circuit size [44]. The reader is referred to [17] and [44] for more

details about the modified statistical timing analysis proposed by Hashimoto and Onodera.
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Appendix B

Delay Model

Our delay model has two components. The first component is the gate delay. For all gates we
consider an intrinsic delay that is given for a typical input transition and a typical output net
capacitance. This delay is actually the mean value of the pdf associated with the gate delay. For
each pdf associated with a gate, we consider a typical standard deviation of 15% [85]. The second
component is the wire delay. We use the lumped RC Elmore delay to model the wire delay. The
Elmore delay for an edge e (an edge corresponds to the wire connecting the net source to one of

its fanout sinks) is given by:
C,
Delay(e) = R, (7 +C,) (24)

Where R, is the wire lumped resistance, C, is the wire lumped capacitance, and C, is the total
lumped capacitance of the sink node of the net. To compute R, and C, we need the length of each
edge. For this, we use the statistical net-length estimation proposed in [89]. The average length of

a net, connecting m cells enclosed in a rectangular area with width a and height b, is given by:

b

Lavz(a.m7_ﬂ) a -
a+b

+(a+b) (25)

Where a, £, and yare fitting parameters computed in [89] as = 1.1, f~ 2.0, and y =~ 0.5.
During recursive partitioning, when a net is cut, it is assigned a certain wire delay that will be
used to re-compute all delays on the paths that include that net. The higher the level in which a
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net is cut during recursive partitioning, the greater the back-annotated wire delay has to be. In our
case, any net that is cut during the first bipartitioning step is assumed to be bounded by a
rectangular area the same as the chip area (see Figure 53). For simplicity we assume the aspect

ratio of the chip is one.

T A
[ ] v o N
Net 2 ' Net 1 is assigned delay at
1 bipartitioning level 1
]
)
' Net 2 is assigned delay at
2 1 2 . .
B @1 bipartitioning level 2
H=b Foo--- r------
S —a | (b
Net 1 H !
A (I !
E H 3 O Net is cut first time
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Figure 53 Illustration of the wire delay assignment to cut nets at different bipartitioning levels.

At the second partitioning level, a and b have different values that will ensure a smaller delay
than that assigned during a previous partitioning level (see Figure 54). The delay of each net is set
only the first time when it is cut. In other words, if a net is cut again at a lower partitioning level,
we do not re-calculate its delay (based on the net length estimation corresponding to the bounding
box at this partitioning level) because otherwise its delay would be overestimated. In our

experiments we consider a 0.18u copper process technology with unit length resistance r =

0.1150Q/um and unit length capacitance ¢ = 0.15fF/um.

129



Delay Model

L misex3 gl $38584
L s 5|0
—
o 4 [ o 4|8
g g
g3 . 3
E £ 2| S
£ 2 L g 2
<
&~ 1| I A q| I
0 5 10 15 20 25 0 a0 100 150
Wire Delay [ps] Wire Delay [ps]

Figure 54 Typical [min, max] delays assigned to cut nets at different bipartitioning levels. The higher level
of partitioning (e.g. 1* level) the larger is the assigned delay.

130



