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摘 要

随着集成电路特征尺寸的持续减小，芯片的工艺参数发生严重的偏差。工艺

偏差对集成电路时序分析已具有严重影响。工艺偏差的精确建模是统计时序分析

的前提条件。片内偏差是工艺偏差的一部分，是影响芯片性能的主要因素之一，

具有空间相关性。随着工艺尺寸的持续下降，片内偏差空间相关性日益复杂，传

统方法采用的参数化方法难以正确描述相应的相关函数；同时最近的研究发现片

内偏差空间相关性在不同方向上有不同的表现，即各向异性。为提高片内偏差空

间相关性建模的准确性，本文提出一种非参数化的估计方法，并使用 B 样条函

数作为相关函数的基函数，结果较好地符合样本的统计特性。

时钟偏差规划是一种利用时钟偏差来优化电路性能的方法。时钟周期最小化

和时序失效概率最小化是时钟偏斜规划中两个冲突的目标。在考虑工艺偏差的因

素下，传统的成品率驱动时钟偏差规划问题可以表述成一系列的最小比率环问

题。然而该表述假定关键路径延迟为高斯分布，此假设将不再适用于下一代的纳

米工艺。最近已有文献提出了一个考虑非高斯分布的表述方法，该方法利用广义

的 Lawler 法求解优化问题。为加快求解优化问题，本文进一步提出了多种改进

算法，实验结果表明改进算法优于原算法。

电子设计自动化算法的测试需要各种版图中的直角多边形，这些直角多边形

一般源于实际例子和随机生成。实际例子有时不能覆盖复杂算法中的所有情况。

本文提出一种基于解开操作的直角多边形随机生成的算法，可以灵活地生成各种

分布和任意大小的版图例子。

关键字：工艺偏差，空间相关性，时序成品率，时钟偏差规划，直角多边形
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With the decreasing of integrate circuit’s feature size, the process parameters of

chips have serious variations. The process variations have severe influence on the

timing analysis of integrate circuit. The precise modeling of process variations is the

prerequisite of statistical timing analysis. Intra-die variation is one part of the process

variation. It is one of the dominant factors affecting chip’s performance and behaves

spatial correlation. With the decreasing of feature size, the spatial correlation of

intra-die variation becomes more and more complicated. The traditional parametric

approach fails to describe the corresponding correlation function correctly. Recent

study found out that the spatial correlation of intra-die variation is different in

different directions, which is called anisotropic. To improve the accuracy of the spatial

correlation modeling of intra-die variation, this thesis presents a non-parametric

approach for estimation, using B-spline function as the basis function of the

correlation function. The result accords with the statistical characteristics of the

samples.

Clock skew scheduling is a method utilizing the clock skew to optimize the

circuit’s performance. The clock period minimization and timing failure probability

minimization are two conflicting targets in clock skew scheduling. Considering the

influence of process variations, traditional yield driven clock skew scheduling can be

described as a series of minimum ratio cycle problems. However, the description

assumed that the critical path delay is Gaussian distribution which is no longer

suitable for the nanometer process of next generation. Latest study has presented a

method considering non-Gaussian distribution. This method solved the optimization

problem by generalized Lawler’s algorithm. To accelerate the solving of the

optimization problem, this thesis further presents several improved algorithm. The

experimental result shows that the improved algorithm is faster than the former

algorithm.

The test of EDA algorithm needs rectilinear polygons in different layouts which

come from real cases and randomly generated cases. Sometimes, the real cases cannot

cover all the cases in complex algorithm. In this thesis, a practical algorithm that

generates random rectilinear polygon is proposed, which can flexibly generate layout

cases of different distributions and sizes. We prove that the new algorithm is

guaranteed to terminate within finite steps.

Keywords:Keywords:Keywords:Keywords: process variation, spatial correlation, timing yield, clock skew scheduling,
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1.1.1.1. IntroductionIntroductionIntroductionIntroduction

1.1.1.1.1.1.1.1. BackgroundBackgroundBackgroundBackground andandandand motivationmotivationmotivationmotivation

The minimum feature size of VLSI has shrunk to 45nm today[1]. 32nm and 22nm

technologies will come into application in the near future. Due to the technical and

economical reason, the 193nm wavelength optical system will still be used

continuously. This will induce severe variations in physical parameters of chips

because of the prominent diffraction and interference effect. Meanwhile, CMP

(chemical mechanical polishing) adopted by copper interconnect process causes the

variation of interconnect altitude in different places of chip.

These process variations deteriorate the performance of the chips, resulting in the

deviation of the circuit timing and power performance from the intended design

specifications. Timing failure and the situation of excessive power consumption

occurs, thus the chip yield decreases. In order to improve the chip yield, statistical

analysis should be applied at the design stage to consider the impact of the process

variations on circuit performance[2-3]. Recent studies[4] have shown that the process

variation within the chip called intra-die variation is the main factor affecting chip

performance. Intra-die variation usually shows spatial correlation[5-6]. The only way to

obtain the information of spatial correlation is to model the spatial correlation through

analysis of measurement data of the device parameter. After the correlation matrix of

samples is extracted, the correlation function can be curve fitted. Correct analysis and

modeling of the intra-die spatial correlation is important to the computer-aided

optimization technique of VLSI design.

As process variations grow, the traditional circuit optimization strategies have to

change, one of which is the clock skew scheduling. The correct operation of

synchronous sequential circuit depends on a well-defined order of the switching

events[7]. The synchronous system methodology uses a globally distributed periodic

synchronization signal to enforce the order. In the VLSI clock network design, zero

skew clock routing means that the clock signal arrives at all the modules at the same

time, which confines the maximum operating frequency of the circuit. Clock skew

scheduling aims to design a clock network with appropriate skew so that system

performance can be improved prominently. Recent studies indicate that process

variations have non-Gaussian statistical distribution characteristic which challenges

the traditional timing analysis and clock skew scheduling. The clock skew scheduling
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must consider the impact of process variations on timing performance and the yield as

well.

In VLSI physical design, we often need to deal with a large number of polygonal

shapes that represent the features of a layout. In order to facilitate the design and

manufacturing, these polygons are generally rectilinear, i.e. all their edges are either

vertical or horizontal line segment. . Algorithms for solving problems with rectilinear

polygons are often very complex, especially taking into account the degenerate cases.

The testing of EDA (electronic design automation) algorithm needs different kinds of

rectilinear polygons which come from real cases and randomly generated ones. The

benefit of using real test case is that it ensures the algorithm is effective in the

practical applications. However, for some complex algorithms, the actual test cases

often fail to cover all the cases. Random test cases can remedy this deficiency.

Therefore, how to effectively generate random rectangular polygon is important.

1.2.1.2.1.2.1.2. PreviousPreviousPreviousPrevious worksworksworksworks

The aim of spatial correlation analysis and modeling is a correlation function

related with the distance and the parameter of devices. Early research work[8-9]

obtained the device parameter correlation matrix according to the measured data and

then fitted the correlation function by using linear function. This method does not

extract the spatial part from the process variation and the result is affected by other

process variations. Furthermore, the fitted correlation function is not positive

definite[10-11]. The authors of [4,12] further decomposed the process variation and

abandons the deterministic part. The correlation functions are fitted by the exponential

function, Gaussian function, Matérn function with parameters. These parametric

approaches fit correlation function directly by the positive definite function.

The authors of [13] proposed EVEN algorithm which generalized the yield-driven

clock skew scheduling as a minimum mean cycle problem which was solved by the

minimum balance algorithm. The authors of [14-15] proposed the PROP algorithm

and further introduced the standard deviation of the critical path delay into the

definition of clock skew margin. The authors of [3] improved the PROP algorithm.

The timing yield driven clock skew scheduling problem was expressed as a minimum

cost-to-time ratio problem[16-17] and this method further enhanced timing

yield. However, the methods in [3, 13-15] do not consider the impact of the critical

path delay of non-Gaussian distribution. The authors of [2] proposed a timing yield

driven clock skew scheduling method that can accurately consider the critical path
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delay of non-Gaussian distributions. It proposed a generalized minimum balancing

algorithm to solve the optimization problems. It used the generalized Lawler’s

algorithm to solve the MTCC (most timing critical cycle) problem.

There are only little relevant literatures on how to generate random rectilinear

polygons. The authors of [18] proposed two methods. The first method is based on

constraint programming. As mentioned in [18], this method consumes more computer

resources. The second more viable method is based on the grid which is the

improvement of the method proposed by [19]. However, its randomness is not very

good. Recalling the discussion of generating random arbitrary polygon, the relevant

literature is more. The classic method is called 2-opt Move algorithm[20]. The

algorithm first randomly generates a point sequence and one polygon is obtained

when each pair of intersecting line is untangled.

1.3.1.3.1.3.1.3. ContributionContributionContributionContribution andandandand organizationorganizationorganizationorganization

Those functions adopted by parametric approaches are too smooth to accurately

describe the actual spatial correlation. When the feature size decreases to 32 nm and

22 nm, the spatial correlation of the process variation will become more

complicated[21]. These methods generalized the problem as non-convex forms and

may not be able to get the optimal solution. Parametric method assumes that spatial

correlation of the intra-die variation is isotropic, which means the correlation depends

only on the distance between the devices. However, according to the recent research

results[12], the spatial correlation of gate length in the x direction is stronger than that

in the y direction. Therefore, anisotropic analysis of spatial correlation is practically

significant. In this thesis, a nonparametric approach for estimation of intra-die spatial

correlation considering anisotropic cases is proposed, using B-spline function as basis

functions of a linear combination to fit the correlation function.

The MTCC problem is solved by a generalized Lawler’s algorithm in [2]. Actually,

the MTCC problem is a general minimum mean cycle problem which can be solved

by other parametric shortest path algorithms[22]. In this thesis, several parametric

shortest path algorithms are used to solve the non-linear problem and as a result speed

up the timing yield driven clock skew scheduling.

The polygons generated by the former algorithm do not uniformly distribute[23].

How to generate polygons of uniform distribution in polynomial time is a hard

problem. In this thesis, a novel algorithm that can randomly generate rectilinear

polygons of different distributions is proposed.
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In chapter 2, we discuss a nonparametric approach for estimation of intra-die

spatial correlation.

In chapter 3, we discuss timing yield driven clock skew scheduling.

In chapter 4, we discuss a randomly generated rectilinear polygon algorithm.

In chapter 5, the summary and outlook are given.
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2.2.2.2. NonparametricNonparametricNonparametricNonparametric AAAApproachpproachpproachpproach forforforfor EEEEstimationstimationstimationstimation ofofofof

IIIIntra-dientra-dientra-dientra-die SSSSpatialpatialpatialpatial CCCCorrelationorrelationorrelationorrelation

2.1.2.1.2.1.2.1. IntroductionIntroductionIntroductionIntroduction

Light interference and diffraction effects aroused by the 193nm wavelength

lithography cause geometric distortion of semiconductor device’s parameters; ECP

(chemical plating) and CMP (chemical mechanical polishing) will also result in

vertical height deviations of copper interconnects in different locations. These process

variations result in timing failure and excessive power consumption which reduce the

yield. To improve chip yield, statistical analysis should be used at the design stage to

consider process variation’s effects on circuit performance. The study[4] shows that the

intra-die variation is the main factor of process variations affecting chip

performance. The intra-die variation always behaves spatial correlation which means

the closer the devices are, the great the correlation is. The spatial correlation of

process variation can only be obtained by measuring the device parameters, modeling

the spatial correlation and extracting the correlation function from the correlation

matrix. The correct modeling of intra-die spatial correlation is vital to the

computer-aided optimization techniques of VLSI.

The goal of early intra-die spatial correlation research is to get a correlation

function describing the relations between parameters and space distance of

devices. The study curve fitted the correlation function of linear function form

according to the correlation matrix of the device parameters. The method does not

extract the process variation that truly reflects the spatial correlation and is affected by

other process variations. The curve fitted correlation function also failed to meet the

positive definiteness. The authors of [4,12] further decomposed the process variation,

abandoned the deterministic part and obtained the correlation function characterized

as the exponential function, Gaussian function, Matérn functions and other simple

forms. These parametric approaches choose positive definite functions to fit the

correlation functions. However, these kinds of functions are too smooth to correctly

describe the real spatial correlation. When the feature size decreases to 32 nm and 22

nm, the spatial correlation of the process variation will become more complex.

Furthermore, these methods transform the problem into non-convex form. However,

the non-convex problem does not definitely have numerical optimal

solution. Parametric approaches assumed that the intra-die spatial correlation is
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isotropic so as to simplify the problem, which means that correlation only depends on

the distance between the devices. However, according to the recent research[12], the

spatial correlation of the gate length variation in x direction is much stronger than that

in y direction. The intra-die spatial correlation is related with not only the distance but

also the direction. Therefore, the anisotropic modeling of intra-die spatial correlation

becomes extremely necessary.

In this chapter, we present a nonparametric approach for estimation of intra-die

spatial correlation considering anisotropic cases. B-spline function[24] is adopted as

basis functions of a linear combination to fit the correlation function. We also discuss

how to transform a non-convex problem to convex problem and how to enhance the

positive definiteness of functions by Bochner theorem[10]. Sometimes the correlation

function is monotonically decreasing (correlation decreases while distance increases).

We can simply constrain the B-spline function’s coefficients so that the monotonicity

can be realized effectively.

2.2.2.2.2.2.2.2. BackgroundBackgroundBackgroundBackground

2.2.1.2.2.1.2.2.1.2.2.1. ProcessProcessProcessProcess variationvariationvariationvariation

In the era of nanometer-technology, the impact of process variations cannot be

ignored any longer. As the geometry sizes of device and interconnect shrink, the

ability to control the manufacturing tolerance is still limited. As a result, the relative

amounts of process variations continue rising. For instance, the channel length

variation will increase from 35% in 130nm process to 60% in the 70nm

process[4]. The percentage refers to the ratio of three standard deviation of the device

parameter to the nominal value. 60% in 70nm process means the standard deviation of

channel length’s probability density distribution will be 14nm. Figure 2.1 shows three

standard deviation of effective gate length ( effL ), oxide thickness ( oxt ), threshold

voltage ( thV ), interconnect width (W) and height (H), and dielectric constant (ρ ). The

standard deviations of the process variations have become so large that it will make a

serious impact on the circuit performance. Process variation issues must be addressed

carefully.
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Figure 2.1 3σ of process variations[25]

Process variations are brought throughout the front-end manufacturing process

and the back-end manufacturing process. Generally, process variations are classified

into the followings parts[26-27].

(1) Gate length variation

Gate length is the most important factor affecting the performance of VLSI. It

determines the current drive and leakage current which play an important role in the

circuit's timing performance and power consumption. Gate length variation can

decrease chip parametric yield significantly. ITRS roadmap requires that the gate

length variation should be controlled within 10%. However, there is still no reliable

solution beyond 45nm node. Gate length variation arises from a variety of

manufacturing processes, such as the lithography, etching, the spacer definition, the

implantation of source and drain regions and etc. Table 2.1 shows the different

sources through the process.

Table 2.1 Sources of gate length variation

Process step Sources of gate length variation

wafer flatness, reflectivity, topography

reticle CD error, defects, edge roughness, proximity effect

stepper aberration, lens heating, focus, leveling, dose

etch power, pressure, flow rate

Resist refractive index, thickness, uniformity, contrast

post-etch bake temperature, uniformity, time, delay

environment amines, humidity, pressure

develop time, temperature, dispense, rinse
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(2) Gate width variation

The influence of gate width variation in large-size MOSFET is negligible while

the performance of small-size transistors is seriously affected. Gate width variation

comes from the two main sources: lithography and CMP.

The CMOS gate is defined by the overlap of the poly-silicon and diffusion layers.

Generally, the poly-silicon layer makes a corner in the vicinity of the diffusion layer.

However, sub-wavelength lithography introduces image distortions. The angles of the

corners are not ideal and it induces width variation.

CMP is a step polishing the layers, which is a combination of mechanical

pressure and chemical action. The polishing rate depends on the material and the

underlying pattern density. The densities of wide trenches are lower than that of the

active area. This effectively reduces the width of the small-size devices.

(3) Threshold voltage variation

The threshold voltage variation used to be less than 10%. With the continuing

scaling of feature size, the threshold voltage variation emerges as a problem due to

random dopant fluctuation. Figure 2.2 shows the example of the distribution of

threshold voltage from a 65nm CMOS process.

Figure 2.2 Distribution of a 65nm FET threshold voltage[27]

The threshold voltage is determined by the material, the thickness of the dielectric

film, the concentration of the dopant atoms in the channel and etc. The variations of
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oxide thickness, implantation and doping will lead to the variation in threshold

voltage. Random doping distribution is the main source of threshold voltage variation.

Ion implantation implants the dopant atoms into the channel MOSFET. The

number and placement of atoms implanted in the channel is random. Because the

threshold voltage of the transistor is determined by the number and location of dopant

atoms, random dopant fluctuation severely contributes to the threshold voltage

variation[28].

(4) Interconnect variation

ECP and CMP is the key to the formation of copper interconnect

technology. Because of uneven layout density, the growth of copper interconnects in

ECP are uneven. The different polishing rate in CMP process will also lead to

different terrains in the chip. These bring dishing in the copper interconnect and

erosion in dielectric layer [29-30]. The uneven height will produce cumulative effects in

multiple metal layers, which enlarges high-level interconnect variations.

On the one hand, dishing and erosion directly determines the electrical

parameters of interconnects such as resistance and capacitance and thus affect the

timing performance and power. On the other hand, they affect the focus depth of

lithography, which further affects the electrical parameters of device and

interconnect. Influenced by the layout pattern, interconnect variation shows a

significant spatial correlation.

(5) Other variations

Process variations also include the voltage drop variation, the temperature

variation, the negative bias temperature instability (NBTI) effects and etc.

2.2.2.2.2.2.2.2.2.2.2.2. MeasurementMeasurementMeasurementMeasurement ofofofof processprocessprocessprocess variationvariationvariationvariation

Measurement of device parameter proceeds from the on-chip test

structure. On-chip test structure refers to the additional functional circuits through

which designers or manufacturers want to control, understand and model the behavior

of active devices and passive components.

In order to model the complex process variation, usually a variety of test

structures can be applied, which are divided into three categories.

(1) Physical measurement

This refers to the usage of SEM (scanning electron microscopy), AFM (atomic

force microscopy) and thickness measuring instrument to directly measure device

geometry parameters such as channel length, interconnect height.
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(2) Electrical measurement

This contains transistor arrays and different resistance measurement devices

measuring IV characteristics. Simple four-probe method and resistivity measurement

also belong to this type[31]. These measurements are analog measurements, which are

vulnerable to the analog signal measurement problems such as noise, bandwidth

restrictions, thermal effects and instrument instability.

(3) Digital measurement

This method converts the analog measurement to more robust digital

measurement which can simplify the measurement equipment and environmental

requirement. Frequency measurement using on-chip circuit can help to solve the

signal to noise ratio and bandwidth issues and provide a minimally invasive detection

strategy. Ring oscillator is often used as a digital measurement tool to measure

different physical parameters[32-33].

2.2.3.2.2.3.2.2.3.2.2.3. Intra-dieIntra-dieIntra-dieIntra-die variationvariationvariationvariation

According to the spatial distribution of process variation, the process variations

are decomposed into four different levels: lot-to-lot process variation, wafer-to-wafer

process variation, die-to-die process variation and intra-die process variation[34].

Different process variations bring different spatial impact. Generally, process

variations are divided into inter-die variations and intra-die variations. Inter-die

variations include the previous three levels which affect all devices on one chip in the

same way. Intra-die variations affect different devices on one chip in different ways.

In the past, circuit designers ignore the intra-die variations. But in the

nanometer-technology, intra-die variations grow rapidly and become the primary

factor dominating the chip yield. The increase of intra-die variations results from gap

between manufacturing and design. For example, as the feature size of the transistor is

shorter than the wavelength of lithography, the shapes of the polygon are strongly

dependent on the local layout around it[27] due to proximity effect.

Intra-die variation can be decomposed into three parts:

(1) Deterministic part

Deterministic part is determined by the shape of layout context, which can be

expressed by the analytical expression that is carried out through the analysis of

layout features. In a mature manufacturing technology, layout correction

techniques such as resolution enhancement (RET)[35] and other means are

commonly used to compensate the variations. So this part of the intra-die
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variation can easily be controlled.

(2) Spatial correlated part

This part includes systematic and random factors which cannot be expressed

clearly by the analytic formula. However, because of its spatial correlation, the

related properties can be described by a spatial correlation function. Channel

length variation caused by the proximity effect in the lithography process is the

most representative example.

(3) Purely random part

This part is completely random which cannot be predicted. It is usually

modeled as independent Gaussian random variables of same distribution.

For sake of simplicity, we assume that the deterministic part has been well

modeled and taken away from the whole process variation. Here we concentrate on

the spatial correlated part, purely random part and measurement error.

Intra-die variations usually show spatial correlation. The so-called spatial

correlation means that the characteristics of the closer devices on a chip are more

similar to each other than that of devices far away. In the nanometer era, the spatial

correlation must be considered in circuit design optimization. The device parameters

are no longer independent statistically. The closer the distance of the two devices is,

the more similar their characteristics are. Experiments show that the SSTA (statistical

static timing analysis) ignoring the impact of spatial correlation can cause up to 30%

error[6]. Therefore, optimization of circuit design such as SSTA[6,12,36], power

consumption minimization and yield-driven circuit optimization[2-3] urgently need the

results of spatial correlation analysis.

The result of spatial correlation analysis usually refers to space correlation

function. Space correlation function describes the relation between the device

characteristics correlation and the device space distance. In correlation function, the

correlation between the device and itself is the maximum and 1. As the distance

between devices increases, the correlation decreases. Typically, the correlation

function should be positive definite. The general way is to get the correlation

information by the measurement first and then extract the correlation function. Spatial

correlation function extraction is based on random field theory[10].

2.2.4.2.2.4.2.2.4.2.2.4. RandomRandomRandomRandom fieldfieldfieldfield theorytheorytheorytheory

Random field known as stochastic process can be seen as a family of random

variables with some index, such as time, space coordinates. It is denoted by
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}D:)(Z{ ∈ss where D is the d-dimensional Euclidean space subset dℜ . In general,

d is equal to 1 or 2. Daniell-Kolmogorov theory says that the joint probability density

function of any finite subset ))(Z,),(Z( n1 ss ⋅⋅⋅ must be consistent in order to

determine a random field. The random field is usually of normal distribution. The

random field whose joint probability density function is Gaussian function is called

the Gaussian random field.

The mean, variance, covariance and correlation of random field are defined as

follows:

(1) Mean: )](Z[E)( ss =µ , D∈s

(2) Variance: ])])(Z[E)(Z[(E)](Zvar[)( 22 ssss −==σ , D∈s

(3) Covariance:

)])](Z[E)(Z()])(Z[E)(Z[(E))(Z),(Zcov(),(C jjiijiji ssssssss −⋅−==

D, ji ∈ss

(4) Correlation

),(C),(C/),(C))(Z),(Z(cor),(R jjiijijiji ssssssssss == , D, ji ∈ss

It is the normalized form of covariance. Both covariance and correlation can

describe the spatial correlation of a random field.

For all D, ji ∈ss and dℜ∈h , if the distribution of ))(Z,),(Z( n1 ss L and

))(Z,),(Z( n1 hshs ++ L is the same, this random field is strictly stationary.

If the mean of random field µ=µ )(s , covariance )(C),(C hhss =+ , this random

field is weakly stationary. Weakly stationary means that the mean of random field is

constant and the covariance (correlation) is only related with their spatial distance

vector h, independent of the specific location.

The covariance (correlation) of weakly stationary random field is a function of

distance vector h, which is still dependent on the direction of h. When the covariance

(correlation) is only dependent on the length of vector h, this random field is isotropic,

otherwise it is anisotropic.

Covariance (correlation) function of a random field must be positive definite.

The definition of positive definiteness is that for any finite set of arbitrary set
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ns ,, ss L and arbitrary coefficients n1 a,,a L , ∑∑ ≥
i j

jiji 0),(Caa ss .

∑∑ =
i j

jiji 0),(Caa ss if and only if all 0a i = .

In addition to being positive definite, the covariance (correlation) function are

monotonically decreasing and the range is between 0 and 1.

It can be seen that not every function can be adopted as the form of covariance

(correlation) function. Positive definiteness is a necessary condition for one function

to be defined as the correct covariance (correlation) function. Since it is difficult to

meet these conditions, a practical approach in the study is that functions which have

been proven to meet the conditions are adopted. The family of functions should be

flexible enough to be able to adapt to actual requirements.

Typically, there exist several functions to be used as covariance (correlation)

functions in the parametric approach which only consider isotropic cases.

（1） Exponential: he)h(R α−=

（2） Gaussian:
2he)h(R α−=

（3） Matérn: )h(K)h(
)(2

1)h(R 1 αα
νΓ

= ν
ν

−ν

νK is modified Bessel function, Γ is Gamma function.

2.2.5.2.2.5.2.2.5.2.2.5. NuggetNuggetNuggetNugget effecteffecteffecteffect

Among the measurement data, besides spatial correlated part, purely random part

and the measurement error still exist. Constrained by observation capacity, the actual

observations of random field cannot be perfectly accurate. Random field includes

macro error. Although it is weakly stationary, the macro error is less than

}ssmin{ ji − . It is impossible to estimate the model of macro error according to the

measurement data. Furthermore, there are inevitable measurement errors in the

measurement process. These two factors may cause discontinuities of the covariance

(correlation) function of the random field at the origin. At the origin, the measurement

value of )(Z s is only fully correlated with itself and its correlations with other space

points drop suddenly at the origin. This phenomenon is called nugget effect[37].

2.3.2.3.2.3.2.3. ProblemProblemProblemProblem formulationformulationformulationformulation

The measurement of spatial correlation is sampling M chips. Each chip contains
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N measuring points N1 s,,s L , the locations of which in each chip are the same.

Through the measurement and simple calculation, the data representing the process

variation is obtained. By separating deterministic part detZ from the measurement

data, the data representing the intra-die variation’s spatial correlation is obtained. The

data also includes the purely random part and measurement error. The data

representing the intra-die spatial correlation on one sample chip can be denoted by a

N-dimensional column vector T
N1 ))(y,),(y(y ss L= . The vector of the m-th chip

can be denoted as )M,,1m())(y,),(y(y T
Nm1mm LL == ss .These measurements

constitute a matrix, denoted by )y,,y( M1 L . Because of sampling errors, the

corresponding covariance matrix ∑ =
=

M

1i
T
iiyy)M/1(Y is obtained by average

operation. The element of row i and column j represents the covariance of the values

in is and js . The spatial part of intra-die variation is assumed to be an anisotropic

random field. The covariance (correlation) function needed by computer-aided

optimization of VLSI can be obtained from the covariance matrix Y.

Because of the existence of purely random and measurement variation, Y is not

generally a positive definite matrix. We must find a matrix close to Y and satisfy
0≥Ω (1)

Condition (1) denotes that Ω is positive semi-definite. The subset that meets the

condition is a convex set.

Objective curve fitted function is a linear combination )(p)( i

K

1i
i hh φ=ρ ∑

=

whose

basis functions are a set of quadratic B-spline functions. ip is an unknown

coefficient and iφ is a basis function. Corresponding covariance matrix Ω can be

expressed as an affine function of ip that is KK11 FpFp)p( +⋅⋅⋅+=Ω , where

N,,1j,i),(}F{ ijkijk L=−φ= ss .

That the covariance (correlation) matrix of the samples is a positive definite

matrix cannot guarantee that the curve fitted covariance (correlation) function is

positive definite. According to Bochner theorem[10], a function is positive definite if
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and only if the Fourier transform of the function is positive function. In order to

satisfy the positive definiteness of the covariance (correlation) function, the problem

is solved by adding constraints:

∑
→=

→= ≥φ⋅
K1k

L1llkk 0}))((FFT{realp h (2)

L is the sampling number of FFT (fast Fourier transform). Since this inequality is

linear inequality, it does not change the convexity of the problem. As the quadratic

B-spline function is selected as basis functions in the anisotropic case, another

constraint can be simply added.

1kk pp +≥ (3)

Thus the curve fitted function can satisfy the monotonic condition. In the

anisotropic case, the condition can only constrain the result in the x direction and y

direction.

To deal with the nugget effect, κ is introduced by the method in [38] so that the

covariance (correlation) matrix becomes I)p( κ+Ω where I is an identity matrix and

0≥κ (4)

The least square estimation of the covariance (correlation) function can be

obtained by the following method:

Minimize
F

YI)p( −κ+Ω , subject to condition (1)-(4)

F
A represents the Frobenius norm. The problem is a convex optimization

problem, of which it is easy to get the optimal solution.

The maximum likelihood estimation of the covariance (correlation) function can

be obtained by the following methods:

Minimize )Y)I)p(((Tr)I)p(det(log 1−κ+Ω+κ+Ω , subject to condition (1)-(4)

)A(Tr represents the trace of matrix A, which is the sum of all elements of the

diagonal in matrix A. )I)p(det(log κ+Ω is a concave function and

)Y)I)p(((Tr 1−κ+Ω is a convex function. So the problem is non-convex. It can be

solved by an iterative algorithm[39]. Set Iκ+Ω=Σ , the problem is simplified as

Minimize )Y(Trdetlog 11 −− Σ+Σ− , subject to condition (1)-(4)

As ))((Trdetlogdetlog 0
1

0
1

0
1 Σ−ΣΣ−Σ≥Σ −−− , 1detlog −Σ can be convexified. The
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problem can be transformed into

Minimize )Y(Tr))((Trdetlog 1
0

1
0

1
0

−−− Σ+Σ−ΣΣ+Σ− ,

subject to condition (1)-(4)

Because 1
0detlog −Σ is constant, it can be excluded. Set an intermediate variable

S to replace 1−Σ and add the following constraint conditions:

0
SI
I
≥⎥

⎦

⎤
⎢
⎣

⎡Σ
(5)

If and only if 1S −Σ= , 0
SI
I

=⎥
⎦

⎤
⎢
⎣

⎡Σ . In each iteration, we solve the following

convex optimization problem:

Minimize )SY(Tr))((Tr k
1

k +Σ−ΣΣ− , subject to condition (1)-(5)

The specific algorithm is as follows:

AlgorithmAlgorithmAlgorithmAlgorithm 2.12.12.12.1 IIIIterativeterativeterativeterative algorithmalgorithmalgorithmalgorithm

1 ∑
=

←Σ
K

1i
i0,i0 Fp

2 For k=0,1,2,…,max; solve the optimal value *p , *κ

3 Minimize )SY(Tr))((Tr k
1

k +Σ−ΣΣ− , subject to condition (1)-(5);

4 ∑
=

+ κ+←Σ
K

1i

*
ki

*
k,i1k IFp ;

5 If ε≤Σ−Σ + k1k , stop the cycle;

6 End

2.4.2.4.2.4.2.4. TheTheTheThe experimentalexperimentalexperimentalexperimental resultsresultsresultsresults andandandand analysisanalysisanalysisanalysis

The method above implemented by MATLAB runs on the 3.0 GHz XEONTM

workstation. Process data is generated by the computer simulation method[40]. The
data includes M chips, each of which has x× y points. Figure 2.3 shows the four

samples. The purely random part and measurement error are modeled as Gaussian

white noise whose variance is tau. The correlation function simulating the spatial part

is )
2

exp()( 2

'T'

σ
−=ρ

hhh , 2=σ , hh ⋅⎥
⎦

⎤
⎢
⎣

⎡
−

⋅⎥
⎦

⎤
⎢
⎣

⎡
=

)thetasin()thetacos(
)thetacos()thetasin(

10
0alpha' . alpha
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denotes the ratio of the spatial correlation in direction x and direction y. theta

denotes the rotation angle of the sample’s correlation function in plane xy. The change

of alpha and theta can enhance the complexity of the samples. Figure 2.4 and Figure

2.5 shows the 3D and 2D map of the covariance (correlation) function obtained by the

experiment.

Figure 2.3 the sample

Figure 2.4 Correlation function 3D
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Figure 2.5 Correlation function 2D

Table 2.2 shows the error comparison of two anisotropic analyses with different

constraints. The error of the curve fitted covariance (correlation) function is obtained

by formula
)(C

)(C)(C
Error

'

h
hh −

= . )(C ' h represents the curve fitted covariance

(correlation) function. )(C h represents the covariance (correlation) function

generating the spatial part of the samples. Err_aniso is the error of anisotropic analysis

without monotonic and positive definite constraints. Err_aniso_mf is the error of

anisotropic analysis with monotonic and positive definite constraints. Ratio is the ratio

of the error of these two methods. When the number of the samples is small, the

sample’s covariance matrix Y is close to a singular matrix and both of the error are

large. The fact that Err_aniso_mf is less than Err_aniso indicates positive definite

constraint can efface the adverse effects of small sample. As the sample size increases,

the positive definiteness of Y is enhanced. Both of the error decrease and Err_aniso

becomes acceptable. However, the monotonic constraint makes Err_aniso_mf still less

than Err_aniso.
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Table 2.2 The comparison of different constraints

M X×Y tau theta alpha Err_aniso Err_aniso_mf ratio

100 12×

12

0.5 0 2 22.82% 14.37% 1.59

300 12×

12

0.5 0 2 16.99% 8.71% 1.95

500 12×

12

0.5 0 2 10.17% 6.90% 1.47

700 12×

12

0.5 0 2 8.67% 5.69% 1.53

900 12×

12

0.5 0 2 8.58% 5.33% 1.61

1100 12×

12

0.5 0 2 6.19% 3.36% 1.84

Table 2.3 is the error comparison of anisotropic and isotropic

analysis. Err_aniso_mf is the error of anisotropic analysis and Err_iso_mf is the error

of isotropic analysis. Ratio is the ratio of the error of these two methods. When alpha

is 1 which means the spatial correlation in the x direction is equal to that in y direction,

the error of the two methods is negligible. With the rising of alpha, the error of

anisotropic analysis remains unchanged, while the error of isotropic analysis rises

rapidly. As is shown in Table 2.3, theta which represents the change of the sample

rotation angle has slight influence on the error of anisotropic analysis. When tau, the

variance of the Gaussian white noise increases, the error of the anisotropic analysis

increases slightly. In summary, the curve fitted results of complex samples obtained

by anisotropic analysis with constraints have small errors.
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Table 2.3 The comparison of anisotropic and isotropic analysis

M X×Y tau theta alpha Err_aniso_mf Err_iso_mf ratio

1000 12×

12

0.5 0 1 5.98% 6.68% 1.12

1000 12×

12

0.5 0 1.2 5.95% 10.19% 1.71

1000 12×

12

0.5 0 1.4 5.03% 17.13% 3.40

1000 12×

12

0.5 0 1.6 4.57% 24.73% 5.41

1000 12×

12

0.5 0 1.8 3.51% 29.18% 8.31

1000 12×

12

0.5 0 2 3.68% 33.59% 9.14

1000 12×

12

1 0 2 4.52% 34.70% 7.68

1000 12×

12

1.5 0 2 4.86% 37.97% 7.81

1000 12×

12

0.5 pi/6 2 6.83% 33.86% 4.96

1000 12×

12

1 pi/6 2 7.44% 35.36% 4.75

1000 12×

12

1.5 pi/6 2 6.45% 38.69% 6.00

1000 12×

12

0.5 pi/3 2 5.70% 34.32% 6.02

1000 12×

12

1 pi/3 2 6.83% 35.74% 5.23

1000 12×

12

1.5 pi/3 2 7.04% 38.85% 5.52

2.5.2.5.2.5.2.5. SummarySummarySummarySummary
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This chapter presents non-parametric approach for estimation of intra-die

spatial correlation, considering anisotropic cases. The algorithm uses quadratic

B-spline function as the basis functions of the objective function and imposes positive

definite and monotonic constraints to eliminate the influence of the purely random

part and the measurement error. The results of the experiments indicate that the

positive definiteness and monotonic constraints can effectively decrease the error of

fitting and the influence of small samples. The consideration of isotropic cases gives

the advantage of small errors when the spatial correlation in x direction is stronger

than that in y direction. The algorithm also can overcome the difficulties when the

variations become complicated. As a whole, the curve fitted function meets the

statistical properties of the sample ideally.
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3.3.3.3. TimingTimingTimingTiming YieldYieldYieldYield DrivenDrivenDrivenDriven ClockClockClockClock SkewSkewSkewSkew SchedulingSchedulingSchedulingScheduling

3.1.3.1.3.1.3.1. IntroductionIntroductionIntroductionIntroduction

Clock skew scheduling is an optimization strategy which improves the global

performance by allocating the timing redundancy. As the process variations

deteriorate, the clock skew scheduling must take into account the impact of process

variations. The authors of [13] proposed EVEN algorithm which generalizes the

yield-driven clock skew scheduling problem as a minimum mean cycle problem and

the minimum balance algorithm is used to solve the problem. The authors of [14-15]

proposed the PROP algorithm and further introduced the standard deviation of the

critical path delay into the definition of clock skew margin. The authors of [3]

improves the PROP algorithm. The timing yield driven clock skew scheduling

problem is generalized as a minimum cost-to-time ratio problem[16-17] and it further

enhanced timing yield.

However, current studies indicate that the process variations make the critical path

delay behave significant non-Gaussian stochastic distribution[41-42]. As a result, it

increases the difficulties in timing analysis, increases the probability of timing failures

and reduces the yield. The methods in [3, 13-15] do not consider the impact of the

critical path delay of non-Gaussian distribution. The authors of [2] proposed a timing

yield driven clock skew scheduling method that can accurately consider the critical

path delay of non-Gaussian distributions. It proposed a generalized minimum

balancing algorithm to solve the optimization problem. It used the generalized

Lawler’s algorithm to solve the MTCC (most timing critical cycle) problem, applying

parametric shortest path algorithm in the non-linear region. The most timing critical

cycle problem in [2] is a general minimum mean cycle problem which can be solved

by parametric shortest path algorithm such as Lawler’s algorithm, Howard’s

algorithm, Hybrid algorithm and etc[22]. In this chapter, Howard’s algorithm and

Hybrid algorithm is applied in solving the MTCC problem. In addition, a new

algorithm is proposed to speed up the solving of MTCC.

3.2.3.2.3.2.3.2. BackgroundBackgroundBackgroundBackground

3.2.1.3.2.1.3.2.1.3.2.1. VLSIVLSIVLSIVLSI systemsystemsystemsystem

3.2.1.1.3.2.1.1.3.2.1.1.3.2.1.1. BasicBasicBasicBasic principleprincipleprincipleprinciple

High-performance VLSI digital system is composed of thousands of devices. The

analysis and design of VLSI system can have different levels of abstraction. The
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abstraction hides the details of important features of the system. The digital

synchronous VLSI system is introduced in this section.

In a typical VLSI system, there are often tens of thousands of signals. Some of

these signals can happen simultaneously, while others must follow a certain order

which ensures the logic correctness and system reliability. This system is called the

synchronous system. A synchronous system is usually described by using finite state

machine, as is shown in Figure 3.1. The system consists of three components. The

first part is a combinational logic, responsible for the logic operation. The second part

is the storage unit with a clock or simple register for storing the result of logical

operations. The third part is the clock distribution network which is a special circuit

structure. It does not perform computing tasks but provides circuit control function

which provides the storage unit with a time reference.

Combinational Logic

Clocked Storage (Registers)

Clock Distribution Network

Clock Signal

Input data Output data

Figure 3.1 Synchronous system model

With the scaling of integrated circuits, the design flow consists of many different

steps. Figure 3.2 shows the VLSI design flow related with clock network. After the

placement of logic gate and register, it begins the design of clock distribution

network. Clock skew scheduling is one step before the clock network topology

generation, which arranges the skews between all registers under certain

constraints. Based on scheduled clock skew, clock network topology is generated.

Clock verification is to verify if the clock network meets the design requirements,

particularly the timing requirements. Timing requirement is that the clock skew must

meet the set-up time and hold time constraints.
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Placement of Logic and Registers

Clock Scheduling,  
Clock Tree Topology

Clock Tuning,  Clock Verification

Specification and Logic Synthesis

Detailed Chip Routing ,  
Parasitic Extraction,  

Circuit Simulation and 
Verification

Delay Information

Figure 3.2 VLSI design flow related with clock network

3.2.1.2.3.2.1.2.3.2.1.2.3.2.1.2. TimingTimingTimingTiming characteristicscharacteristicscharacteristicscharacteristics

The register is an important part of the synchronous system. The I/O signals of

the register include two groups, one is data input and output signals, the other is the

control signal. Control signals include the clock signal and the set/reset

signal. According to the relation between data signals and clock signals, registers are

divided into two types, the latch and the flip-flop. Here we only consider the flip-flop

case to simplify the problem in the synchronous system. The following are some of

the flip-flop’s timing characteristics, as are shown in Figure 3.3.

1. clock period 16cp ttT −= : the time difference of the clock signals between

the two samples;

2. the delay of clock to output 35ff ttd −= ;

3. setup time 23setup ttT −= : In order to ensure that the input data can be

accurately sampled by the flip-flop, the input data must be stable for a while

before the sampling occurs.

4. hold time 34hold ttT −= : In order to ensure that the input data can be

accurately stored in the flip-flop, the input data must be stable for a while



Chapter 3 Timing Yield Driven Clock Skew Scheduling

25

after the sampling occurs.

t1 t2 t3 t4 t5 t6

Data Out

D ata In

C lo ck
Tc p

CW m

Ts e tu p

Th o ld

df f

Figure 3.3 Timing parameters of the flip-flop

3.2.1.3.3.2.1.3.3.2.1.3.3.2.1.3. TimingTimingTimingTiming constraintsconstraintsconstraintsconstraints

In synchronous sequential circuits, the difference of arrival time of adjacent

flip-flop clocks is defined as clock skew.

jiij TTS −=

Where iT and jT represent the time of clock signal arriving at flip-flop iFF

and jFF . Traditionally, in order to ensure the integrity of data sent and received, ijS

should satisfy both of the following time constraints:

ffsetupijcpij dTDTS −−−≤ (6)

ffijholdij ddTS −−≥ (7)

Where holdT and setupT are hold time and setup time of the signal, cpT denotes

clock period and ijD and ijd are the maximum and minimum delay between flip-flop

iFF and jFF .

Condition (6) limits the minimum clock cycle of the system. Condition (7) limits

the minimum critical path delay. As Figure 3.4 shows, these formulas define a feasible
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range for the skew between every couple of adjacent flip-flops. iju and ijl represent

the upper bound and lower bound of the feasible range.

ffsetupijcpij dTDTu −−−=

ffijholdij ddTl −−=

Permissible RangeRace 
Conditions

Clock Period 
Limitations

l i j ui jN egative Skew Positive SkewSi j

Figure 3.4 the feasible range of the clock skew

3.2.2.3.2.2.3.2.2.3.2.2.SSTASSTASSTASSTA

3.2.2.1.3.2.2.1.3.2.2.1.3.2.2.1. TheTheTheThe limitationlimitationlimitationlimitation ofofofof STASTASTASTA

STA (static timing analysis) used to be a very successful method in the field of

digital circuit design. Its result was the input of traditional clock skew scheduling.

With the increasing impact of process and environmental variations, traditional

corner-model based analysis is prone to provide pessimistic estimation. STA is

deterministic and computes the computer delays for a specific process condition. STA

is conservative and always overestimates the delay of long paths and underestimates

the delay of short paths. But worst case conditions do not occur in all parameters. As

the magnitude of process variations grows, traditional approaches are no longer

acceptable. We should analyze the timing feature of VLSI in a statistical way rather

than in a deterministic manner. This method is called SSTA (statistical static timing

analysis).

3.2.2.2.3.2.2.2.3.2.2.2.3.2.2.2. AnalysisAnalysisAnalysisAnalysis ofofofof delaydelaydelaydelay variationvariationvariationvariation

The traditional design methodology used to estimate timing margins by assuming

worst-case process and environmental conditions. However, these margins result from

a large amount of random factors so that they have taken a larger fraction of the whole

clock cycle. As Figure 3.5 shows, the sources of the variations are classified into three

sections: process variations, environmental variations, modeling variations.

Process variations are fluctuations in the value of process parameters after

manufacturing. These variations result from a large range of factors during

manufacturing such as lithography imperfection, doping concentration and etc.
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Environmental variations refer to those variations in the surrounding environment

where the chip operates. These include temperature variations, power supply

variations, switching activity variations. A reduced power supply lowers the drive

capacity of devices and thus degrades the performance. An increased temperature

degrades the performance of both devices and interconnects. These environmental

variations all depend on specific work-load of the chip so that identifying specific

worst-case conditions for temperature and power supply variations is extremely

difficult. Generally, the designers tend to minimize the temperature and power supply

variations as much as possible so as to ensure the voltage drop within 5%-10% of the

nominal supply voltage. As leakage current arouses significant supply voltage

variations, eliminating the influence of environmental variations is a troublesome job.

Assuming that all devices are operating at the highest leakage is too pessimistic.

Leakage currents also increase fiercely with the increase of temperature while

increasing leakage currents result in higher temperature. In some cases, the positive

feedback may cause thermal runaway. Therefore, it becomes important to estimate the

statistical characteristics of voltage drops and temperature based on variation on

process parameters.

Modeling variations arise from the fact that the power and delay models used to

perform analysis and optimization are inaccurate and cannot precisely describe the

device characteristics. These models are too conservative to meet design

specifications and aggressive models might lead to yield loss.

Figure 3.5 Sources of the analysis variations [34]

It is difficult to perform a combined analysis of these three variations. Generally,

the SSTA research works focus on the process variations.

As Figure 3.6 shows, the complicated semiconductor manufacturing process

brings physical variations such as gate length, interconnect thickness and height,

channel doping concentration and etc. These physical variations in turn result in
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variations of electrical device characteristics such as the threshold voltage, the

resistance and capacitance of interconnects. At last the variations of electrical

parameter characteristics cause delay variations of the circuits.

Physical 
Parameter 
Variation

Electrical 
Parameter 
Variation

Delay 
Variation

Critical Dimension
Oxide Thickness
Channel Doping
W ire W idth
Wire Thickness

Saturation Current
Gate Capacitance
Threshold Voltage
Wire Resistance
Wire Capacitance

G ate D elay
Slew  Rate
W ire D elay

Figure 3.6 Development of variations

Typically, process variations are classified into two categories: systematic and

non-systematic variations, as Figure 3.7 shows. Systematic variations are components

of physical parameter variations that follow a well-understood behavior and can be

captured by analyzing the layout of the chip. They result from optical proximity

effects, CMP and these impacts can be accounted using deterministic analysis during

the design process. Nonsystematic variations represent the truly uncertain component

of process variations. We only know the statistical characteristics of these variations

during the design stage. To tackle with these variations, we must use random variables

to model the behavior throughout the design process.

Nonsystematic variations can be further analyzed by observing different sources

of variations based on different spatial scales. Some parameters deviate due to small

unavoidable changes in the alignment of wafers when the equipment is loaded with a

new wafer. Other parameters shift can occur between the exposures of different

reticles on one wafer. Finally, all of these operations lead to die-to-die and within-die

variations.

Die-to-die variations influence all the devices on the same die in the same way.

They induce the critical feature variations of all devices and occur from lot to lot,

wafer to wafer and die to die. These variations are independent and can be represented

using a single statistical term in the analysis. These variations include gate-length

variations due to fluctuation in the time of exposure and metal thickness variations

between different metal layers. The random variable of die-to-die variations can be

written as dietodienom PPP −−∆+= where nomP is the nominal value of the process

parameter and dietodieP −−∆ is a random variable that captures the die-to-die variations.
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The statistical characteristic of die-to-die variations used to be considered as Gaussian

distribution. However, recent study reveals that they are non-Gaussian

distribution[41-42].

Within-die variations affect each device on the same die differently. They are only

caused by across-reticle variations within the confines of a single chip layout. Each

device on a die requires a separate random variable to represent its within-die

variation. According to the source of variations, the within-die variations may be

spatially correlated or independent. Many operations during the process give rise to

within-die variation from one location to the next. These operations tend to affect the

devices nearby in a similar manner, which as a result make them more likely to have

similar characteristics than those far apart. The component of variation that exhibits

such spatial dependence is called spatially correlated variation. The residual

variability of a device that is statistically independent from all other devices is

referred to as independent variation whereas it does not exhibit spatially dependant

correlations. These variations include the effects such as line-edge roughness and

random-doping fluctuations.

Apparently, the magnitude of the within-die variation problem increase

dramatically with the dimensionality of the problem. Moreover, the analysis

concerning the correlated random variable is so complex that the traditional statistical

analysis such as Monte Carlo methodology becomes unsuitable and fails to capture

the effect of within-die variations precisely. Spatially correlated random variations can

be handled by dividing the chip into perfectly correlated regions and using a

correlation matrix to capture the correlation of these random variables.

Then we can describe the process parameter as

i,randomiispatialiidiewithin

iidiewithindietodienom

P)y,x(P)y,x(P
)y,x(PPPP

∆+∆=∆
∆+∆+=

−

−−−

)y,x(P iidiewithin−∆ represents within-die variations that comprise a spatially

correlated component )y,x(P iispatial∆ which is a function of the location on the die

and an independent random component i,randomP∆ which has no correlation with other

devices.
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Figure 3.7 Taxonomy of process variations

3.2.2.3.3.2.2.3.3.2.2.3.3.2.2.3. ModelModelModelModel andandandand resultresultresultresult

The traditional STA extracts a timing graph from the circuit. The nodes of the

timing graph represent the input and output of circuit element. These edges represent

the timing items such as gate delay and interconnect delay. The weights of these edges

represent the delay of the corresponding timing items.

In SSTA, the formulation is slightly different from that in STA. Device

parameters such as gate length, doping concentration, and metal thickness should be

treated as random variables due to process variations. So the delay of each gate and

interconnect should also be treated as a random variable.
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Figure 3.8 Timing Graph[3]

In Figure 3.8, a statistical timing graph G={N, E, ns, nf} is a directed graph

having exactly one source node ns and on sink node nf, where N is a set of nodes, and

E is a set of edges. The weight associated with and edge corresponding to either the

gate delay or the interconnect delay is a random variable.

Figure 3.9 The Expected Result of SSTA[3]

In Figure 3.9, the function of SSTA is to provide the statistical description of

certain delay by giving its PDF (probability density function) or CDF (cumulative

distribution function).

3.2.3.3.2.3.3.2.3.3.2.3. ClockClockClockClock skewskewskewskew schedulingschedulingschedulingscheduling

The traditional synchronous digital VLSI design requires that the clock signal

arrives at every flip-flop at the same time, which is called zero skew clock
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design. Clock skew refers to the difference of clock arrival times of any two adjacent

flip-flops. However, the zero clock skew design limits the maximum operating

frequency of the circuit, thus limits the performance of the chip. In order to address

this issue, clock skew scheduling is proposed, using pre-defined set of clock skews to

improve the performance of digital VLSI circuits. Clock skew scheduling realizes the

optimization of the circuit by defining the clock skews between adjacent flip-flops.

In the clock skew scheduling, improving the circuit performance by minimizing

the clock cycle and improving yields by minimizing the probability of timing failure

are two main conflicting objectives. In order to explain the influence of the clock

skew scheduling on the performance of synchronous sequential circuits, an example is

shown in Figure 3.10. iT denotes the arrival time of the clock signal at the ith

flip-flop. ijslack is the clock margin between iFF and jFF , defined as

arriverequireij TTslack −= .

The circuit can work correctly only when 0slack ≥ .
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Figure 3.10 An Examples of a synchronous sequential circuit

Suppose the clock period of the circuit shown in Figure 3.10 is 8ns and all the

clock skews are zero, which is the case 1 in Table 3.1. In this case, all the slacks are

not less than zero and 0slack 23 = . Without changing the circuit design, reducing the

clock cycle will make the circuit fail to work. If we advance the clock arrival time by

3ns, ns3T2 −= and maintain other clock arrival time, the circuit can work correctly

when ns5Tcp = , which is the case 2 in Table 3.1. Through the introduction of clock

skew, the circuit maximum operating frequency increases from 125MHz to 200MHz.

The clock skew scheduling technology assigns the clock margin of several
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adjacent flip-flops and improves the overall timing performance. However,

performance-driven clock skew scheduling must exhaust the clock margin as much as

possible in order to obtain maximum system performance, resulting in circuit failure

at the edge of timing. For example, 12slack and 23slack are zero in case 2. If the

critical path delay of the combination circuit between 1FF and 2FF fluctuates

because of environmental impact or process variation, it may result in immediate

timing failure of the circuit. With the rising of the critical path delay variation in

nanometer era, performance-driven clock skew scheduling has been limited. Yield

driven clock skew scheduling is proposed. Assume that 8Tcp = and the clock skew

is the same to that in case 2, which is the case 3. Clock skew scheduling makes the

circuit have more balanced clock margin distribution among the sequential logic

circuit. Compared with case 1, the circuit can better resist the critical path delay

variation of the combination circuit between 1FF and 2FF , which makes the circuit

obtain better timing yield under the influence of process variation.

Table 3.1 The influence of different clock skew scheduling on timing, unit: ns

Case cpT 1T 2T 3T 12slack 23slack 31slack

1 8 0 0 0 6 0 5

2 5 0 -3 0 0 0 2

3 8 0 -3 0 3 3 5

As Figure 3.11 and Figure 3.12 shows, the difference constraint system of

synchronous digital circuit can be denoted as a directed graph G (V, E) whose weights

can describe the timing constraints. This constitutes the concept of timing constraint

graph.

Each vertex represents a flip-flop and contains the arrival time of the clock signal.

Each solid edge represents the setup time constraint and dotted edge represents the

hold time constraint. Edge weights record the above bound conditions. We assume

that ijD and ijd contain the internal delay ffd of the flip-flop. Therefore,

condition (6) and (7) can be transformed to:

setupijcpij TDTS −−≤

ijholdij dTS −≥
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Clock skew scheduling is obtaining a group of clock arrival time under the timing

constraints described by timing constraint graph. As the process variations grow, chip

delays in fact are random variables of non-Gaussian distribution. In this section, the

weight of edge in the graph represents the inverse function of the cumulative

distribution function of non-Gaussian distribution. Considering the impact of process

variation on timing, an optimization solution can be obtained.
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Figure 3.11 Synchronous digital circuit
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Figure 3.12 Timing constraint graph

3.3.3.3.3.3.3.3. TTTTimingimingimingiming yieldyieldyieldyield drivendrivendrivendriven clockclockclockclock skewskewskewskew schedulingschedulingschedulingscheduling

3.3.1.3.3.1.3.3.1.3.3.1. TheTheTheThe definitiondefinitiondefinitiondefinition ofofofof timingtimingtimingtiming yieldyieldyieldyield

The chip yield Y is generally defined as the ratio of the number of chips that work

correctly to that of all the fabricated chips. The chip yield is often divided into

functional yield functionY caused by the point defects and parametric yield paraY

caused by various variations.

parafunction YYY ⋅=

The parametric yield has dominated the yield nowadays. Parametric yield is
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generally defined as the ratio of the number of chips that meet the timing and power

specification to that of all the chips that can work. We will focus on parametric yield

problems.

The parametric yield can be defined as:

}n,,2,1i,x)i(XPr{)(Y ipara L=≤=x

}Pr{⋅ denotes the probability, )i(X indicates a certain process parameters, ix

indicates the process boundary corresponding to the process parameters, n indicates

the number of process parameters concerned with the parametric yield.

The traditional optimization method based on process improvement is to optimize

the parametric yield in process parameter space. First, the chips are taped out and test

on a fabrication line. Through the analysis of a large number of test data, the designer

can be informed that which process variation has the greatest impact on the

performance of the chip. Finally the designers feed information back to manufacturers

for process optimization process. Repeating this optimization process, we can get

higher parametric yield. This approach optimizing the specific product is effective in

short term. However, the drawback is high cost and it does not apply to most

small-volume ASIC chip. For the consumer mass market, the volumes of the ASIC are

smaller and they need to shorten time to market. This type of chip design process can

only improve the parametric yield from the perspective of the design optimization of

the parameters. Analyzing parametric yield problem and optimizing the circuit in the

design stage is important to solve the yield problem.

The timing yield is defined as

}Ge,fsPr{Y ijijijgminti ∈≤=

The timing yield in Figure 3.12 can be transformed to

}fs,,fs,fsPr{Y 424221211212gminti
* ≤≤≤= L

3.3.2.3.3.2.3.3.2.3.3.2. PreviousPreviousPreviousPrevious worksworksworksworks

(1) Fixed safety margin algorithm[43-44]

To mitigate the influence of delay variations, one method adding fixed value to

the upper and lower bound of alternative range of clock skew is proposed.

δ−≤≤δ+ ijijij uSl

ijl and iju are the lower and upper bound of clock skew range. After the safety
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margin δ is added, slight change of the delay will not disturb the timing constraint.

Under new clock skew constraint, performance can be attained with linear

programming or other methods while the yield is ensured.

The drawback of this method is to maintain the yield, the fixed safety margin

should be as large as possible which in result increases the clock period and lowers

the performance of the circuits.

(2) Least square algorithm[45-46]

Another reasonable method is to set the clock skew close to the middle of the

alternative range. Then the optimization problem is transformed into a least square

problem. The optimization target is to minimize the sum of the square of the

difference of clock skew and the middle point.
Minimize ∑ −

j,i

2
ijij )mS(

2
ul

m ijij
ij

+
= is the middle point of the clock skew range. The algorithm may

make some of the timing margin close to zero and cause serious failure. So this

method may do harm to the whole yield of VLSI.

(3) Minimum mean cycle algorithm[13,47-48]

The constraint is as follows.

Ee,TDTSdT ijsetupijcpijijhold ∈∀α−−−≤≤α−−

This algorithm is to maximize α . ijD and ijd represent the mean value of

maximum and minimum critical path delay. However, this algorithm fails to take the

huge statistical difference between different critical path delays into consideration.

(4) Minimum cost-to-time ratio algorithm[3,16]

Ee,TDTSdT ijDsetupijcpijdijhold ijij
∈∀σ⋅α−−−≤≤σ⋅α−−

σ represents the standard deviation of the critical path delay. It is introduced as a

weight in the inequality. In addition, minimum balancing algorithm is used to get the

clock skew solution. The major drawback of this algorithm is that all the critical path

delay should have the same statistical distribution. This hypothesis is only reasonable

when all the delay distribution is Gaussian and linear. However, most critical delay

distributions are non-Gaussian. As the non-Gaussian distribution cannot be described

by mean value and variance. If the non-Gaussian characteristic is not considered

precisely, the effectiveness of the minimum mean cycle algorithm and minimum
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cost-to-time ratio algorithm will be seriously suspicious.

3.3.3.3.3.3.3.3.3.3.3.3. ProblemProblemProblemProblem formulationformulationformulationformulation

The method in [2] improves the timing yield by assigning the skew of timing

critical path in accordance with the timing failure probability. Formulation of the

method is as follows. First of all, minimize the largest timing failure probability in

timing constraint graph.

{ }{ }
⎭
⎬
⎫

⎩
⎨
⎧ ≥−

∈ ijWjirEe
TTPmaxmin

ij

Where “ rP ” stands for probability and ijW represents a random variable.

ijij DW −−= setupcp TT

ijji dW +−= holdT

The formulation is equivalent to

{ }{ }
⎭
⎬
⎫

⎩
⎨
⎧ <−

∈ ijWjirEe
TTPminmax

ij

And it can be transformed into

maximize β , { }ijWβ <−≤ jir TTP , Ee ij ∈

In practice, the statistical information of ijW can be obtained by

SSTA. Assuming that the cumulative distribution function of random variable ijW is

already known, this formula can be transformed into

maximize β , ( )jiij TTF1 −−≤β

Where ( )jiij TTF − is the cumulative distribution function of ijW , defined as

( ) { }jirjiij TTPTTF −≤=− ijW

( )⋅ijF is a monotonically increasing function, so it is reversible. The formula can

be transformed into

maximize β , ( )β−≤− − 1FTT 1
ijji , Ee ij ∈

[ ]1,0∈β is the largest non-failure probability of the edge with the largest failure

probability. To address the optimization problem on the timing constraint graph, we
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should first identify MTCC (the most timing critical cycle).
( )∑ ∑

∈ ∈

− −≤=−
Ce Ce

1
ijji

ij ij

1F0TT β

According to the formula above, the sum of skews of any cycles meeting timing

constraints should be positive or zero. If it is negative, timing failure occurs in that

cycle. Starting from the lower bound of interval β and search the MTCC, the first

that has negative sum is the MTCC. Because ( )β−− 1F 1
ij is a monotonically

decreasing function, there exists only one MTCC. ( )⋅ijF can describe the

non-Gaussian distribution, so this method is superior to other methods.

Algorithm 3.1 is a brief description for generalized minimum balance algorithm.

The optimization algorithm finds the MTCC and corresponding *β . According to

*β , the weight of the edges in MTCC can be assigned and the vertices in MTCC can

be merged to a single vertex. The circulation continues until all the vertices have been

merged. And then the optimal solution is obtained. The parametric shortest path

algorithm solving the MTCC and *β has great influence on the speed of the whole

algorithm.

AlgorithmAlgorithmAlgorithmAlgorithm 3.13.13.13.1 TimingTimingTimingTiming yieldyieldyieldyield drivendrivendrivendriven clockclockclockclock skewskewskewskew schedulingschedulingschedulingscheduling frameworkframeworkframeworkframework

Input: holdT , setupT and cpT ; perform SSTA to obtain sampling results of each ijd

and ijD ; generate LUTs needed by ( )β−− 1F 1
ij calculation for each ijd and

ijD ; set up timing constrain graph G with parametric weights

1 repeatrepeatrepeatrepeat

2 MTCC=PSP(G); // PSP denotes parametric shortest path algorithm

3 assign clock arrival time to vertex in MTCC with *β found in PSP;

4 Update weights of edges connected with MTCC;

5 Merge vertices in MTCC to a single vertex and recording all other merged

vertices in a new super vertex SV;

6 Push the SV to a stack SVStack;

7 untiluntiluntiluntil no more vertex can be merged

8 Assign final clock arrival time to all vertexes in SVStack
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3.3.4.3.3.4.3.3.4.3.3.4. ParametricParametricParametricParametric shortestshortestshortestshortest pathpathpathpath algorithmsalgorithmsalgorithmsalgorithms

(1) Lawler’s algorithm

Lawler’s algorithm is one implementation of the parametric shortest path

algorithm. The input of the algorithm includes the interval [ ]maxmin ββ , that contains

*β . Each cycle set β to the average value of maxmin ββ , . The interval is adjusted

according to the existence of negative cycle which is predicted by the Bellman-Ford

algorithm. The cycle will not be stopped until the value of maxmin ββ , are close

enough to each other. In addition, *β will be obtained and MTCC will be found in

the vicinity of *β . Lawler algorithm makes judgments by the Bellman-Ford

algorithms. The convergence way is simple and clear. However the total number of

the cycles is high which makes the algorithm very slow. Furthermore, additional

operations may be used to adjust the *β to find the corresponding MTCC if there is

no negative cycle under the current *β .
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AlgorithmAlgorithmAlgorithmAlgorithm 3.23.23.23.2 LaLaLaLawlerwlerwlerwler’’’’ssss aaaalgorithmlgorithmlgorithmlgorithm

Input: a interval [ ]maxmin ββ , that contains *β ; tolerance δ ; timing constraint

graph ( )E,VG

Output: Optimal solution *β and the corresponding MTCC

1 whilewhilewhilewhile δ>− minmax ββ dodododo

2 ( ) 2/maxmin βββ += ;

3 ifififif there exists a negative cycle for β thenthenthenthen

4 ββmax = ; Flag=TRUE;

5 elseelseelseelse

6 ββmin = ; Flag=FLASE;

7 endendendend ifififif

8 endendendend whilewhilewhilewhile

9 ifififif FlagFlagFlagFlag

10 ββ* = ;

11 elseelseelseelse

12 dodododo

13 δ+= ββ ;;;;

14 WWWWhilehilehilehile there is no negative cycle for β

15 ββ* = ;

16 endendendend ifififif

17 identify MTCC of current *β ;

(2)Howard’s algorithm

Howard’s algorithm is another parametric shortest path algorithm. The

calculation of *β starts from the upper bound of the input interval. First, it judges

the existence of negative cycle under current β through Bellman-Ford algorithm.
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Then it picks up one negative cycle C if there exist negative cycles in timing

constraint graph G. Because the total weight value of the negative cycle C is a
nonlinear function ∑

∈

− −
Ce

1
ij

ij

)1(F β . Then the algorithm solves the nonlinear equations

0)1(F
Ce

1
ij

ij

=−∑
∈

− β (i.e. the total weight value of C equals to zero.) and updates β

with root hβ . It repeats determining the existence of a negative ring and solves

nonlinear functions until there exists no negative cycle. The negative cycle finally

ruled out is MTCC and the corresponding *β can be obtained. Traditionally, if

constraints are linear, hβ can be obtained directly. In the nonlinear problem,

Howard’s algorithm converges hβ to *β by the use of monotonicity of function

( )β−− 1F 1
ij . The convergence of Howard’s algorithm is superior to Lawler’s algorithm

which results in smaller number of total cycles. Though the cost of single cycle is

high, Howard’s algorithm is much faster.

AlgorithmAlgorithmAlgorithmAlgorithm 3.33.33.33.3 HoHoHoHowardwardwardward’’’’ssss algorithmalgorithmalgorithmalgorithm

Input: a interval [ ]maxmin ββ , that contains *β ; timing constraint graph ( )E,VG

Output: Optimal solution *β and the corresponding MTCC

1 maxββ =

2 whilewhilewhilewhile there exists a negative cycle for β dodododo

3 select on negative cycle C from G;

4 obtain hβ so that the total weight value of C equals to zero;

5 hββ = ;

6 endendendend whilewhilewhilewhile

7 ββ* = ;;;;

8 MTCC is the last negative cycle that is ruled out;
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(3) Hybrid algorithm

Hybrid algorithm is a combination of Howard’s algorithm and Lawler’s

algorithm. Algorithm 3.4 is the extension of the hybrid algorithm in the non-linear

region. The input of the algorithm includes the interval [ ]maxmin ββ , that contains *β .

Each cycle set β to the average value of maxmin ββ , . If there exists no negative cycle

under the current value β , the lower bound minβ of the interval of *β will be

adjusted to hβ . If there exist negative cycles, it gets hβ by the method of Howard

algorithm and adjusts the upper bound of the interval of *β by the value hβ . The

circulation continues until the value maxmin ββ , is close to each other. Both the

number of cycles and the cost of non-linear calculation are high. The hybrid algorithm

also may adjust *β to find MTCC.
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AlgorithmAlgorithmAlgorithmAlgorithm 3.43.43.43.4 HybridHybridHybridHybrid algorithmalgorithmalgorithmalgorithm

Input: a interval [ ]maxmin ββ , that contains *β ; tolerance δ ; timing constraint

graph ( )E,VG

Output: Optimal solution *β and the corresponding MTCC

1 whilewhilewhilewhile δ>− minmax ββ dodododo

2 ( ) 2/maxmin βββ += ;

3 IIIIffff there exists no negative cycle for β

4 ββmin = ; Flag=FLASE;

5 elseelseelseelse //////// there exists negative cycles for β

6 select one negative cycle C form G;

7 obtain hβ so that the total weight value of C equals to zero;

8 hmax ββ = ;

9 Flag=TRUE;

10 endendendend ifififif

11 endendendend whilewhilewhilewhile

12 ifififif FlagFlagFlagFlag

13 ββ* = ;

14 elseelseelseelse

15 dodododo

16 δ+= ββ ;;;;

17 WWWWhilehilehilehile there exists no negative cycle for β

18 ββ* = ;

19 endendendend ifififif

20 identify MTCC of current *β ;
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(4) Improved Howard’s algorithm

Howard’s algorithm simply starts from the upper bound of the interval to obtain
*β . As the cost of single cycle in Howard’s algorithm is much higher than other

algorithms, it does a lot of unnecessary calculations at first. Improved Howard’s

algorithm improves the starting point of Howard’s algorithm so as to arrive at the

optimal solution faster. First, using bisection method makes β close to *β . If there

exists no negative cycle under current β , the lower bound of the interval containing

*β will be adjusted to current β . The circulation continues until there exists

negative cycles under current value β . Then it solves the problem by the way of

Howard’s algorithm.

AlgorithmAlgorithmAlgorithmAlgorithm 3.53.53.53.5 ImprovedImprovedImprovedImproved HowardHowardHowardHoward’’’’ssss AlgorithmAlgorithmAlgorithmAlgorithm

Input: a interval [ ]maxmin ββ , that contains *β ; timing constraint graph ( )E,VG

Output: Optimal solution *β and the corresponding MTCC

1 ( ) 2/maxmin βββ += ;

2 whilewhilewhilewhile there exists no negative cycle for β dodododo

3 ββmin = ；

4 ( ) 2/maxmin βββ += ；

5 endendendend whilewhilewhilewhile

6 whilewhilewhilewhile there exists negative cycles for β dodododo

7 select one negative cycle C form G;

8 obtain hβ so that the total weight value of C equals to zero;

9 hββ = ;

10 endendendend whilewhilewhilewhile

11 ββ* = ;;;;

12 MTCC is the last negative cycle that is ruled out;
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3.4.3.4.3.4.3.4. ExperimentalExperimentalExperimentalExperimental resultsresultsresultsresults andandandand analysisanalysisanalysisanalysis

We implement three parametric shortest path algorithms in C++. LEDA 4.2

package[49] is used to describe the graph related basic data structures and algorithms.

The experiment environment is Linux running on a Lenovo workstation with 3.0 GHz

Xeon CPU and 4 GB. The experiment examples come from the standard ISCAS'89

benchmark circuits. To make the experiments practical, the yield of the cases is all

higher than 60%. As are shown in Table 3.2, Law, How, Hyb, HowIm respectively

represent the running time of GMB using Lawler’s algorithm, Howard’s algorithm,

Hybrid algorithm, Improved Howard’s algorithm. HoToL is the improvement ratio of

Howard’s algorithm to Lawler’s algorithm. HyToL is the improvement ratio of Hybrid

algorithm to Lawler’s algorithm. HImToL is the improvement ratio of Improved

Howard’s algorithm to Lawler’s algorithm. In most cases, Howard’s algorithm is

faster than Lawler’s algorithm by 12.11%~25.69%, averagely 18.97%; Improved

Howard’s algorithm is faster than Lawler’s Algorithm by 23.55%~38.75%, averagely

31.72%; Hybrid algorithm is slower than Lawler’s algorithm by 12.29%~1.54%,

averagely 5.68%. In a few examples, the speed of Howard’s algorithm is close to that

of Improved Howard’s algorithm. Meanwhile, the improvement ratio is irrelevant to

the value of the clock period (larger clock period means larger redundancy which can

significantly increase the yield). Experiment results shows that although the

convergence approach of Lawler’s algorithm is relatively simple and the cost of single

cycle is low, the total number of cycles is high and as a result the algorithm is slow.

The cost of single cycle in Howard’s algorithm is high which concerns a lot of

nonlinear function calculations. However, its number of total number is relatively low

which makes the convergence speed fast. The convergence of Hybrid algorithm is

similar to that of Lawler’s algorithm. However, the solution of the upper bound of the

interval adopts that of Howard’s algorithm. Since the cost of single cycle in Howard

algorithm and the number of total cycles in Lawler algorithm is high, Hybrid

algorithm is lowest of all. Improved Howard’s algorithm pays a low price to make the

starting point closer to the optimal solution and maintains the virtues of Howard’s

algorithm which makes it the fastest of these algorithms.
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Table 3.2 Test results of the experiments

Circui

t

Law(s

)

How(

s)

Hyb(s

)

HowI

m(s)

T(ns) Yield HoTo

L

HyTo

L

HImT

oL

s1423 30.07 25.38 32.71 19.89 95 0.864 15.60

%

-8.78

%

33.85

%

s1423 47.35 38.09 49.86 29 91 0.741 19.56

%

-5.30

%

38.75

%

s9234 50.36 41.55 56.55 36.75 70 0.838 17.49

%

-12.29

%

27.03

%

s9234 66.81 55.85 68.35 46.64 67 0.746 16.40

%

-2.31

%

30.19

%

s5378 40.41 32.68 42.09 25.76 22 0.74 19.13

%

-4.16

%

36.25

%

s5378 39.73 31 41.19 25.07 23 0.855 21.97

%

-3.67

%

36.90

%

s1585

0

543.0

3

403.5

1

571.1

8

374.3

8

73 0.722 25.69

%

-5.18

%

31.06

%

s1585

0

380.7

3

293.9

8

410.8

9

282.1

8

76 0.811 22.79

%

-7.92

%

25.88

%

s1320

7

72.69 63.89 73.81 54.12 71 0.69 12.11

%

-1.54

%

25.55

%

s1320

7

73.41 63.01 74.95 56.12 72 0.699 14.17

%

-2.10

%

23.55

%

3.5.3.5.3.5.3.5. SummarySummarySummarySummary

This chapter gives a whole picture of timing yield driven clock skew scheduling.

In VLSI design, synchronization methodology is adopted to ensure that every signal

in the system can be send and received successfully. Clock skew scheduling can

intelligently assign the clock skew so as to improve the performance of VLSI system.

Clock skew scheduling used to take the results of static timing analysis as the input of

optimization algorithm. However, with the emerging of process variations, the

deterministic timing analysis is too pessimistic. Statistical static timing analysis can

give a result considering both the timing characteristic and yield. Timing yield driven

clock skew scheduling can take advantage of SSTA so that both the performance and
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yield of VLSI can be considered. The method used to choose one of the parametric

shortest path algorithms, Lawler’s algorithm to solve its MTCC problem. In this

chapter, a hybrid algorithm, a generalized Howard’s algorithm and its improvement in

the framework of timing yield driven clock skew scheduling are proposed. The

advantages and disadvantages of those algorithms are discussed in detail. Hybrid

algorithm is faster than Lawler’s algorithm in linear problem. However, Hybrid

algorithm is slightly slower than Lawler’s algorithm when solving the non-linear

problem here. Experimental results show that the Howard’s algorithm and improved

Howard’s algorithm significantly accelerates the speed of the original optimization

algorithm.
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4.4.4.4. RandomlyRandomlyRandomlyRandomly GeneratedGeneratedGeneratedGenerated RectilinearRectilinearRectilinearRectilinear PolygonPolygonPolygonPolygon

AlgorithmAlgorithmAlgorithmAlgorithm

4.1.4.1.4.1.4.1. IntroductionIntroductionIntroductionIntroduction

In VLSI physical design, we often need to deal with a large number of rectilinear

polygons that represent the features of a layout. In EDA we often encounter rectilinear

problems such as partitioning, covering and so on. Figure 4.1 shows a case finding the

shortest path between two rectilinear polygons in the layout. Algorithms for solving

these problems are often very complex, especially when degenerate cases have to be

taken into account. To test the accuracy and efficiency of EDA algorithms, it often

takes two kinds of cases: the real cases and the randomly generated cases. The

advantage of real case is that it ensures the algorithm is effective in the practical

application. However, the real cases may fail to cover all the tests in some complex

algorithms. Random test cases can remedy this deficiency. It can flexibly generate test

cases of any sizes. In the following we will explore how to effectively generate

random rectilinear polygons.

Figure 4.1 Shortest path algorithm

There are little studies about how to generate random rectilinear polygon. The

authors of [18] proposed two methods. The first one is based on constraint

programming. As mentioned in [18], this method consumes a lot of computer

resources. The second more viable method is based on the grid: the initial polygon is a

square of one unit length, and this method achieves rectilinear polygons through
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continuous “inflation” and “cutting” operations. It is the improvement of the method

proposed by [19]. However, the randomness of polygons generated by this method is

not very good.

Regarding to arbitrary polygons, there are more studies about how to randomly

generate them. One classic method is called 2-opt Move algorithm[20]. The algorithm

first randomly generates a point sequence and then untangles each pair of intersecting

lines one by one by the method shown in the Figure 4.2. Finally polygons are

obtained when there is no intersecting line (Figure 4.3). As the untangled new edges

may intersect more edges after one untangling step, so the termination of the

algorithm is not obvious. The authors of [50] gave a clever proof that this algorithm

will eventually terminate: Let the two intersecting edges are ac and bd, be replaced

with two disjoint edges ab and cd. As the length of two line segments ab and cd
always less than the sum of ac and bd. Because the total length of edges is finite, so

regardless of the order of untangling, the algorithm will eventually terminate.

Figure 4.2 Untangling intersecting lines

Figure 4.3 Arbitrary polygons
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However, the polygons generated by this algorithm do not uniformly distribute[23],

which means the probability of some kinds of polygons is bigger than that of

others. How to generate polygons of uniform distribution in polynomial time is still an

unsolved problem. From past experiments, the distribution of the polygons generated

by this algorithm has been already more uniform than that of others. In CGAL

package, one function applying this algorithm is provided[51]. In addition, the

algorithm is also helpful to the traveling salesman problem approximation

algorithm. The authors of [50] pointed out that some approximation algorithm for

traveling salesman problem will eventually remain intersecting situation, so the

algorithm can be viewed as an approach to post-process the traveling salesman

problem.

The algorithm here provides a thought to randomly generate rectilinear polygons.

4.2.4.2.4.2.4.2. AAAAlgorithmlgorithmlgorithmlgorithm

Set polygon P is a point sequence {v0, v1, …, vn} on the plane, where n is the

number of points and v0= vn. In the algorithm, a circular linked list is used to represent

a polygon. If the polygon does have no intersected edges, P is claimed to be a simple

polygon. If not specified, all the polygons referred in the followings are simple

polygon. If all the sides of the polygon are vertical or horizontal line, P is claimed to

be rectilinear. In this section, a randomly generated rectangular polygon algorithm is

present. Firstly, the algorithm generates a random sequence so that the vertical and

horizontal lines appear alternatively. Then the intersecting lines are untangled by the

following method. The untangling method can be divided into general and special

cases. The general case is that a vertical line and a horizontal line intersect with each

other. Special case is that two vertical or two horizontal lines intersect with each other.

In the general case, the intersecting lines are supposed to be ac and bd. Line ac is

horizontal and line bd is vertical. The next point to c is e. The next point to d is f. The

followings are the steps of a general untangled operation:

1. set the next point of b to c;
2. reverse the linked list from c // the next point of c after the reversal is b;

3. set the next point of e to d;

4. move c to (b.x, a.y);

5. move d to (e.x, f.y).

Figure 4.4 and Figure 4.5 show two cases in which dotted lines represent the rest

of the polygon.
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Figure 4.4 General case of decreasing sum
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Figure 4.5 General case of constant sum

When line ac is vertical and line bd is horizontal, the approach is similar. It will

not be discussed here.

In the special case, the intersecting lines are supposed to be ac and bd. The

followings are the steps of a special untangled operation:

1. set the next point of b to a;

2. reverse the linked list from c // the next point of a after the reversal is b;

3. set the next point of c to d.

Figure 4.6 shows the special case.

d c b a d c b a

Figure 4.6 Special case

4.3.4.3.4.3.4.3. CorrectnessCorrectnessCorrectnessCorrectness ofofofof thethethethe algorithmalgorithmalgorithmalgorithm

Since the total length of lines after untangling operation in Figure 4.4 and Figure

4.6 is shorter and only in Figure 4.5 the total length after untangling operation is
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unchanged, the algorithm can be proved to be finite if the case in Figure 4.5 is proved

not to continue to occur.

This case is only observed when the directions of ac and df, ce and bd are

opposite. The proof is given by the help of the case in Figure 4.5. For convenience,

vertex c or d of Figure 4.5 is called turning point. Figure 4.5 shows that the necessary

condition that two groups with L-shaped line intersect is that the two turning points

have the “the left is upper and the right is lower” relation. If the turning points have

the “the left is lower and the right is upper” relation, the lines will not intersect no

matter how long the lines are. After every untangling operation, “L” shape remains

unchanged but the relation of the turning points becomes “the left is lower and the

right is upper”. If the number of the turning point couples having “the left is lower

and the right is upper” relation decreases after each untangling operation, the situation

will not continue. To prove this, the whole plane could be divided into nine areas (see

Figure 4.7) according to the coordinates of c and d. Observing the turning points in

each area and the relation of c and d before and after untangling operation, it can

easily be found that the number having “the left is lower and the right is upper”

relation in each area remains unchanged except area 5. And the number of turning

points having “the left is lower and the right is upper” relations in area 5 decreases. In

short, the total number of turning points having “the left is lower and the right is

upper” relations decreases after each untangling operation and those intersections will

finally disappear.

d

c

1 2 3

4 5 6

7 8 9

Figure 4.7 Nine areas

In general, the total length of lines in Figure 4.4 and Figure 4.6 decreases after the

intersection is untangled. Although the total length of lines in Figure 4.5 may remain

unchanged after untangling operations, this situation will not continue. As the sum of

line length is limited, the algorithm is finite.
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4.4.4.4.4.4.4.4. ExperimentalExperimentalExperimentalExperimental resultsresultsresultsresults andandandand analysisanalysisanalysisanalysis

The above algorithm was implemented in C++. The simple brute force search

method is adopted to detect whether every couple of lines intersects. To increase the

randomness of the results, the order of each search were randomly selected. If there

are many polygon points, line sweeping method can also be considered to find the

intersecting lines. But the line sweeping can only scan sequentially from one direction,

which will lower the randomness of outcome. The solution is to find all the

intersecting lines and then randomly select one. However, this will consume a lot of

computer resources. A compromised method is to use brute force search at first and

until a considerable number of lines are untangled, line sweeping starts.

For arbitrary polygons, the theoretical upper bound of untangling operation

number is Ω (n3) given in [23] where n is the number of polygon’s vertex. But the

upper bound is not so tight. The following will analyze the increasing speed of the

number of untangling operations with the rise of the vertex’s number. The experiment

runs in Linux environment compiled by GNU g++ 3.4.5. First, vertices of uniform

distribution are generated in a fixed scope and then a rectilinear polygon of 100-1000

vertices is produced. Figure 4.8 shows the growth rate of average number of

untangling operations.
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Figure 4.8 the growth rate of average number of untangling operations

Figure 4.9 shows a random rectilinear polygon of 1000 vertices generated by this

algorithm. The running time is less than 0.1 second. The distribution of these vertices

is uniform. Another experiment is done where the distribution of the vertices is

normal. Figure 4.10 shows the random rectilinear polygon of 2000 vertices of normal

distribution.
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Figure 4.9 Uniform distribution

Figure 4.10 Normal distribution

4.5.4.5.4.5.4.5. SummarySummarySummarySummary

The randomly generated rectilinear polygons are usually useful in the test of EDA

algorithm. Former studies present several algorithms that can generate random

rectilinear polygons. However, the randomness and efficiency of these algorithms is

not ideal. This chapter presents a random rectilinear polygon generation algorithm

based on untangling operation. The idea of untangling comes from arbitrary polygon

algorithm. This algorithm proposed in this chapter is proved to be finite and effective.

It can generate rectilinear polygons of different sizes and distributions.
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5.5.5.5. SummarySummarySummarySummary andandandand OutlookOutlookOutlookOutlook

5.1.5.1.5.1.5.1. SummarySummarySummarySummary

The scaling of VLSI has brought about a series of problems. The variations have

occupied a considerable percentage of the nominal value of process parameter. They

significantly increase the probability of failure in circuit design. In the era of

nanometer, the designers have to seize the nature of process variations so that the

problem can be solved in the design stage. Some of the process variations are

completely random which cannot be predicted while others show statistical

distributions and can be modeled by certain formulas. To some extent, modeling the

process variations is feasible and necessary.

Previous works indicate the intra-die variation is the main factor influencing the

circuit performance among process variations. It contains three parts: deterministic

part, spatial part and pure random part. Deterministic part is systematic and can be

modeled by analytic formulas. Pure random part is totally random and cannot be

predicted. Spatial part has spatial correlation and can be described by correlation

functions. In this thesis, a parametric approach fitting the correlation function is

present. It adopts the B-spline function as the basis functions so that the monotonicity

of the curve fitted function is easily ensured. It also takes advantage of Bochner

theorem to ensure the positive definiteness of the results. It considers the isotropic

cases so that it can fit the correlation function accurately no matter how complicated

the samples are.

As deterministic timing analysis is no longer valid, traditional clock skew

scheduling should take into account the influence of increasing process variations.

Instead of giving fixed value, SSTA gives PDF and CDF describing the relations of

performance and yield. Timing yield driven clock skew scheduling takes the results of

SSTA as inputs. Thus it can optimize the timing performance and decrease the

probability of timing failure as well. The optimization problem is generalized as a

minimum mean cycle problem which can be solved by the parametric shortest path

algorithm. In this thesis, several algorithms are applied in the framework of timing

yield driven clock skew scheduling. Experiments show that Howard’s algorithm and

its improved algorithm are faster than the former algorithm. However, Hybrid

algorithm is slower due to the calculation of non-linear problems.

Generating random rectilinear polygon is very useful in the test of EDA
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algorithms. Previous studies proposed a few methods but the randomness of them is

not ideal. In this thesis, a randomly generated rectilinear polygon algorithm is

proposed. It first generates a point sequence of some distribution. Then it untangles

every pair of intersecting lines. Finally, rectilinear polygons are obtained. This method

can set the size and distribution of rectilinear polygons by the number and distribution

of points.

5.2.5.2.5.2.5.2. OutlookOutlookOutlookOutlook

The feature size of VLSI is approaching the physical limitation. Some of the

devices parameters will be fundamentally random. For instance, the threshold voltage

of the transistor is determined by the number of dopant atoms. When the number of

dopant atoms is small, the placement of dopant atoms follows a completely random

rule. As a result, the variation of threshold voltage is becoming very large. Whether

the gap between manufacturing and design can be eliminated through statistical

method is still questionable. Up to now, we just imitate the behavior of process

variations whose distributions are defined by ourselves. Further research should be

carried out to study the essence of process variations based on adequate samples

coming from the foundry.

There are two methods, least square estimation and maximum likelihood

estimation realizing the non-parametric approach in this thesis. In practice, maximum

likelihood estimation is relatively slow due to the adoption of intermediate variable in

MATLAB. Further study should be carried out to make up this deficiency.

The timing yield driven clock skew scheduling in this thesis focuses on the

process variations and the probability of timing failure. There are also other factors

deteriorating the yield such as environmental impact. Timing yield is just one part of

the yield. Further studies should optimize the VLSI design driven by real yield.
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