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ABSTRACT 

The dissertation is a description of an analysis and 

a case study of an Optimization Stage for a Standard Cell 

oriented silicon compiler. Using the AHPL hardware 

description language, a complete representation hierarchy 

(functional, logic, and layout) is proposed for circuits 

defined at a Register Transfer level. The design of a new 

class of methods for layout analysis and optimization is 

based on this hierarchy. 

A layout evaluation method is based on the analysis 

of an activity graph derived from a circuit layout. The 

cost measure for such a graph is defined and used in 

evaluation of the necessary and sufficient conditions for 

design optimality (NSCDO). Iterations within the 

optimization process are controlled using a synthetic 

measure derived from these optimality conditions. 

A proposed layout optimization heuristic, derived 

from NSCDO, allows for better routing channel area 

utilization without compromising a circuit's timing 

performance. It is based on an analysis of the timing 

behavior modifications introduced by the various materials 

used as interconnectors resulting in an improvement of the 

load dependency of the output driving capabilities of cells. 

ix 



x 

The dissertation contains an example of a 

quantitative analysis of a CMOS digital circuit. A system 

implementing some of the algorithms described above has been 

written in FORTRAN77. 



CHAPTER 1 

INTRODUCTION 

This dissertation describes the results of our 

investigations into the techniques of optimizing the layout 

generated by a silicon compiler, in particular, the compiler 

based on the hardware description language called AHPL 

[ 1-5] • Our interest in the analysis of a layout created 

solely by silicon com pi I er sof.tware, is motivated by our 

belief that future designs should be generated with a 

minimum amount of human intervention. In addi tion, the 

well-defined environment of a silicon compiler introduces a 

certain discipline into the treatment of a circuit [6-13]. 

This rigid framework, if well defined, allows for the 

analysis of the effects of hierarchical desigD which is a 

central interest of ours. The conclusions derived from this 

exercise are also applicable to other styles and methods 

used in digital circuit design. 

The design process of VLSI circuitry is, for a 

multiplicity of reasons, complex. A thorough review of the 

factors contributing to this complexity and ways to overcome 

them is covered by [13]. In our approach, we will attempt 

1 
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to alleviate the problem of complexity by an extensive use 

of the divide-and-conquer process combined with the use of 

abstractions. 

Abstraction in programming systems is 

"analytical modelling" in other fields 

parallel to 

[1~]. The 

abstraction based approach requires a hierarchical structure 

of models. In such a hierarchy, lower level models provide 

a description of behavior in the model at the next higher 

level. For such models, a specification is an abstract 

description. The models at one level below the specified 

model are its implementation. The process which validates 

implementation against specifications is called 

verification. The main purpose of defining such a hierarchy 

of abstractions is to formally stratify the semantics 

carried at each level of modelling. 

A divide-and-conquer process is used at each 

abstraction level and has been especially important in the 

process of verification. The last is essential for the 

currently designed VLSI circuits populated by more than 

100,000 active elements. 

Starting Point - Circuit Behayior 

It is a common concensus that a circuit created 

during a design process must perform its functional 

specifications [12]. It is not clear, however, just what 

constitutes such a formal specification, or, in practical 
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terms, what constitutes a minimal set of semantic primitives 

to be included in the language used to describe such 

specifications [15-17]. In this dissertation, we will be 

satisfied with an approach that is based on the finite state 

automaton formally described by the syntax of a subset of 

AHPL [5]. 

A circuit's functional behavior represents the 

highest level of abstraction supported by AHPL. Within this 

level, temporal relations among hardware elements are 

clearly specified (divide process). A verification process 

is based on a functional simulation which checks the 

correctness of the states sequence flow and also assures a 

non-deadlock design. Testing strategies are combinatorial 

and are based on the generation of the testing sequences. A 

particular testing strategy is system dependent (conquer 

process). 

Specifications 

A hardware design system based on the AHPL [5] 

provides a language to describe a finite state automaton and 

also includes a set of modules synthesizing such a finite 

state machine. The resulting structure of an automaton is 

described by a wiring~. All the wiring lists considered 

in this dissertation consist of discrete Boolean and memory 

cells only. The finite state automaton can also be 

implemented based on the use of Programmable Logical Arrays 
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(PLA) [8,9,18], which we will not use here. 

Implementation - Layout Building Blocks 

Our approach will encompass the simplified standard 

cell technology. Without losing generality, we will assume 

the use of a single interconnection metal layer and a single 

poly silicon lay~r. In addition, simple CMOS structures are 

used. 

A divide-and-conquer procedure is heavily used in 

the implementation process. The Standard Cell, similar to 

other techniques, like Gate Array or Storage Logical Array, 

is derived as result of a divide-and-conquer process applied 

to digital circuit design. A proper definition of a 

Standard Cell library requires a careful classification of 

the Boolean operators and macro cell combinations involving 

more than one Boolean operator. In this process, the 

correct electrical operations of the resulting cells must be 

assured. Verification of the electrical specification of 

cells is done at the cell level, thus eliminating the 

necessity of separate design verification at the layout 

level. As a result, at the layout level, cells can be 

treated as rectangles representing a specific cell area. 

Verification - Design Constraints 

All the structural and technological restrictions 

listed above are currently realistic for low and medium 

speed designs executed in silicon. For such designs a 



5 

compromise must be made between circuit speed, yield, and 

the size of the silicon real estate. 

The main thrust of our investigation will be 

directed to an analysis of the generic problems resulting 

from the physical implementation [19-23]. As ,pointed out by 

practitioners [24] a slow speed and the excess use of 

silicon real estate are two major problems present in the 

circuits generated by silicon compilers. In this 

dissertation we would like to identify some heuristic 

procedures which encourage the implementation of "good" 

circuits. A set of measures and procedures to evaluate the 

"goodness" of the circuit will be proposed and examples of 

applications will be provided. 

There are numerous design considerations which will 

not be included in the report; for example: design rules, 

grounding rules, 1/0 cell design, testability analysis, etc. 

[25-27] • 

Proposed Approach 

In summary, we would like to address the subject of 

optimization as applied to the layout of large digital 

circuits. As it will be shown in this dissertation, the 

proposed approach has some universal value for other silicon 

compiler derived designs. Therefore, we may refer to the 

set of methods presented here as a Layout Optimization Stage 

for the process of compilation of functional specifications 
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into the final layout. 

Our approach is limited to the final stage routing 

and placement processes and we have not analyzed the 

transformation from functional specifications to a layout 

[28,29]. It is assumed that this problem is solved earlier 

by a different optimization module. 

In the following discussion we assume the sequential 

use of placement and routing processes. It is our 

observation that all presently used routing and placement 

algorithms do not use timing relations as a guidance in 

their operation. Instead, an assumption about shortest 

distance wiring connecting all interacting components as a 

means to assure a correct action is made. As the result, 

the original problem: 

find the fastest implementation using the smallest 
amount of silicon real estate, 

has been changed to: 

interconnect all components using the shortest 
wiring. 

This may be an unwarranted approach in the case of 

designs based on register transfer. For such designs, there 

is usually only a single longest register transfer path 

limiting a duration of the system clock. In this context 

speeding up all paths is not logical. 

In the following sections, we will briefly present 

our approach. This approach is based on the identification 
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of the dominant critical path(s) and maintaining them as an 

invariant in each layout transformation. These layout 

transformations are based primarily on the modification of 

the interconnections. 

Dominant critical paths are first routed using as 

many high speed metal interconnections as possible. In 

routing noncritical paths a choice of interconnections is 

based on the maximum utilization of the routing channel 

area. Thus, given two interconnection layers built of 

different materials, an equal use of both is made for wiring 

along vertical and horizontal directions within a channel. 

We will not compare our heuristic scheme with 

optimization techniques used in operational research, as the 

latter is not adequate in practice for handling strongly 

nonlinear systems with constraints numbering well over a 

thousand [30-36]. 



CHAPTER 2 

OUR SILICON WORLD - A MODEL, AND WHAT WE CAN DO WITH IT 

In this chapter we will define and an~lyze the basic 

structure of a clocked digital circuit and present the 

constraints that result from the physical implementation. 

The finite state automaton, which describes its functional 

behavior, can be parti. tioned into a state ~uencer and ~ 

~ [1]. Since external signals are assumed to be stable 

at the beginning of each clock cycle, they can be depicted 

as the outputs from the external flip-flops. Therefore, 

they are not taken into consideration. 

In the following presentation of the layout models, 

we will start from a description of the physical layout. In 

the next step, its graph equivalent will be introduced. 

This graph equivalent, enhanced by adding time component 

will, constitute the final representation of the layout 

abstraction. 

Building Elements - Behayior And Structure 

It is customary to cluster elements together. 

Logical elements are clustered into Combinatorial Logical 

Uni.ts (~) and memory elements are clustered into 

8 
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~1sters. Another important group of composite structures 

in a circuit are the interconnections. A cluster of 

inter conne cti ons shared by more than two clusters of 

non-interconnection elements, is called a ~. For 

convenience, memory and logical elements will be referred to 

as active elements and interconnections are referred to as 

passive: elements. 

A state sequencer consists of a set of memory 

elements (states) connected by combinatorial logic. The 

input to the next state logic element is either an output 

from a memory element or a signal from a data section. 

A data section consists of a set of paths. Each 

path starts and is terminated by a memory element. Each 

logical element along a path, with the exception of the 

first and the last element, can be an instance of a CLU and 

represents a Boolean function. 

In order to describe a circuit implementation we 

will use the terms: cell, module and segment. 

1. a ~ is a hardware primitive which 
implements a basic Boolean or memory function, 

2. a module is a set of cells 
interconnections; 

and their 

3. a segment is a module that is generated by a 
silicon compiler. 

In digital design layouts (MOS technology), it is 

common to use pass transistors as switches. Their basic 

purpose is to control data flow. It is also possible to use 
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we will 
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implement complex functions [6]. For our purpose, 

treat switches as a special case of 

interconnections. 

Cells exchange signals through wires attached to 

their predefined I/O ports, referred to in this dissertation 

as~. These pads are placed at the edge of a cell. 

Depending on the implementation of a cell, the positions of 

pads may be fixed, or, they may be defined during wiring 

process ("floating" pads). Each pad "k" defined within cell 

"in is labeled as "i(k)". 

Layout Strycture - Artwork 

The process of wiring is called ~QY1i~E and is 

usually combined with ~ placement of cells. Both routing 

and placement can be visualized as operations done on a set 

of rectangles which represent the silicon area used by cells 

(managed by placement procedure), or interconnections 

(managed by routing procedure). Due to the electrical 

properties of the elements included in a cell, a proper 

distance must be maintained between cells and 

interconnections and, for the same reasons, a predefined 

distance margin must be maintained among all other 

components of the layout (I/O pads, interconnections, 

diffusion regions, contacts, etc.). The set of rules 

defining geometrical constraints within the artwork is 

referred to as design rules and is technology dependent. 
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In Standard Cell technology cells are pla,ned within 

rows and usually have a fixed height. Most of the 

interconnection routing is made in the area between rows of 

cells, referred to as routing channels. 

D-graphs 

As a result of the routing and placement we have 

generated the physical structure which enables the exchange 

of signals among elements. The path of exchange is 

specified by the wiring topOlogy. In a graph notation, we 

can describe this topology as a graph in which nodes are 

cells and edges are the interconnections between cells. 

This particular class of undirected graphs which describe 

the interconnection topology of a layout is known as li1Iing 

graph or wiring ~. 

In all graph structures described later in the text 

any reference to a graph node will point directly to a 

corresponding cell. In this context the term ~ is 

usually used when referring to a connectivity description. 

Given a wiring list and the functional description 

of the nodes, we can perform an analysis of the source and 

destination of each signal within a graph. This precedence 

relation between nodes is equivalent to the directions on 

the corresponding edge of a graph. A wiring graph with a 

defined direction at each edge will be referred to as a 

Jl:.gJ:.S.l2.b. At each node "i" of a D-graph each edge "k" is 
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labeled and will be marked as niCk)" with the marking made 

at a point where an edge is incident to node "in. A set of 

incoming edges will be represented as {k_in} and a set of 

outgoing edges is represented as {k_out}j in situations 

where identification of a set type is obvious a shorthand 

{k} will be used. 

A directed edge "k" which terminates at a node will 

be referred to as an incoming edge and it will be described, 

if necessary, as "k_in". Similarly, a directed edge "1" 

which starts at a node, is referred to as an outgoing edge 

and it will be described, if necessary, as "l_out". In both 

cases a simple index "k" or "1" will be used when the type 

of an edge can be derived from the context. In some 

situations in which the same physical edge is shared by two 

nodes we will write: 

U(k)=j(l)} <=> {i(k_in)=j(l_out)} or {i(k_out)=j(l_in)} 

which means that an edge "k" of a node "i" is 

identical with edge "1" of a node IIjll. 

A sequence of edges, where a node is shared by at 

most two edges, is called a~. Path terminator is a node 

which starts or ends path for only one associated edge. 

As a result of the very existence· of switches, a 

D-graph has a dynamic structure. In such a dynamic 

structure, the direction of the signal flow within a bus or 

through switches depends on the active state during a 

register transferj in some cases an edge is directionless. 
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Since we will analyze timing within these dynamic 

structures, a directed interconnection path between two 

memory elements will be referred to as a routing instance. 

A Model Of Circuit Timing Behavior 

It takes time to exchange signals among elements. 

This propagation delay is a result of the distributed 

resistance and capacitance of network elements [37-41]. 

Because timing is a critical issue, it has been extensively 

addressed in the past [6, 20-22, 38]. Without going into 

detail, we can state that delay due to the interconnections 

will become the dominant part of the total delay [20], as 

compared with the internal delay of a cell. Therefore, any 

algorithm intended to optimize a design must take this into 

account. 

can 

As previously stated, a layout of a digital 

be depicted by a directed graph (D-graph). 

circuit 

Signal 

propagation among a D-graph's nodes can be visualized as 

token passing. Tokens are generated at a node and are 

passed along the direction pointed by the arrow associated 

with an edge. Each token is absorbed by a single node and 

it can be fired only if all l{k_in}1 tokens were received, 

Fig. 2-1. 

This process of signals exchange can be visualized, 

at the lower level, as the propagation of voltage or current 

changes. Using a change of voltage as an example, a ~~ 
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Fig. 2-1. An example of a directed graph of a network. 

t[i, jj along path (ij) is defined as the time interval it 

takes for the input voltage at point "in and the resulting 

output voltage at point "j" pass through the point of 50% of 

their maximum value. Each such a transition has a specified 

shape. The shape of a wavefront can be described by the 

time in which the signal changes its value from 10% to 90% 

of it's maximum value. If this time is positive, we call it 

a rise time "Tr"; other~ise, we call it a fall time "Tf", 

Fig. 2-2. This single parameter description of the shape of 

a signal transition 

dissertation. 

will be used throughout this 

Let us take a quick look into the basic problems 

with delays. 

paths. 

There are two main sources for delays along 
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Fig. 2-2. Wavefront timing parameters. 
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structural delay - - refers to the delay imbedded in the 
topology of a graph (paths with variable number of nodes), 

synthetic delay - - refers to the "real delay" and takes 
into account both structural delay and the delay due to 
nonoptimal placement and routing. 

Structural delays depend on graph specifications 

while synthetic delays are affected by "better" routing and 

placement. It is our intention to identify the structure of 

synthetic delays, and provide some ways to include their 

effect in the design process. 

The above definition of a delay describes a measure 

of a time distance between two pOints Hi" and "j"t defined 
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as a period between 50% crossover at point "I" and point 

"j". Their absolute position on a time axis is denoted as 

t[i] and t[j] which is a shorthand of t[o,i] and t[o,j] as 

they are measured relatively to the common reference event 

"0". These observation can be recorded as: 

t[i,j] = t[o,j] - t[o,i] = t[j] - t[i] 

From now on, unless explicitly defined otherwise, an 

event t[i] is defined as: 

1. a time of 50% maximum voltage range crossover of 
the voltage wavefront at point Hi" - a realm of a 
layout, 

2. a time of firing or absorbing a token at node Hi" -
a realm of a graph representation. 

All the following definitions will be presented in 

the realm of D-graphs. It is left to the reader to find 

equivalent definitions in realm of physical implementation. 

Arrival~, t[i(k)] = t[i(k_in)], is the time when 

a token has been absorbed by edge "k" of a cell Hi". There 

are as many arrival times as there are edges terminated at 

cell Hi". When an arrival pad at node Hi" is no~ of 

interest, token arrival time is marked as 

complement term is!iL§ i1m§, t[i(k_out)]. 

The slack at a node Hi" is defined as: 

slack[i] I = max(t[i(k)],{k}) - min(t[i(k)],{k}) 
= t[i(u),i(w)] 

t[i]. A 

where functions max(t[i(k), {k}]), min(t[i(k), {k}]) 

find the maximum or minimum of t[i(k)] over the range of all 
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incoming edges kc{k}, {k}={k_in}, "u" is a value of k at 

minimum and "w" is a value of k at maximum, Fig. 2-3. 

For practical purposes we would like to group events 

(start or termination) times by defining their ~ii2D 

neighborhood as: 

{ i(k_epsilon) } ."': 
= {k I ke{k}, t[i(k)] = max(t[i(k)]) - epsilon, epsilon). O} 

where {k}={k_in} when an event is a token arrival, 

or {k}={k_out} when an event is a token firing. In such a 

group, events are labeled according to the edge labels local 

to a node "i" • 

.E.,gg~ delay t[i. jJ between nodes "i" and "j" is 

defined as: 

t[i,j] = t[j(l)] - t[i(k)] and j(l)=i(k). 

Fig. 2-3. Illustration of a slack. 
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A Layout And Its A-graph 

By introducing an edge delay as a measure of edge 

length to D-graphs, a new class of graphs is created and it 

will be referred to as A-graphs. An A-graph, known also a 

activity graph, is a concept used in logistic and management 

sciences for describing the interactions within a structure 

of cooperating processes. 

This process cooperation is described in terms of 

token firing and receiving and is identical with aD-graph 

node relation. In such a D-graph a node fires token(s) only 

when all l{k_in}1 tokens fired by adjacent nodes have 

arrived. An extension of a model into an A-graph model 

requires that it takes time for each token to arrive at a 

destination node. The main question to be answered by such 

an analysis is how much time is needed for a predefined 

sequence of token firing activities, described by an 

A-graph, to take place, Fig. 2-4. 

Each such sequence of token passing activation and 

termination, also referred to as an activity (ij), takes 

time period t[i,j] to complete. ThUS, for each element 

along a path, there are two timing values which characterize 

its behavior in relation to that path. One value is the 

token arrival time and the other value is slack. In an 

A-graph activities are initialized at nodes and are directed 

along edges. Axis X represents the time axis and all 

activities are ordered along this axis. 



19 

C'~. 
ot~l.i'" 

\ • , 9-

e __ ---"'--~ 

Fig. 2-4. An example of an activity graph. 

Let us construct the equivalent A-graph for a 

digital circuit layout at a given time instance "tHe Each 

active cell is mapped into an equivalent node; each group 

of branchea that is an active routing path is also a node. 

In the next step, all interconnections between mapped cells 

and branches are mapped into edges between nodes. All 

mappings are unique, thus the structure of the topology is 

preserved. As a result, a D-graph is homeomorphic with the 

graph derived from its corresponding layout. The direction 

on the edges is set according to the direction of the signal 

propagation within passive elements at the time of mapping. 
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Since there is a one-to-one correspondence between 

the structure of an activity graph and the structure of a 

graph of active network modules, we can apply the results 

from activity graphs to the analysis of layouts. 

Another question to be addressed is that of node 

ordering introduced by the projection of an A-graph onto the 

time axis. Within a layout network, interconnections are 

described by length and width, while in an A-graph, the 

duration of cooperation between two processes is represented 

by a projection of the edge onto the time axis. Thus, the 

introduction of the time projection of a digital network 

into its A-graph imposes an order on the resulting node set. 

This order may be different from the order that results from 

independent path analysis along the X-axis or the Y-axis or 

from applying Euclidean measurements. This observation is 

important in the analysis of layout compactors (Chapter 4) 

which traditionally are based on geometrical measures. This 

non-uniqueness of the inverse mapping from an A-graph to a 

layout disables the direct use of A-graphs in layout 

generation. It is still, however, a valuable guide used in 

deriving optimization heuristics. 

In conclusion, edge mapping into a time domain 

results in a complete ordering of the corresponding node 

set. We can construct a homeomorphic mapping from a layout 

to an A-graph. This property allows us to apply the proven 

results from activity graphs to the analysis of layouts. 
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Design Optimization - A Statement Of A Problem 

The usual criterion for judging a given optimization 

is cost improvement. In the case of a VLSI circuit, because 

of its complexity and the nonlinear characteristics of the 

elements involved, it is probably impossible to find an 

analytical solution to the problem of cost minimization 

under timing constraints. 

stated as: 

The problem is traditionally 

find the minimum of the cost function defined 
as the sum of the cost of all cells and 
interconnections, 

where 

for each path, the sum of all delays has the 
same upper bound. 

Interestingly enough, we can derive necessary and 

sufficient conditions for optimal solutions of this problem 

for an A-graphs which are constructed from layouts. 

Rules Of The Game - Optimality Conditions 

In the previous section we have shown that the 

structure of a layout, if properly interpreted, is 

homeomorphic with its A-graph. 

result is valid [42]: 

Therefore, the following 

Theorem - 1 

In an A-graph having {N} nodes connected by 
directed edges "en, ee{E}, each edge has an 
associated cost c[i,j] which is a strictly convex 
function of its length t[i,jJ, there is one and 
only one allocation of t[i,j] to each edge "en 
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linking nodes "i" and "j" such that it provides: 

1. a minimum total cost, 

2. the longest path which is shorter than Tmax. 

In addition, it is a necessary and sufficient 
condition for this optimum solution that: 

the total sum of slack for all nodes is equal 
to zero, 

fiJiJ(e 

1 e t us de fine D ( k ) = L d ( c [ i, j ] ) I d ( t [ i, j ]) at 
each time instant k, where the sum is over the 
set of all ee{EA(k)} and 

1. {EA(k)}={elsuch that He" links nodes Hi" 
and "j", t[i](k(t[j]}, 

then D(k) = const for all k, 0 ~ k ~ T. 

This is a guideline for our investigation. We will 

try to interpret this result in the context of the A-graphs 

derived from the layouts of finite state automaton 

impl ementa ti ons. To the best of our knowledge this is the 

first time that these optimality conditions have been 

applied in the realm of VLSI circuits. 



CHAPTER 3 

PATH DELAY STRUCTURE 

During the timing verification process, the main 

task to be performed is the evaluation of delay in the 

propagation of a signal along a chosen path. In the 

proposed path analysis we take advantage of what we know 

about functional system behavior. This information can be 

used to partition the analyzed circuit into entities called 

segments. 

As a first step, we combine the information carried 

by passive elements with the information defined for 

segments consisting of active elements. The information 

taken away from passive segments may consist of knowledge 

about cell interconnections and the conditions that must be 

fulfilled in order to use them (for example bus structure). 

Each such information tuple (interconnections, time 

instances and the conditions when they are active) will be 

referred to as a signal routing instance, or more briefly, a 

routing instance. We are also able to extract the 

electrical parameters of interconnections, which are related 

to routing instances, and associate them with elements in 

the corresponding active segments. 

23 
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Implementation of path analysis for the AHPL 

provides information describing routing instances. This 

information consists of interconnection paths and step 

labels with descriptions of the logical conditions under 

which a particular path to the next segment can be chosen. 

This information is created recursively until an active 

segment is encountered. Thus, we assure the proper 

definition of a path in an environment where information is 

exchanged by means of multiple bus structures. 

While evaluating a routing instance, the system also 

collects information about the loading characteristics of 

the resulting interconnection configuration. The loading 

information used in this version of the program is limited 

to a first order model of the Re circuits attached to the 

output of each elementary cell. This characterization is 

made using the method described in [39]. 

One can identify for each segment a time profile of 

the incoming signal wavefront which is also a profile for 

the outgoing wavefront from the previous segment. If the 

profile of signal propagation is known at a cell level, as 

well as at the segment level, then a scanning for the long 

path violating timing is easier and it can be done directly 

at segment level. 
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An Explanation Qf The Terminology Used 

The following are definitions of a few of the terms 

used to analyze paths within a layout, a graph oriented 

terminology is used. 

Definition - 1 

A module input is a set of incoming edges which are 
originated by a module that precedes it on a path 
during a particular routing instance. A set of edges 
aiming outside a segment is a module outPMt. 

Based on the above definition, we will use the term 

module boundary as a reference to the set of edges having 

only one terminal which belongs to a module. In the light 

of the above, a module can be build, if necessary, from 

passive elements only. 

In the following section, we will analyze the timing 

structure of paths. 

Definition - 2 

A path which does not have slack is called a c-path. 

This results in the following observation: 

Observation - 1 

For each node, there is at least one edge which creates 
a zero-length slack. 

This observation provides a bases for all our future 

investigation. 
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Definition - 3 

A c-path originating at a module input and terminating 
at a module output pad is called a critical ~. 

From definition 3 and observation 1, it is easy to 

derive a statement about the existence of critical paths in 

a module. 

Corollary - 1 

There is at least one critical path in each module. 

Definition - 4 

The longest critical path within a module, is called a 
dominant critical ~. 

The algorithm to be presented can identify critical 

paths in a single pass, as well as identifying the dominant 

one. Because critical paths give a greater extent of 

guidance to the methods used in modifying circuits to comply 

with timing constraints, the path identification directly 

affects the algorithms used to perform delay analysis along 

a path. 

ALGORITHM~ Path Timing Analysis (PTA), 

Input; 

graph of the segment interconnections; 

graph of the cell interconnections; 

destination segment - destination( WAVEFRONT ); 

Begin; 
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extract information from the passive segments 
this routing information is passed directly to the 
active segments (electrical load at each node); 

for each transfer sequence do {for each A-graph} 

WAVEFRONT :== ORIGINATION.SET 

for EACH element from WAVEFRONT do 
node find zero slack and mark 
incoming edge} 

{for each 
locally the 

compute the arrival time at the next 
element along a path (ie. arrival time for 
all receiving nodes) 

if all arrival times at the node are known, 
then mark the pad with the zero-length 
slack in the starting nodes area and append 
it to the destination (WAVEFRONT) 

if all the destinations pointed to by the 
nodes at WAVEFRONT were processed and each 
was reached by all the possible wavefronts, 
then the WAVEFRONT :== destination 
(WAVEFRONT) 

if WAVEFRONT = ORIGINATION.SET then BREAK; 

end {for}; 

end {for}; 

END {Path Timing Analysis}, 

The above procedure requires a number of timing 

analysis iterations of the magnitude O(k*m), where m is a 

total number of hardware modules to be analyzed, and ~ is a 

total number of AHPL statements. In a system with multiple 

buses, where all routing instances must be verified, the 

situation gets more complicated. In such a system, the 

computational effort, measured in the number of routing 
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instances to be analyzed, in the worst case, can be 

estimated as: 

O(bus_transfer + non_bus_transfer) = O(k1*n**i) + O(k2*m). 

In the above expression D is the average number of 

sources attached to a single bus, i is the number of buses, 

m is the total number of modules, k1 ~ ~ are the total 

number of AHPL steps used to describe a circuit with and 

without a multibus transfer structure, it is common that 

i<4. 

A more detailed algorithm, which does not require a 

knowledge of a destination WAVEFRONT, is described in the 

next section. 

A iim& window can be defined for each transfer and 

it is equal to the length of the dominant critical path. 

The dominant critical path controls the system clock. Clock 

arrivals are computed for a particular path. In general, 

this timing window can overlap two or more cycles and, 

therefore, it can increase the amount of time available for 

a transfer. Detection of the overlapping can be done by 

means of syntactical analysis. 

Prior to any optimization step, one must make a 

feasibility check. This involves applying a longest edges 

(the length is computed based on physical considerations) at 

each node of a circuit and then applying PTA. If there is 

no critical path that violates timing constraints, then 
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optimization is possible. Otherwise, different placement 

and routing must be applied or, if the reason for the timing 

delay is a structural delay, circuit logic must be redefined 

to provide a different interconnection topology. 

C-path 

If we analyze the distribution of a c-path within a 

module, the conclusions we reach can be expanded later for 

the general case of the circuit. We assume that we have a 

token firing sequence with a certain pattern (the pattern is 

specified as a set of tuples (node, arriving.time». The 

sequence at module input will result in generating a 

sequence at module output. Within a segment, one can 

identify the critical paths and, if necessary, the dominant 

critical path for a particular transfer. During the 

optimization process, we are trying to shorten the amount of 

time required to propagate a token along the dominant 

critical paths and, at the same time, if possible, 'smooth' 

the token fire timing across the output of a segment. This 

last process, if possible, requires an elongation of the 

non-dominant critical paths. The following theorems are 

valid for c-path detection and can be used to validate this 

global path ordering scheme. 
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Theorem - 2 

For each node within a segment there is, at least, one 
c-path connecting it with the input of a module. 

Proof: 
From Definition 2, each cell must have at least one 

c-path passing through it. Following the slackless edge we 
can reach all nodes predecessing the node we have chosen as 
a starting point. At segment input, Def.2, only one edge 
belongs to the module and therefore search is terminated. 

Using the same argument, one can prove the possible 

existence of a node which does not have a c-path connection 

with an output of a section. 

Theorem - 3 

A node may exist, which belongs to a module, but which 
does not have a c-path connecting it with the output of 
a section. This possibly existent node is not a member 
of a critical path. 

Proof: 
Let us assume that an edge originated at a node has 

a slack at its destination. This node is then by definition 
the last node along a critical path which passes through it. 

This dissertation will describe a set of algorithms 

which can be used in the analysis of timing delays during 

the propagation of Signals within VLSI circuits. Bg 

assumptions ~ ~ about delay characteristics g§ s 

function Q! electrical loads the only thing required is the 

length of the time required to pass a signal among elements. 

The main concept behind the use of the presented 

methods is the combining of path enumeration with a 

hierarchical approach. 
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compiler is 

characterized by a connectivity description, see AHPL data 

base description. This description provides a link between 

the input and output of a module. At the cell level, the 

link between the input and output pads is provided 

explicitly by the functional description of a gate. Gate 

NAND2, for example has two inputs pads and a single output 

pad. At segment level, the description is carried by the 

wiring list. Functional description and wiring list enables 

to construct an A-graph. 

A record of the c-path's markings must be maintained 

in order to identify them. This is done by introducing the 

concept of pad maps. Each input pad within a segment pad 

has a list (map) of all the output pads, which terminate the 

c-paths that originate at a given input pad. Each output 

pad has an associated list of all the input pads which are 

the origin of one of the c-paths passing through it. If, as 

the result of a wavefront propagation, there is a c-path 

linking an output path with an input path, the proper entry 

representing an output path is marked on the input path's 

list (map). A map is complete when all possible inputs have 

been checked for the existence of a c-path. 

Within a segment, while signals are propagated, The 

positions of c-paths are marked on the maps allocated to 

each~. There are three types of maps: 
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1. a map which counts the input pads already 
activClted by the arriving signals (Arrival Map 
=-AM) , 

2. a map which marks, by using a local pads 
indices, the pOSitions of c-paths, within a 
Cell (Segment),(Path Map - PM), 

3. a map which marks, using a segment's indices, 
the origins of c-paths (Origin Map - OM). 

During signals propagation, a set of inputs is 

established at .segment level and passed down to the cell 

level. At cell level they are used to identify all the pads 

from the input cells which correspond to a segment's pad 

input vector (which has a c-path). 

Each time a wavefront reaches a new cell, it is 

checked, at cell level, it is checked if it is a part of a 

c-path. This process is based on a local, intra-cell, 

comparison between the most recent arrival time and the 

latest arrival that has been accounted by a cell's pads. In 

order to cluster arrivals, it is required that all arrivals 

are checked if they are the members of the epsilon 

neighborhood (Chapter 2). If a new pa th is with i n the 

epsilon margin, its coordinates are added to all three maps. 

When a wavefront is not within an epsilon neighborhood, the 

OM and PM maps are unchanged. In all these cases, a new 

signal arrival time is marked on the AM maps. 

If a bit vector is chosen to represent the maps, a 

simple logical OR operation can be used to pass the contents 

of a map from a signal source cell to the destination cell 



33 

map. 

If the new cell is an output cell, its OM map is 

passed to the segment level where it is used to established 

a link between that particular output pad and the segment's 

input pads. 

The following is an algorithmical description of the 

above procedure: 

ALGORITHM: C-path Marking. 

Input: 

enter starting segment 10, 

find the segment's input pads, 

find the set of cells, Wavefront_Vector, which 
correspond to the input pads 

set up their OMs, 

repeat 

remove cell ~(~S~~~~s~e~n~d~e~r~), 
Wavefront_Vector, 

from the 

propagate a signal from (8) to all the cells 
conne cte d to it, 

for each receiving cell (R - receiver), do 

case arriVing signal is: 

a new c-path; 

- clear OM and PM maps, 

- OR (R)'s OM and PM maps with (8)'s OM 
and PM maps, 
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the same as the old c-path; 

- OR (R)'s OM and PM maps with (S)'s OM 
and PM maps, 

this is not a c-path: 

- do nothing. 

end {case} 

update (R)'s AM map, 

if a receiving cell (R), has all the 
possibly active AM entries marked then 

if (R) is not a flip-flop or external 
line, then add a cell to the 
Wavefront_Vector, 

{the above assures the correct 
propagation of a signal in the case of 
a multiple segment transfer} 

if a receiving cell (R), 
Segment's output cell then 

is an 

find which segment's output pad 
corresponds to (R), 

OR (R)'s OM map with pad's OM map 
{this defines the segment's input 
output relationships} 

end {if} 

end {if} 

end {for} 

until Wavefront_Vector is not empty 

END {c-path marking algorithml, 
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The above algorithm uses a Wavefront_Vector which 

contains a set of presently active cells or, in other words, 

a set of cells defining the current wavefront. The process 

of wavefront propagation is terminated when the 

Wavefront_Vector is empty. This occurs when all the cells 

involved are both the output cells of a segment and the 

flip-flops or drivers of external lines. 

Fig. 3-1. An example of the c-path marking. 
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Fig. 3-1 shows the result of c-path marking. A used 

segment consists of 3 gates labeled by number sin square 

brackets. Numbers in parenthesis are the segment level 

labels of the I/O pads. Local pads are also labeled by 

numbers. We have also displayed the resul ts of path 

marki ng. It is assumed that the path from a cell [1] is 

slower compared to the path from a cell [2]. As a resul t, 
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the dominant critical path is found between pads (2) and 

(5). This is also visible from the inspection of the OM map 

of a cell [3]. 

A traditional critical path analysis is based on 

identifying the longest path present in a design. This mode 

of. analysis takes into account the sum of all delays and, 

thus, we refer to this definition as Integral Critical Path 

Approach. A comparison between the different methods 

representing this approach can be found in [44]. In some 

cases, where there is no hierarchy defined within a 

description, a critical path method will analyze all the 

possible paths. This situation may result in an expensive 

validation of the feasibility of any path chosen by this 

method. 

The method presented in this chapter is based on the 

local and incremental analysis of the timing behavior of 

paths. Because this method performs a localized 

identification of c-paths, it is referred to as the 

Differential Critical Path Approach. The longest critical 

path of a particular transfer is referred to as the Dominant 

Critical Path. 

The above method is block oriented in that each 

layer of the structural hierarchy has an associated timing 

value at its boundaries. Its performance is similar to the 

Timing Analysis (TA) method of [44]. The TA method is based 

on a fixed allocation of the worst case timing performance 
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at each element. This allocation has been made throughout 

the hierarchy. Therefore, if a module is used in a 

different configuration, the same worst case timing is still 

applied. While this approach may be justified in the 

analysis of ECL circuits, which are characterized by the 

lack of pass transistors, it is not sufficient in the case 

of MOS circuits, especially those with multibus connections, 

where timing must be evaluated ind~pendently for each 

routing instance. This is due to the fact that a cell's 

timing can vary depending on the topology of its load. 

Another difference which can exist between methods is a 

difference in the definition of slack. In TA, slack is 

defined as the difference between what is assumed to be the 

correct timing and the actual timing. Based on this 

difference, a process of circuit modification can be 

performed. 

The Advantages Of The Method 

The method presented in this section provides a 

unique way to find, for each cell, all the critical paths 

that are active, within a particular routing instance, 

within a design. This ability is also useful for making an 

interactive analysis of a circuit and can be, 

applied to more than "Silicon Compilers" alone. 

of tracing back all of the c-paths to the input 

therefore, 

The process 

pads of a 

segment, is sufficient to find all critical paths passing 



38 

through a cell. From the above poi nt, one can make use of 

segment maps to trace back, on segment level, to the 

starti ng input pads (memory elements). 

Due to the fact that each cell is being accessed in 

parallel with others (in a se gment) , this algori thm is 

suitable both for a system with virtual memory and for a 

distributed environment. In a system with virtual memory, 

it reduces the threshold due to its ability to create a 

stable working data set. In a distributed environment, the 

use of segments (silicon compiler outputs), in combination 

with a path analysis algorithm, allows for fixed sequential 

scheduling with a reduction in communication among 

processor s. Similar conclusions are derived in a case of 

the analysis of TV1 and TV2, Chapter 4. 



CHAPTER 4 

LAYOUT OPTIMIZATION STAGE 

In this chapter, we will describe the logical flow 

of the optimization algorithm. In a top-down presentation, 

we will define all the subservient algorithms, which are 

based on the heuristics derived from the optimality 

conditions that were introduced in the previous chapter. 

Let us assume that an initial floor-plan is provided 

[45-47]. Within this floor-plan, each module has an 

allocated space and further refinement is done based on the 

mutual interrelations of modules. These interrelations are 

depicted by the activity graph of the data flow. This graph 

characterizes the interconnection structure within a layout. 

The tool which is used to generate a layout is called a 

Global Router [48-53]. 

Global routing and placement refinement are not 

explicitly treated in this dissertation. We assume that 

this global problem can be decomposed into a sequence of 

subproblems which are based on local optimization within the 

individual modules. In our approach, we will attempt to 

find a partial order among the hardware elements and, based 

on this, perform an optimization which will be ~~ized to 

39 



40 

a selected cluster (module) of elements. In order to do 

this, one must find the timing conditions at each module's 

boundary. These conditions are specified at the module's 

input and output pads. 

In the case of the design generated from an AHPL 

(register transfer) description, the process of finding a 

timing boundary condition is translated into a search for 

the program steps which may lead to the worst case situation 

(as measured by timing and layout quality). This can be 

done by the initial process of routing and placement, in 

connection with timing analysis of all steps, and assuming 

worst case timing delays. 

A register transfer model allows for the 

decomposition of digital circuits into a graph consisting of 

modules which are bounded by source and destination 

registers, Fig. 4-1. This, in turn, allows for the 

analysis of timing constraints in a single pass. 

The main difference between this method and other 

path labeling algorithms is the fact that in this method we 

trace only those paths which ~ actually used, not all 

possible paths. This path identification and extraction is 

made possible due to the use of a hierarchical description 

~ ~ design. In such a description, higher level modelS 

are allowed to define dynamically the scope of activity for 

each lower level model. 

AHPL description is a 

In the case of timing analysis, an 

source of the routing instance 
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Fig. It-1. A source-destination decomposition of 
a data flow graph. 

lt1 

identification. These instances are then analyzed, one at a 

time, at lower levels. 

Once the boundary conditions are established for a 

module of interest the following algorithm can be proposed 

ALGORITHM; segment optimization; 

Input; 

enter epsilon: iteration limit; 

enter module graph, and geometrical constraints 
(layout); 

enter initial timing boundary wavefront 
pads; 

w1.D 

input 

set up quality measure Q[curr] := Q[prev] := a1; 



repeat 

if Q[prev] > Q[curr] then Q[prev] := Q[curr]; 

find the dominant critical path; 

42 

modify cell placement and routing (using the 
available knowledge about critical path 
distribution); 

perform channel compaction (using the available 
knowledge about critical path distribution); 

propagate all wavefronts in order to mark the 
critical paths and compute Q[curr]; 

until abs«Q[prev]-Q[curr]) < epsilon); 

~ {Segment Optimizationl. 

An PTA algorithm for finding dominant critical path, 

is described in the Chapter 3. The process of modification 

is described later in this chapter. 

In the following sections we will analyze the 

relationship between slack and wavefront propagation price 

versus that between placement and routing. 

Routing And Placement - Assesment 

The final goal of any routing and placement process 

is to obtain a set of correctly interconnected cells, which 

uses as little silicon as possible. The cost function must 

reflect this goal. 

The optimality measure of a design depends on two 

parameters, the value of the slack and the behavior of D(k), 

as they are defined in Theorem 1. How the behavior of these 
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two parameters at each design iteration affect the 

"goodness" of a design is a subject of this dissertation. 

As we will show, in Chapter 7, some conclusions can be 

reached, but more work must be done to answer this question. 

In our approach, we will try to use these parameters as a 

guideline for deriving a heuristics which may potentially 

lead to a design that will be close to optimal. 

Slack can be interpreted as a measurement of the 

idleness of circuit components. Greater slack is present in 

a circuit where the distribution of component 

characteristics is not optimal. This may occur in 

situations where element sizes are not chosen according to 

the interconnection load or where routing and placement have 

generated a path with excessive avoidable delay. This delay 

might be avoided, for example, by a different arrangement of 

the relative positions of cells. 

Similarly, D(k) is the measure of wavefront 

propagation cost within a design. It should be observed 

that D(k) has components which represent the marginal cost 

associated with the time unit of an activity's delay. A 

fixed value of the D(k) is therefore the requirement that 

wavefronts are taxed equally at each point of their 

trajectory. 

paths, the 

Since the same elements are used in different 

process used to analyze the information carried 

by design quality measures is combinatorial by nature. 
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Slack minimization requires the combined 

modification of a cell's driving capabilities (within 

specified limits), as well as modification in placement and 

routing within a layout. With these requirements in mind, 

the proposed algorithm will try to achieve the following 

goals: 

o to adjust circuit's 
design requirements 
sizes and controlling 
consumption) , 

speed to the aSSigned 
(by modifying transistor" 
both slack and power 

o to perform an optimal placement and routing 
(if possible). 

There is a great deal of variation in the placement 

algorithms available [45, 47]. It is easy to apply one of 

them. In Chapter 7, where we describe the experimental 

results, we have decided to use a "smart" heuristic for 

developing 

placement) • 

placement (equally spread critical path 

Let us take a closer look into the structure of a 

proposed cost function C(k). For our purpose, we will 

assume that it is a linear combination of the following 

components: 

C(k) = Cc( S(k) ) + Ci( RP(k) ) 

where 

Cc - represents the cost of an activity due to 
a cell line charging characteristic, 

S(k) - represents the size of silicon real 
estate required by an element which is active 
during wavefront propagation at the time (k), 
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Ci - represents the cost of an activity due to 
the interconnection characteristic of the 
routing instance active at time k, 

and RP(k)- represents a measure of the 
routing and placement quality of the routing 
instance active at time k. 

C depends on Cc and Cia Cc is a component which 

takes into account the influence of active elements only. 

This influence can be defined as the cost of the area 

required to accomodate larger interconnection lines drivers, 

which will, in turn, speed up the propagation of a 

wavefront. Ci is a component which takes into account the 

parameters of passive elements and is hard to evaluate. 

This is true because the topology of a passive component is 

a function of Routing and Placement (RP) as described by the 

RP function. 

Both Ci and Cc must have the property that as d(ij) 

decreases (i.e., the time interval between events i and j 

decreases), the cost increases. This behavior of the cost 

function is due to the fact that 

1. bigger interconnection drivers are required, 

2. better RP must be done. 

A better RP usually requires shorter and faster 

interconnections and these usually result in the widening of 

routing channels in order that more of the paths allocated 

for "faster" conductors can be used (the "elastic silicon" 

effect) [24]. 
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As we take a look into these two cost components, a 

Routing and Placement process will be treated as a 

superposition of two independent processes: 

first, then Routing. 

Placement 

Simplified Case Ai No Routing Problems (RP=O) 

RP costs are negligible when interconnections and 

placement do not affect timing. This is usually true for 

designs in which the interconnections are either all metal 

or/and they are so "fast" that the internal delays of active 

elements are much bigger than those of the interconnections. 

This may also be true in those cases where the best possible 

RP was achieved and the only parameter left where changes 

can be made to control the quality of a design (slack), are 

the sizes of the output transistors (drivers) in cells. 

Let us assume that : 

(1) D(k) =~ ( d(Cc(j»/d(S[j]) * d(S[j])/d(t[j]», 

where: 
je{£A(~~ 

1. S[j] is the area of cell j active at the time 
~, 

2. t[j] is the time interval 
activity originated by j 
progress), 

during which an 
is valid (is in 

3. and Cc(j) is the cost of real estate which is 
defined as a linear function of cell area. 

It is assumed that the larger the real estate area, 

the greater the cost (cost is a linear function of the 
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Fig. 4-2. The timing characteristics of an inverter 
as a function of load capacitance. 

(2) K(j) = d(Cc(j»/d(S[j]) = const = B. 

In the above formula, the only variable component is 

d(S[j])/d(t[j]), a coefficient which describes the increase 

occurring in a cell's real estate in order to propagate a 

wavefront by a time d(t[j]) faster. 

Given the above, then 



(1.1) D(k) =.L! ( K(j) • d(S[j])/d(t[j]) ) 
j. {tACIC)} 
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In order to find D(k), the relation between cell 

size and its load charging capacity as measured by a signal 

propagation delay must be known. 

The relationship between timing characteristics and 

the size of the transistors displayed in Fig. 4-2 was made 

for a 4 micron CMOS inverter with the transistor width of 

W=(5,100) microns. The relative increase of W does not 

bring the same linear increase in the driving power. This 

is due to the increase of the internal capacitances. In 

this inverter gate, for all practical purposes, a change of 

W should be limited to the range of [10,50] microns. For 

this range, for a properly sized cell, it is possible to 

squeeze an inverter to into a cell without increasing the 

width, as is illustrated on the Fig. 4-3. 

As we see from the layout, Fig. 4-3a, the sum of the 

length for p-type and n-type transistors should not exceed 

the height of a cell, 

'W1 + W2 < cell_height. 

Where larger drivers are required, see Fig. 4-3b, 

the width of a driver will increase by a finite increment. 

Thus, for such a small perturbations in driving demands that 

are within a prespecified range, the outlines of the cell 

are of a fixed size. From this we have concluded that a 

cell containing an inverter can be designed to have a fixed 

width. 
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Fig. 4-3. An inverter layout (a) and its characteristics (b). 

The above result can be utilized in the construction 

of a standard cell by partitioning its layout into two 

sections. The first section, which contains a logical gate 

implemented by using minimal feature elements, drives the 

input to a fixed size driver section. For such a structure, 

both the logical and the inverter sections are of a fixed 

size. 
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This property of an inverter (output driver), has a 

profound effect on the results of our analysis. Since the 

outlines of cells are of a fixed size, the relation between 

the area and the driving capabilities is constant. This 

means that d(S[i])/d(t[i]) = 0 and, therefore, C(k) is the 

only function of routing and placement Ci(RP(k», that will 

be analyzed in the next section. 

Simplified Case Bi No Driyer Size Problem (Cc=Q) 

From the Figure 4-2 we observed that cell geometry 

can be chosen to be fairly insensitive to changes in the 

size of the driver stages of cells, which makes this case a 

good approximation of reality. As it was assumed in the 

previous section, the cost function in such a case is 

represented by: 

C(k) = C1( RP(k) ). 

In order to continue our analysis, we must define 

cost function component Ci. At present, we do not know a 

"good" formula for representing the cost which results from 

placement and routing activities. Instead, an approximation 

is proposed. 

First let us define the routing and placement 

environment. The basic elements affected by placement are 

cells. Cells are represented by rectangles. Each cell has 

a set of pads which enable it to interconnect with other 

cells. All routing must be made using interconnections from 
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a limited set of the conductive materials which are 

allocated to the different layers of 

interconnections from different layers 

coordination with each other. The rules 

a layout. The 

must be placed in 

describing this 

process are called design rules and are process dependent. 

In our simplified model, we will assume that cell 

pads are floating (i.e. there is a flexibility in the 

definition of their position along the edge of a cell). To 

simplify the process of routing and placement, cells are 

placed within rows and, therefore, have a fixed height. 

Routing is accomplished by interconnecting cells 

with rectangles of conductive materials (metal, silicide, or 

polysilicon). In this dissertation they are referred to as 

Chromoses, (chromos "a picture produced by lithography in 

colors"). Chromoses are placed mostly within the Royting 

Channels. 

Due to the complex nature of the interaction among 

the elements defining a layout, it is difficult to find a 

direction for guiding the whole process of routing and 

placement. It is usually the placement algorithm which 

controls the length of a channel and the router algorithm 

"intelligence" which dictates the width of a channel. 

One way to monitor these two independently 

controlled parameters of a channel, its length and width, is 

to use a penalty cost· (i.e. to penalize "wasteful" use of 

given resources). In order to reduce the area of silicon, 
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the tendency should be to avoid using excessively wide 

channels. Excess channel usage is measured as: 

Wexcess = Wdef - Wmax 

where Wexcess is the excess in channel width, Wdef 

is the width of a channel defined by a router and Wmax is 

the maximum width of a channel as the result of placement, 

routing and compaction. 

As the first approximation of a routing problem, we 

can apply a heuristic based on geometrical reasoning. This 

step requires that the distribution of paths within channels 

should be "equally" spread, which will hopefully lead to an 

efficient compaction, resulting in a smaller chip area. 

Thus, we produce cost minimization by maximizing the 

intensity of channel usage. Note the lack of any elements 

of timing analysis. 

Based on suggestions in the literature [48], we 

decided to cover the channels with a grid of fixed size. In 

the next step, the number of non-overlapping 

interconnections along both axes are counted. As a result, 

we have received the utilization-map of a channel, Fig. 4-4. 

A Utilization Map is a set of pairs of numbers, one 

pair per each single section of a routing channel. The 

first number in a pair is the number of interconnections 

passing a segment horizontally (along the channel's length, 

along its X axis). The second number is a count of the 

vertical interconnections (the Y axis of a channel). A 
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channel's crosssections, the common parts between two 

channels, are treated as a single unit. An average is taken 

from the counts along each of the orthogonal directions and 

used to make a description of the crosssections. 

A cost component is computed by using a 

utilization-map and subtracting the weighted sum of the 

horizontal and vertical interconnections from a fixed 

constant, Cmax. Cmax can be interpreted as the maximum of 

sum of capacities of the channel section(s) used by the 

longest routed interconnection. Thus, such a cost function 

stimulates the dense use of a channel (i.e. lower costs are 

the result of higher channel utilization). 

The total cost of a connection is defined as the sum 

of all the cost components encountered during the parsing of 

a connection tree. This is clearly a crude approximation 

and valid only for the Standard Cell approach where the 

count is limited to the routing channels and is, therefore, 

well defined. 

A Cmax is used here only to interpret the cost 

concept. Later on, cost is used to find the difference in 

the cost of the propagation of a wavefront. There, a 

marginal cost is used and, therefore, it is not necessary to 

find the exact value of Cmax. In the following text all 

references to the cost computed with Cmax are labeled as the 

real cost (or CR, cr), and the cost approximated without 

Cmax, a utilization, is referred to as a cost (as C, c). 
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The value of the routing and placement cost is defined as: 

C = AX*( lines_alons-X) + AY*( lines_alons-Y) 

and the real cost CR = Cmax - C where Ax and Ay are 

weights. 

® ® 

Fig. 4-4. An illustration of a RP cost approximation. 

Example: 

Figure 4-4 shows a grid partitioning a channel into 
sections. Each section has a pair of numbers associated 
with its horizontal/vertical utilization. Where a S signal 
is being propagated along path AB, let us assume that Cmax 
will be equal 12. Thus, the real cost is represented by 
CR = 12 - (4 + 4) = 4. 
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Let us now take a look into the micro-behavior of 

the RP cost function when the grid size decreases. For a 

large size grid, the interpretation is based on the fact 

that a grid is assumed to have a unit size. In such a 

context, the total number of lines along X is the total 

length of lines parallel to the interconnection line and 

within a routing channel. If the size of a grid goes to 

zero, then the approximation becomes more accurate, as the 

grid is then less coarse. Notice that the approximation 

does not do a good job of evaluating the usage of a channel 

as it can be counted along the Y axis. To take this into 

account, one should use an integrally based measure which 

relies directly on the computed area utilization, rather 

then on its approximation. 

C(k) = (1/S)*i(P1, P2, P3, P4 ••• Pn)dS 

where Pi stands for the paths present in the 

infinitesimal section dS, which is passed by path P, and S 

is the total area of the routing channels passed by path P. 

The drawback of the direct use of an exact value, which is a 

continuous function, is the size of memory necessary to 

maintain it. 

The proposed measure is dependent on initial 

placement. This is due to the 

perturbation in the position of a 

fact 

pad is 

that any possible 

limited to the 

width of a cell outline. When we perturb the length of 

interconnection by ~ (by modifying a position of pads), the 
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total count changes by O(dl) (i.e. a linear change). The 

timing of a circuit, dt, will change roughly in proportion 

to O(dl**2). When the delay is a quadratic function of dl, 

then the following is true: 

(a) O(t) = O(Re) = O(dl*dl), 

(b) O(CR) = O(Cost_Routing) = O(a-b*dl) = ~O(dl), 

(c) O(CR') = O(d(Cost_Routing)/dt) = -(O(1/Vdl». 

(d) O(CR") = O(1/(dl*Vdl» 

Therefore, 0 ) CR' > -00, and CR" > 0 (i.e. CR is 

strictly convex for small perturbations). The use of 

integral measurements assures its continuity. 

This analysis assumes that a stable position will 

exist for the remaining pads and interconnections. This is, 

in reality, maintained as the process of change is 

sequential. This analysis also shows why the initial 

placement is so crucial to the final result. Any change in 

placement 

at the 

placement 

changes the structure of the utilization map and, 

same time, changes the cost function. Proper 

can only a~sure that the final layout will be 

close to optimal. 

In the process of optimization, we need to remember 

that outputs from the same cells are not independent in 

terms of their timing behavior. The outputs contribute to 
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their mutual electrical parameters and, thus, affects the 

mutual timing. The last observation constitutes a severe 

limitation affecting the traditional optimization 

techniques, which are based on the exact analytical 

expression of a cost function. In the traditional 

techniques, this limitations translates into a definition of 

the unequalities which define the domain of feasible 

solutions~ This domain is hard to define and solve for the 

tens of thousands of nonlinear elements which exists. 

By introducing constraints and simplified 

assumptions about the complex nature of the routing and 

placement process, we are now able to continue the search 

for heuristics. 

As you will notice, we are trying to modify a layout 

locally only. If our initial layout is close to the optimal 

one, we will be able to improve it in a sequence of 

iterations. The global process is combinatorial by the 

nature; the cost function depends on the placement and 

routing sequence. 

The problem has now been reduced to the search for 

such a routing and placement such that the sum of marginal 

costs at each time (t) is constant. In practical terms, we 

are interested in obtaining the uniform utilization of a 

channel during wavefront propagation. This uniformity 

measure, D(t), combines timing constraints with geometrical 

limitations. 
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In general, routing within a channel which contains 

unused space is expensive, as measured by CR and, therefore, 

the rational use of routing channels is enforced by the use 

of penalty function. 

A comparison of the possible costs of a wavefront 

propagation which involves different channels requires the 

use of normalized measures. The simplest normalization 

factor for the utilization measure is the maximum 

utilization of a section of a channel. Since the maximum 

utilization is proportional to the channel's width, the 

width has been used as a normalization factor, Wmax. 

In order to normalize, all the elements of channels 

utilization maps should be divided by the local channel 

width. Notice that a normalization factor does not affect 

an example based on Fig. 4-4 and it does not affect the 

final experimental results, which are based on the use of a 

single width channel. In these cases, all results should be 

multiplied by a constant. 

Routing And Placement Optimization; Conclusions 

Interconnection delays seem to be the greatest 

problem for advanced technologies that feature small size 

gates with small internal delays and low output driving 

capabilities (Fig. 4-5). In such Situations, it is 

important to analyze the interconnection routing quality as 

measured by timing. 
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Fig. 4-5. Internal gate delays versus interconnection delays. 

In this dissertation, we have analyzed the type of 

interactions that are found among the various decision 

making components that are involved in the process of VLSI 

circuit design. These components deal with the area of the 

resulting layout and the speed of a circuit. We have 

limited our analysis to designs which are based on the 

register transfer rules. In order to obtain measurable 

results, we have focused our investigation on finding the 

relationships among the placement, routing and timing 

analysis stages. 

separately. 

Traditionally, all three were treated 

A Critique Of Standard Design Methodology 

The separate treatment of routing, placement and 

timing analy si s stages results from two major 
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simplifications made in the design process: 

1. the lack of a hierarchical approach, 

2. the simplified heuristic which replaces timing 
with geometrical distance. 

A hierarchical approach in the design process allows 

clusters of objects to be placed on silicon. As a result, 

the pieces of information describing the components of a 

cluster are processed in connection with each other. The 

introduction of hierarchy affects routing and placement. 

Analysis and statistical simulation based on the Rent's rule 

has stated that, within a hierarchical approach, as compared 

to random placement, interconnections at the higher levels 

are improved at the cost of those at the lower levels [54]. 

This is desirable as global wiring is usually more critical. 

The reciprocal effect on the local interconnection (they 

are, in average, longer for hierarchical designs), forces a 

more careful approach to the treatment of the wiring process 

at this level. 

Due to the lack of a method for fast timing 

evaluation at the placement and routing stages, all the 

presently known approaches assume a geometrical 

approximation of the problem. This results in the equal 

treatment of interconnections. Furthermore, a 

simplified relationship between capacitance and delay, due 

to the interconnections, results, when used in a pure 

geometrical classification of the routing problem. In this 



61 

approach, instead of constructing properly timed 

interconnections, emphasis is placed on constructing the 

shortest interconnection wherever possible. 

The uniform treatment of all the interconnections 

forces an optimization of all the interconnections. The 

possible side effects of such a treatment are "improved" 

later by interactive identification of the critical paths. 

These paths later become a input to the new iteration. 

Always the process involves an off-line case oriented timing 

simulation study. 

Our critical evaluation of the traditional methods 

as characterized above is in response to their anisotropic 

treatment of the routing and placement problem. As such, 

they are unacceptable for use as a methodology for the batch 

type optimization stage of silicon compilers. 

A Proposed New Approach - Discussion 

In order to achieve layout optimization, we have 

applied a known layout compaction algorithm to perform the 

final improvement in the layout. A compactor will be 

applied and be controlled by a software driver which is 

based on the timing verification. 

A compactor is a program which, given an input 

layout, reduces its size. Briefly, it generates a graph of 

the geometrical constraints and, based on this, iteratively 

compacts the layout along the X and Y axes. It can be shown 
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that this task can be performed in a time linear to a number 

of constraints [51]. The effectiveness of a compactor 

depends on the initial allocation of layout topology. 

We will not rely, in our approach, on a simplistic 

use of classical geometrical optimization for the purpose of 

obtaining an improvement in timing and overall layout 

quality. We will try, instead, to use timing information as 

much as possible. In principle, the proposed scheme 

interchanges the use of geometrical optimization with a 

timing verification and the analysis of the dominant 

critical path(s). 

Theorem 1 gives us a powerful analytical tool to 

identify the optimum. Even when using this tool, it is 

necessary to start the design process "close" to the 

optimum. We know from practice that initial placement is 

very important in obtaining a satisfactory layout. A 

quality of layout is a result of the sequential behavior of 

the placement and routing processes. In this context, it is 

obvious that adding an additional parameter to the process, 

delay, does not simplify the task. All proposed heuristics 

can be based on the following two strategies: 

Expert strategy -

~i.D 

repeat 

predict the dominant critical path(s); 
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perform proper placement (both multi channel, and 
the use of "flexible" silicon is assumed); 

repeat 

perform routing based on the assumed timing 
ordering of the paths; 

compact channels {Algorithm A}; 

timing analysis is used to verify the 
correctness of the initial guess; 

until (no new dominant critical 
created); 

path is 

propose new placement; 

until (the improvements realized in two consecutive 
steps are small); 

END {Expert strategyl, 

This strategy performs compaction while doing 

routing (each compaction step ends with timing 

verification). The importance of the initial guess, 

which will establish the sequence of routing and 

placement, should be noted. The process is similar to 

that made by a human operator. 

Statistical Strategy -

Begin 

repeat 

repeat 

estimate the average width of channels and 
assign their widths within the proper margin; 

perform placement (multi channel placement); 



perform routing; 

compact the channels based on the 
verification (for dominant critical 
improve and fix the interconnection's 
assignments) {Algorithm A}; 

verify the correctness of timing 
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timing 
paths: 
layer 

until (no new dominant critical paths are 
generated as a result of the iteration); 

compute channel utilization map - compute average 
utilization; 

until the average utilization is within 
limits (if a repetition is needed 
wavefront marginal propagation cost D(k) 
the direction of changes); 

END {Statistical strategyl, 

assigned 
than use 
to find 

A shortcut is made in the above Strategy in 

which no path ordering is done while routing. This 

causes the process to speed up, but may result in the 

use of wider channels then is necessary to obtain a 

100% routeability that uses the shortest paths. The 

effectiveness of this approach also depends on making a 

correct initial guess about the width of a channel. 

In general, both algorithms try to define the order 

within a set of critical paths. It is our belief that 

performing a routing on the subset of all paths will usually 

suffice. A potential increase in timing on the remaining 

paths should effectively reduce the slack. 

An Expert system, based on the description of the 

problem, defines order within a set of paths. It requires 
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an intelligent compiler which has a built-in path handler 

(timing estimation). The timing estimation used by a 

compiler can be based on a statistical estimation of the 

average length of an interconnection [54]. In the case of 

non-dominant paths, which are chosen from the end of an 

ordered set of paths, this may cause an underestimation of 

the timing requirements. The above effect is due to local 

channel congestions which result in meandering routing. 

Thus, routing, if it is not controlled properly, may result 

in the appearance of new dominant paths and may require a 

subsequent iteration causing an avalanching in the 

computational cost. 

Statistical system bases its performance on an 

analysis of the initial routing. It is dependent on which 

of the new placement and routing found in the layout from 

the previous iteration is chosen. This will generate 

problems similar to the one presented above. 

Both of the approaches presented above aim at higher 

density routing within a channel. This is achieved by using 

both routing layers, the faster metal layer and the slower 

poly layer. In traditional routing, in order to avoid 

possible timing problems, all paths are routed using metal 

layers. An extensive use of double layer routing, in places 

allowed by design rules, may results in up to twice as many 

interconnections routed within the same space. In other 

words, the algorithm can provide up to a 50% improvement in 
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channel area utilization. 

Summary 

As a result of the analysis of routing and placement 

procedures, a cost function, based on the routing channel 

utilization, has been proposed. We have demonstrated its 

convex property along with its interpretation as a penalty 

function. Within the cost structure, a link between cost 

and channel utilization has been established. Based on 

this, a minimization of the cost is interpreted as an 

increase in the channel utilization measured as the 

wavefront propagation cost D(t) and leading to the better 

management of the silicon area. 

The possible use of slack and wavefront propagation 

cost as a measure of the goodness of the design was 

discussed. We have shown arguments for their usefulness in 

local optimization. The same arguments, based on an 

analysis of the placement dependent structure of the 

proposed cost function, show the limitations of such a ~ost 

function for global optimization algorithms. 

We have presented two possible local optimization 

heuristic algorithms which use timing verification. Both of 

them are based on the adaptive ordering of the set of data 

propagation paths, as defined within a layout, while 

maintaining, as an invariant, a dominant critical path. 

They can reduce the use of the routing channel up to 50% by 
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a selective routing within the metal and poly layers. 

The results in this chapter will be used later, in 

Chapter 7, to analyze a simple example. 



CHAPTER 5 

A TIMING VERIFICATION SYSTEM - AN IMPLEMENTATION 

This chapter discuss an algorithm used in Timing 

Verification systems and its implementation. The first 

module of the system, TV1, is based on the algorithm 

described in [39]. Extensions to the basic algorithm are 

described in this chapter. The second module, TV2, is based 

on the theory described in Chapter 2. The second module is, 

in essence, a driver controlling the sequence of timing 

analysis performed by TV1. 

TV1 A Simplified Timing Estimation Technique 

In circuit simulators, the contribution of 

electrical parameters taken from each section of 

interconnections, generates one (lumped model), or more 

(distributed model) nodes. To follow this approach, in a 

timing analysis of VLSI circuit, as generated by a silicon 

compiler, may be extremely inefficient, both in terms of 

computational cost as well as model complexity. Due to the 

original research contribution of [39], an approximation of 

the accurate solution has been used as an alternative 

approach. 
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In the Panfield algorithm, an evaluation of timing 

response is performed based on the description of the 

interconnections. The upper- and lower- bounds of an 

interconnection network's timing response to the input 

testing signal (a unit jump), is computed. Based on the 

estimated response, an equivalent lump model is derived and, 

subsequently, used in timing analysis. A compact 

representation of the local electrical parameters of a 

circuit interconnection is very appealing in those large 

scale problems which are common for VLSI oriented CAD 

systems and, in particular, for silicon compiler approach. 

- MQter~Q' i 
===- Ha.~riol 2. 

Fig. 5-1. Typical MOS signal-distribution network. 

The interest generated by Panfield's first paper 

stimulated other works [40-41]. 
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The Panfield Method Of Interconnection Characterization 

In this method, an observation was made that each 

interconnection set can be reduced to an RC-tree, Fig. 5-1. 

An R& ~ is defined as a tree with no nodes directly 

connected to the ground. The nodes are connected to each 

other through resistors. Capacitors are located between a 

node and the ground only. Given an RC-tree, the algorithm 

evaluates the compound reSistivity, R(ke). This variable is 

defined as the resistance of a path between node "k" and its 

source. This is a common situation with the paths between 

source and node He", see fig. 5-2. On this figure, the 

resistance: 

R(ke) = R1 + R2, 

R(kk) = R1 + R2 + R3, 

R(ee) = R1 + R2 + R5. 

Fig. 5-2. An RC-tree. 
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The method is designed for finding the timing 

characteristics of a given signal propagating through just 

such aRC-tree as already defined. These timing 

characteristics include signal delay and signal rising and 

falling time. A propagated signal is generated by the input 

of a cell when a signal of a known shape is applied. For 

any unique path between the cell output (source) and the 

cell input (sink), a simple lumped RC model, can be 

identified by using the known timing characterization of the 

signal at sink. It is assumed that all the interconnection 

parameters can be linearized. 

In order to find an upper and lower bound for the 

wavefront response, Panfield defined three parameters for an 

RC tree ( Tp, Tde, Tre ) . . 
II({{ I( 

Tp = Z! R(kk)*C(k) 
all/C 

Tde = .6 R(ke)*C(k) 
AIIk 

Tre = (Z R(ke)*R(ke)*C(k) )/R(ee) 

For an input signal (with unit amplitude), the upper 

and lower bounds of a response at node He" can be found such 

that: 

Upper bounds : 

(1.1) for small t, Ve(t) ~ 1-(Tde-t)/Tp, 

(1.2) for large t, Ve(t) , 1-(Tde/Tp)*exp(-t/Tre), 

Lower bounds : 

(1.3) for (Tde-Tre) ~ t ~ (Tp-Tre), 
Ve(t) ~ 1-Tde/(t+Tre), 
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(1.~) for t ~ Tp-Tre, 
Ve(t) > 1-(Tde/Tp)*exp«Tp-Tre)/Tp)*exp(-t/Tp). 

Figures 5-1 and 5-2 illustrate the interpretations 

of the terminology. Segment (internode), resistance and 

nodal capacitance are computed using known 

(1.5, 1.6). 

(1.5) Csec = c * section __ length * section __ width 

(1.6) Rsec = r * section __ length * section __ width 

where r, c are process dependent parameters. 

formulas 

Tp, Tde, Tre can be directly computed using the 

above formulas. In the case of long interconnection 

segments, a sequence of nodes representing each subsegment 

must be generated. This results in a lengthy and memory 

expensive representation of an RC-tree. In the next 

paragraph, analytical formulas for computing the values of 

Tp, Tde, Tre are derived. These are based on the assumption 

that the added sUbsection has a constant width w. 

Let Tsec and T2sec same as contributions to Tp,Tde 

and Tre (1.7 - 1.11), while a new subsection of the length 

dl is added between nodes [n+1] and En]. 

(1.7) Tp[n+1] = Tp[n] + Tsec, 

(1.8) Tde[n+1] = Tde[n] + Tsec, 

(1.9) Tre[n+1] = Tre[n] + T2sec, 

for dl->O the representation of Tsec and T2sec are 

integrals: 



73 

(1.10) Tsec = J( (R+r*l/w)*c*w )dl 
= J(R*c*w)dl + J(r*c*l)dl, 

(1.11) T2sec = J(U«R+r*l/w)**2)*c*wU) 
= J(c*w*(R**2»dl + 2J(R*r*c*l)dl + J«(r*l/w)**2).c*w)dl. 

where J ( •• ) are integrated wi thin 

<O,section.length). The expressions (1.12-1.13) are the 

solutions to the corresponding integrals (1.10-1.11). 

( 1 • 1 2) T se c = R * C se c + (R se c * C se c ) I 2 , 

(1.13) T2sec = R*R*Csec + R*Rsec*Csec 
+ Rsec*Rsec*Csec/3. 

As we see, from (1.12 1.13), computation 

procedures, since they do not require expensive do-loops, 

[55], while propagating through a section, are simpler. In 

order to further simplify computations, we designed an 

algorithm and a corresponding data structure which enables 

the computing of Tsec and T2sec within a single pass. This 

was made possible by storing the intermediate results of 

each traversal at the arrival nodes. 

RC-Tree Reduction Algorithm 

A triple ( Tp, Tre, Tde ), must be computed using 

the value resistance R of each section along a path. 

Furthermore, a contribution, in term of capacitance, from 

each branch terminated at this node, must be known in order 

to compute the final value of ( Tp, Tre, Tde ). 
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The following are the basic concepts required to 

understand the flow of the algorithm 

* 

* 

~ - the basic data structure used by the 
algorithm. Each node is connected with other 
nodes through interconnection sections, also 
referred to as sections or links. A node can 
be interpreted as a zero length section; Such 
a zero length section can be connected to a 
cell or, to as many as four sections (a 
simplified assumption used in this 
implementation). 

section - the basic data representation of an 
interconnection tree. In this chapter, it 
will also be referred to as a physical object 
which has a length and width and which is 
described by certain electrical properties. 
Each section, a rectangle of interconnection 
material, has two ends. Each end of a section 
can be attached to the pad of a cell or to 
another section. 

* ~ - the layout representation of a Boolean 
operator. 

Each of the above mentioned elements is identified 

by its id (address). The Fortran implementation, used in 

this dissertation, integrates the representations of a node 

and a section into a single object called a "Chromos". A 

Chromos carries all the descriptions necessary for the 

maintenance of up to four different interconnections. 

leaves. 

Each RC-tree has a single ~ and one or more 

A traversing process starts and ends at a root 

after visiting all the leaves. The final values of Tde and 

Tre, for a path from root to node He", are computed in an 

additional pass from a leaf He" to its root. 
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The pseudo-Pascal code, describing a HC-tree 

traversing algorithm, is described in the paragraph below. 

ALGORITHM; driver 

fields. 

Begin 

reset Tp, R, Tde and Tre to zero; 

find a tree_root node; 

Traverse_Node( tree_root, Tp, Tre, Tde, R ); 

{we start traversing from the root node. As a 
result, it returns both Tp and the total 
RC-tree capacitance (not used). At the same 
time, a distributed stack structure is 
created, to be used in next step} 

for all LEAVES do begin; 

Trc_Compute( LEAF ); 

{compute Tre and Tde by back-traversing from a 
LEAF to its root} 

using (R,Tre,Tp,Tde), find Trc by analyzing a 
wavefronts upper and lower bounds; 

using Trc and R find the C of a LEAF; 

end {for}; 

END {PRIVER1. 

All addresses which refer to a node contain two 

The first field is a node id and the second field 

contains the starting direction within a node that is 

pointed to by the first field. In the final stage of the 

computation of Tp, Tde, and Tre, these addresses are used as 
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backtracking threads. 

FUNCTION: Trayerse Node -

Input 

(args: address of the starting nodes, R, Tp, Tde, 
Tre) 

(returns total capacitance C ); 

if a node is 
save nil 
else 
save the 
backli nk 
starting 

the first node of a RC_tree, then 
in the node's backlink field; 

address of the starting node at the 
field; (this address includes a 

direction at the lower level node); 

save R, Tre, and Tde as computed at the arrival to 
this node; 

{ there is one copy of each} 

mark the direction of arrival to a node as a ROOT; 

if nowhere to go { no sections attached } then 

add all the C(directions) at nodes with the 
exception of C{ROOT) 

return ( with total C ); 

end if 

for each of the untraversed sections attached to a 
node do 

mark the section and C := Traverse_section; 
{ there can be, at the most, three 

sections left to traverse } 

save returned C in the location corresponding 
to the last traversed direction; 

end {for} 
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add all C(directions) at the node except the 
C(ROOT) 

return ( with total C ); 

~ {Traverse Node}. 

FUNCTION; Traverse section -

Input; 

( args; address of the starting node, R, Tp, Tde 
and Tre ); 

(returns; total capacitance C attached to a node, 
opposit to a starting node); 

Begin 

compute 
values; 

sections Rand C and increment these 
Add them to a corresponding global values; 

compute the components for Td, Tre and Tp and 
increment these values; 

find the other end of the section 
{ there is an attached node or section } 

if the node is attached then 
C ;= Traverse_Node; 

else 
C ;= Traverse_section; 

end {if} 

return (with the total C of the just traversed 
node); 

~ {Traverse Section}, 

The procedure is a stack based traversing of nodes 

and sections. In this context a node is an equivalent of a 

stack frame. 
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The final step is to compute Trc. Since all 

backtracking addresses are saved at the nodes, a simple 

linked list which starts at each LEAF, (high), ends at a 

(low). At each node, there is only one 

backtracking address (the first node points back to nil), 

which also contains the starting direction of a traversal 

within node pointed at by a lower level node. A lower 

node's starting direction will be referred to as T_START 

(from Traversins-START). 

FUNCTION~ Irc Compute( start node) -

Inputs 

(returns final Tre, Tde ); 

Begin 

node := start_node; T_START:= nil; 

while node<>nil do 
{ nil is returned if it is a tree~root } 

for all (direction<>ROOT and 
direction<>T_START) do 

{ trace the effect of other directions 
} 

compute Tde, Tre components resulting from 
C's and R attached at node; 

end {for} 

node = backlink(address_field); 
backlink(direction_field); 

end {while} 

= 
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~ {Trc Compute}. 

If Tp, Tre, and Tde are known, a quick evaluation of 

the equivalent Trc (a time constant), can be performed. 

This computation is based on formulas for the upper and 

lower bounds of the wavefront. The equivalent Trc is 

defined as the Trc of the lumped, first order, linear RC 

system. The output signal of a lumped system, as a response 

to step function at an input, passes a 50% cross.over, at the 

same time, as a wavefront signal composed from the weighted 

sum of upper and lower bounds. It is usually assumed that a 

composed wavefront is an average of the sum of the upper and 

lower response bounds, Fig. 5-3. 

S'911C1l 
[%J AmpUt",de 
fDD 

10 

o~~--~--------------------------~~ 

Fig. 5-3. Computation of equivalent Trc. 
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TV1 Implementation 

TV1 code is written in VAX/VMS FORTRAN77. A strict 

discipline in code layering was adopted. All the relevant 

data is encapsulated in the corresponding "shell" code. 

Thus, if an access to a data base is requested, a 

corresponding call to a "shell" must be made. Furthermore, 

in the case of AHPL data base transactions, all the 

parameters are passed by value. This slows down the speed, 

but full control of the data transfer is maintained. 

Data structures and the operations upon them are 

treated as a single indivisible entity. For an example, see 

a STACK structure. In the following text, capitalized names 

in parentheses refer to the modules that are implementing a 

particular function. 

Modules and Subroutines -

A FORTRAN implementation must first take care of 

recursion. This is done by an explicit definition of a 

stack (STACK). Next, a proper link parser (TRACE), decodes 

the section representation, the CHROMOS. It also computes 

Rsec, and Csec. These values are passed to subroutine 

(COMPUTE) which evaluates (Tp, Tre, Tde). Based on this, a 

driver controls RC-traversing, (RC), by choosing the 

direction of traversal. Once a decision on the next 

direction is made, the Driver uses (INSTALL) to define 

backlink fields and, at the same time, nodal values are 



preserved. 

The sequence of calling is as follows: 

RC 
GET_CHROMOS 
TRACE 

COPY_STACK __ TOP 
GET_MAXL 

FIND_NEXT_PAD 
CLEAR_PAD 
CHECK_SW_ACTIVE 

GET __ PAD_PAR 

COMPUTE 

EVAL 
INSTALL 

TREE_VAL 

GET __ VAL 

{driver} 
{DB access} 
{decodes a section description} 
{gets direction of parsing} 
{checks for direction that is 
left in a segment} 

{finds the direction in a section} 
{marks what direction was used} 
{checks if this is an active path 

instance} 
{if it is a sink then get 

its parameters} 
{computes a section's electrical 

parameter s} 
{if it is a sink then install it} 
{preserves the direction of 

traversing for branches} 
{cooperates with the STACK to 
save a node's state parameters} 

{cooperates with the STACK to 
retrieves a node's state param.} 

COMPUTE __ TERM { if input to a sink terminal} 
GET __ CELL __ CHARACTERISTIC 

STACK { preserves the state of 
tr aver si ng} 

( PUSH_PAD, POP_PAD ) 
GET __ DIR_I { gets the direction for 

traversing} 
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During the next step, electrical parameters for the 

equivalent RC model are identified. This is done by finding 

all the necessary parameters for the lower and upper bounds 

of a wavefront. A 50% value crossover is defined as a point 

through which an approximated wavefront must pass. The 

computation of this uses very straightforward methods. A 

procedure may be analyzed by simply following its invocation 

tree : 

COMPUTE_ {computes Tre and Tde along a 



FIND __ TRC 

RC_AUX 

Z __ LOW 
Z __ UP 

path from source to sink} 
{the driver for finding an 

equivalent time constant, Trc} 
{set-up boundary conditions p 

compute crossing points} 
{timing for lower bound at 50%} 
{timing for upper bound at 50%} 
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As we see, from the above invocation sequence, 

FIND_TRC returns a equivalent time constant, Trc, of an 

RC-circuit which approximates the delay effect of the 

defined interconnection structure. The value of R, for the 

path, is known from the traversal and is evaluated by 

COMPUTE_. From this, an equivalent capacitance is simply 

C = Trc / R • 

. The above operations are performed while traversing 

an RC-tree backwards. They must be repeated for each sink 

of interest. Since the set of objects to be retrieved from 

a data base is now reduced to nodes with branches, 

computational expenses are significantly reduced. 

TV2 - Implementation 

In Chapter 3, we have presented an algorithm for 

marking the c-paths within a section. This algorithm was 

coded in FORTRAN and is referred to as TV2. In essence, the 

TV2 can be described as a combination of a TV1 with a 

wavefront propagation scheduler. As it is presented in 

Chapter 3, finding c-paths requires that a record be 

maintained of the membership in a Wavefront_Vector, i.e. a 

list of cells activated while propagating a wavefront. 
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Locally each cell description has two counters (1) 

Active Pad Counter, (2) Activated Pad Counter. Prior to a 

wavefront propagation, an Active Pad Counter is set to the 

maximum number of pads active within a cell, and the other 

Activated Pad Counter is set to zero. While propagating a 

wavefront, a driver keeps track of the number of activated 

cell pads by incrementing the Activated Pad Counter whenever 

a new signals reaches a cell. In addition, local timing 

analysis is maintained by identifying the c-path, and 

marking all three signal propagation maps as described in 

Chapter 2. The task ofcomputating the arrival time at each 

pad of a cell is done by TV1. Once an Active Pad Counter is 

equal to the other Activated Pad Counter, cells, which are 

not memory cells or representation of external lines, are 

included in the Wavefront_Vector. 

The process of wavefront propagation terminates when 

the Wavefront_Vector is empty. 

The TV2 implementation presented in the Appendix D 

is not complete. Wavefront propagation is limited to the 

cell level. Full implementations at the section level 

requires the addition of OM, PM and AM maps and pad 

interconnections maps for each pad of an AHPL defined 

section. For all practical purposes, since most of the 

designs are based on internal segments of limited width, one 

can use bit map representation (as it is a case with present 

implementation of TV2). 
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The driver is named TDRIVER. This program accepts 

an interactive set up of the initial Wavefront_Vector. The 

description of the Wavefront_Vector consists of a pair of 

numbers representing a cell id and the index of a pad within 

the cell that originates a signal propagation. 

Summary 

In this chapter, we have described the 

implementation of a Timing Verification system, targeted to 

be used for the CAD system, based on an AHPL "Silicon 

Compiler" approach. The timing verification scheme is based 

on the simplified technique of timing evaluation developed 

by Panfield. It is possible to use other techniques as 

well. 

In the Panfield method, an approximation of the 

timing behavior of an interconnection is derived. This 

approximation is represented as a lumped, first order RC 

circuit. Once values of the R an C, for an equivalent RC 

circuit, are known, it is easy to compute the wavefront 

characteristics (delay and wavefront shape). In order to do 

so, one must use SPICE to simulate the response of a gate 

with a particular RC load. Due to the approximately linear 

behavior of the gate response, as a function of Rand C, a 

simple linear model may be used [40]. 

Based on the simulation results, an immediate 

computation of the wavefront's timing characteristics, 
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through a use of a look-up table, is possible. 

Another way to apply the Panfield method is to apply 

resulting Rand C directly for the simulation of a path 

using circuit simulators. This reduces the amount of coding 

and may be an intermediate solution that gives a higher 

accuracy than a simple look-up table, especially 

involving parameters out of the "typical" range. 

be beneficial in the case of the new circuit 

techniques [56, 33]. 

in cases 

This may 

simulation 

A TV2 module is based on the c-path marking scheme 

derived in Chapter 2 and it is independent of a particular 

TV1 implementation. 

The efficiency analysis of the combined TV2 and TV1 

performance is based on the data base access (they are 

obviously not compute bound). TV2 forces the use of a 

Wavefront_Vector scheme, thus, a limited set of nodes is 

active at any given time. The use of TV1 is based on an 

analysis of the RC-tree and, thus, requires only a single 

access to the underlying description of interconnections. 

As a result, if a used data base allows for a clustered 

representation of interconnections, a single access to the 

data base retrieves the information necessary to establish 

an RC-tree. A localized data references, used by TV1, is of 

great advantage in virtual memory systems and multiprocessor 

sy stems. 
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In a multiprocessor implementation of the above 

algorithms, all synchronization among independent processes 

is made by TV2 (a driver and wavefront propagation 

scheduler). This means that a processes can be fully 

controlled in a hierarchical manner. In a such a scheme, 

data base references, at TV1 level, are prefetched by TV2, 

based on the functional behavior provided by AHPL 

description. Thus, if properly implemented, it should allow 

the reduction of I/O bottleneck characteristics for large 

scale simulation problems. 



CHAPTER 6 

AHPL - AN INTEGRATED DATA BASE 

This chapter is dedicated to a description of the 

AHPL Data Base. The description will cover the AHPL Data 

Base's logical structure. The proposed implementation 

details are left for Appendix A. The general outline of the 

proposed Data Base structure is an extension of the "Silicon 

Compiler" approach presented in [1-5]. 

While avoiding the details of the previous work, it 

is necessary to introduce both the approach and the concepts 

described in [4,5] which support this development. The 

following are some of the concepts of the AHPL based 

"Silicon Compiler": 

1. integrated environment, 

2. multistage description compilation, 

3. the concept of a segment. 

The general idea of the AHPL design environment is a 

unification of design based on a homogeneous data base. For 

this reason, the concept of a compiler composed of three 

separate stages was introduced. The First Stage translates 

AHPL descriptions into functional simulator input. This 
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information is used later at the Second Stage to compile a 

Transfer Connection pescription [5]. 

The input to the AHPL design environment is in the 
-. 

form of an AHPL program [1]. Such a program contains 

explicit declarations of major hardware components like 

memory elements, buses, external lines and definitions of 

CLUs. Based on such a description, an AHPL compiler 

generates a wiring list, which includes implicit buses and 

switching elements, (pass transistors), and which in turn, 

after optional logical optimization, is used to generate the 

final layout of a circuit. 

An example of an AHPL description is shown in 

Fig. 6-1. Later, in Chapter 7, we will analyze a layout 

generated by using this description. The layout contains 

hardware component declarations and transfer expressions. 

Each transfer expression describes the temporal relationship 

between an object on the 1~~ ~ ~ (LHS) and an object 

on the Right ~ ~ (RHS). This terminology will be used 

to describe the concept of a Segment. 

MODULE : SEQSEL. 
{* A Testing Example used in TV verification *} 

EXINPUTS: X[4]; Y[2]; P; Q; CLOCK; RESET. 
MEMORY: A[4]; B[4]; C[4]; F[4]. 
BUSES: BUS1[4]. 
EXOUTPUTS:Z[4]. 
CLUNITS: INC[4] <: INC{4}. 
CLUNITS: DCD[4] <: DECODER{2}. {* notice a use of *} 

{* a portion of the hardware module *} 
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BODY SEQUENCE: CLOCK. {*an explicit declaration of a single*} 
{* clock; The number of phases is *} 
{* technology dependent. *} 

1 => ( P, Q, "'P+"'Q )1 ( 2, 4 , 1 ) • 
2 => ( P )/( 2 ) . 
3 A <= X; B <= A; C <= B; 

=> (1) • 
4 F <= INC ( BUS1 ) ; 

=> (1) • 

ENDSEQUENCE 
CONTROLRESET( RESET )/(1); {* start from line 1 *} 
Z=F; BUS1=(AIBICI\1,1,1,1\)*DCD(Y). 

{* An example of permanent connections, BUS1 has *} 
{* mul tiplexed inputs *} 

END. 

{* Structural definition of a DECODER CLU *} 

CLU : DECODER(IN){I}. 
IN PU TS : IN [I] • 
OUTPUTS: OUT[2"'I]. 

BODY 
FOR M=O TO (2"'1)-1 CONSTRUCT 

OUT[M]=&/TERM(M;IN) 
ROF. 

END. 

{* Structural definition of a INCREMENTER CLU *} 

CLU INC(X){I}. 
IN PU TS X [ 4] • 
OUTPUTS Y [4]. 

BODY 
FOR J=I-1 TO 0 CONSTRUCT 

IF J= 1-1 

FI 
ROF. 

END. 

THEN Y[J]="'X[J] 
ELSE Y[J]=X[J]@(&/X[J+1:1-1]) 

{* END of AHPL program *} 

Fig. 6-1 An example of an AHPL program. 
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An AHPL Data Base <Stage 2) For Timing Verification 

The structure presented below is similar to the one 

proposed in [5]. The main difference is in (1) the 

introduction of switch descriptors as a notion used to 

handle routing instances (MOS technology), and (2) an 

attempt to regularize the format of an internal object 

description. 

While developing the process, a few modifications 

were introduced which have helped to efficiently implement 

optimization algorithms. 

In Stage 2 of the AHPL compiler, the partition of a 

structure into segments is performed. The resulting . 
structure must include a description of the segments and 

must also provide a logical link among these AHPL program 

segments. The proposed logic of the data structure 

interconnections is presented in Fig. 6-2. 

Listed in Appendices Band C is an example of an 

implementation of Stage 2, (in FORTRAN), and an example of a 

Simple AHPL description. The AHPL description example will 

be used to derive the layouts analyzed later in the text. 

In the data base description, a pseudo-Pascal record 

notation is assumed (there are no explicitly defined types 

for record fields). 

In Stage 1, the input AHPL program is decomposed 

into a ~~ ~ References. The graph contains a full 

description of referencing environment. This 
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Fig. 6-2. A simplified structure of the interconnections. 

description contains a list of all the AHPL operations, 



transfers and connections. 

presented, in 'Stage 1, 

information, see [5]. 
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All the hardware details are 

in an unchanged form. For more 

Within Stage 2, the data base information structure 

follows the data generation sequence, i.e. from generalized 

hardware objects down to simple primitives. Table 6-1 shows 

a simplified description of the relationships among the 

basic data structures used in Stage 2, 3 and 4. 

At the top of the structure resides a global 

description of hardware objects as they are declared in an 

AHPL program. This description, an Identifier record, 

contains a name, the physical size of an object (size of an 

bit array), and, if the identifier describes explicitly 

defined buses or CLUs, a pointer to the BitPtr record. An 

Identifier can be the origin for more then one Segment 

record. 

A Transfer Connection Description contains a list of 

all the basic segments. A ~~ is the most primitive 

functional entity involved in a register transfer. A 

cluster of hardware components is identified as a segment 

based on its use: (1) as a source in a register transfer, 

(2) as a destination in a register transfer, (3) as a 

descriptor of a logical operation. 

A complete definition of a Segment is given in [5]. 

The following description is an abbreviated version. 



Table 1. The Hierarchy Abstraction Types used in definition of AHPL 
Data Bases 

----------------------------------------------------------------------------------------------------------------------------------------------------
IDesig~ I Logical AHPL Data Conceptua

lization 
Comments 

I Level Irepresentation Base Object 
========================================================================== 

Input AHPL Program code lines Functional 
Model 

Algori thmic 
representation 

+-------+---------------+--------------+----------------+----------------+ IStage 11 Graph of I Quadruples Functional Used to check 
I I References ITables [Nava] models + clock completeness 
+-------+---------------+--------------+----------------+----------------+ 

Transfer 

Connection 
Stage 2 

Description 

I Identifier I "Macro" def. ofl name, sizes 
I 1 hardware 1 
+--------------+----------------+----------------+ 
I Segment 
I 

cluster of eleml a section out I 
used in transf.lof an Identifier I 

+--------------+----------------+----------------+ 
Source Ipartial orderingl producer -> 

I of Segments I consumer 
+--------------+----------------+---~------------+ I BitPtr 1 Crossrefernce "I link Stage2+3 
+--------------+----------------+----------------+ 
I CLUElement I wiring graph I nrubber stamp" I 

+-------+---------------+--------------+----------------+----------------+ 

Stages 
3 & 4 

Wiring List 
(Stage 3) 

IChromosPointerl Crossreference Icell<->Chromos 
1 +points Stage 2 

+--------------+----------------+----------------+ 
Cell Inode in a graph lactive gate 

+---------------+--------------+----------------+----------------+ 
Artwork 

(Stage 4) 
IStandard Cell I cell definitionl "rubber stamp" 
+--------------+----------------+----------------+ 

Chromos Iwiring rectanglelrouting elenent 
----------------------------------------------------------------------------------------------------------------------------------------------------

\0 
l.AJ 
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There are three major criteria used to identify the 

segments within a description: 

control 

1. A set of terminals can form a LHS segment if 
they are 

declared as bits of one carrier and 

always used together on the LHS of 
connections and transfers, thus are 
managed by the same control state. 

2. The right hand side of a LHS-segment is an 
RHS-segment. 

The operations &, +, &1, +1, are segments. 

A CLU is a segment. 

Exclusive-OR (@) will be treated as a 
predefined CLU. 

The column catenation of two operands is a 
segment. 

3. The operands of segments determined by rule 2 
(above) are themselves RHS-segments. 

Associated wi th each segments is both source and 

information. 

Examples of segments: 

operations, with the sources of segments as 
operands, 

control flip-flops, where the sources branching to 
them are other control flip-flops. 

The CLU is treated as a single segment. 
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A Segement is the basic "macro" component at Stage 

2. Its function is to cluster hardware components into 

nodes within a Transfer Graph. It contains two classes of 

descriptions: 

1. statical descriptions (generated by 
compiler) 

physical size, 

the AHPL 

pOinters to the Identifier record of origin, 

A segment ID and, in the case of a segment 
consisting of a binary operation, its OpCode, 

a list of all Sources, i.e. the other segments 
that are generating inputs, 

a pointer to the cells, (interconnections), 
placed on the layout, which are a Segment's 
hardware implementation, see BitPtr, 

2. dynamical descriptions (managed by TV programs) 

A list of all Switch segments active during a 
register transfer (RtDescr record), 

the reference pointers and bit-maps used by a 
TV program during timing analysis, 

There are ten types of segments; all are described 

in an Appendix A. 

The above structure is simple and is oriented toward 

producing greater efficiency in TV algorithms. Using the 

above structure makes it easy to find high level 

descriptions, Identifiers, and lower level descriptions at 

the layout level. The references to the layout do not point 

to a particular object, but rather to its class (either that 
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of a cell or that of a bus). The transfer graph's 

interconnection information is carried by a class of objects 

call ed Sources. 

In MaS technology, where an exhaustive analysis is 

made of all the Wavefront Routing Instances, the notion of a 

Switch Segment is essential. This segment serves as an 

intermediary for transfers from one bus to another and is an 

exact description of the functional activities of Pass 

transistors. For multibus transfers, a list of the active 

switches must be maintained. These lists are referred to as 

RtOescr records These lists are used later by TV programs to 

extract the timing information relevant to a particular 

topology of interconnections. 

If A, B, C are buses and 01, 02, D3 are registers, 
then the following AHPL description applies: 

MEMORY: 01, D2, D3; BUSES: A,B,C; 

1 • 

2. 01 -> A; A -> B -> C; B => 02; C => D3; 

3. 

The above description implies the use of switches 
SWA, SWAB and SWBC. These switches must all be active in 
order for the transfer in step 3 to be made. This results 
in a list of active switches and those pOinters which point 
to them. Some implementations of MaS may exclude the use of 
pass transistors and may exclude, therefore, the use of 
Segment switches. 

The data transfer activity within a design can be 

described in terms of its Source records. Each Source 

description defines a single transfer which may originate 
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from one member of the following group of Segments: 

1. Memory, Bus, External Line, File and Control 
Flip-Flop; each Source record started from these 
segments is characterized by: 

a pointer to the Segment starting a transfer, 

the type of transfer (as defined by AHPL 
syntax), 

an index of the control flip-flop that enables 
a transfer and, 

if necessary, a pointer to the switch that 
enables a transfer, 

an invertion flag which is set if the Source 
data must be inverted prior to transfer, 

a pointer to the next Source record, 

2. Binary Segment, each Source record started from 
this segment is characterized by: 

the size of the Binary segment, 

the content of the Binary Segment, 

3. CLU Segment, each Source record started from this 
segment is characterized by: 

pointers to other Segments identified as the 
inputs (arguments) of a CLU, 

a pointer to the next Source record, 

4. Operation Segment, each Source record started from 
this segment is characterized by: 

the descriptor of an operator, 

a pointer to the operands (inputs), 

an inversion flag, which is set if the Source 
data must be inverted prior to operation, 
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a pointer to the next Source record, 

5. Child Segment, each Source record started from this 
segment is characterized by: 

a pointer to the segment which defines the 
parameters of the Source, 

an inversion flag, which is set if the Source 
data must be inverted prior to operation, 

a pointer to the next Source record, 

6. Switch Segment; each Source record started from 
this segment is characterized by: 

a pointer to the Segment which enables or 
disables a Switch, 

the first pOinter to a Bus or a cluster of 
active segments that are attached to a Switch, 

the second pointer to a Bus or a cluster of 
active segments that are attached to a Switch, 

a pointer to the next Source record, 

In addition to the structures presented above, there 

is a structure known as a BitPtr record. This record 

enables additional referencing wi thin the Stage 2 and Stage 

3 data bases. Its very exi stence is based on the 

observation that at Stage 2 it is possible to identify the 

allocation of certai n groups of bits. These groups of bits 

are usually made up of memory elements, buses, clocks and 

the interconnections between segments. The bits in these 

groups are indexed for future reference. The data 

representation of a bit contains references to segments, 
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data carriers, and to their layout implementations. Thus, 

they are stage invariant and can be used as referral points 

at the adjoint of Stages 2 and 3. 

In parallel to bit labeling, a BitPtr's record 

carries pOinters to both Segments and Stage 3 objects. The 

elements in the layout can pOint only to a BitPtr, allowing 

it to be used as a transfer table between stages. 

The Identifier descriptions of buses, memories and 

CLUs point at a BitPtr, which, in return, refers to the 

interconnection structure. In the case of CLU or memory 

segment Identifiers, the interconnections linked to the I/O 

pads of a segment are labeled. Thus, a pad has the same 

label as the interconnection attached to it. A label is put 

on each bit defined within a bus. All the implicit elements 

generated out of an AHPL program and used by Stage 2 can be 

identified by labeling the bit index associated with them. 

There will not, however, be any direct reference linking the 

implicit elements with an Identifier as no Identifiers are 

declared. For all practical purposes, there are no pointers 

backtracing a full definition of the implicitly declared 

components with a given bit label. A Switch segment is the 

only implicit component which can generate an Identifier. 

An associated pointer links each of the bits 

associated with the output pads of a CLU with its 

equivalence from a CLU descriptor. Each unique CLU 

structure is described as a graph by using a set of 
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Fig. 6-3. An example of the CLU description. 

CluElement records, Fig. 6-3. These records contai n 

pOinters which point from a cell's input to the output of 

other cells. By using backward pOinters, a graph of the 

interconnections is maintained. The structure of the graph 

is used as a "rubber stamp" to generate a CLU topology ~h 

time this kind of CLU is used. While each use of a CLU 

involves the generation of a Segment description, all the 
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CLUs derived from the same generic type use the same 

CluElement record list. 

The maintenance of a linked list structure is based 

on one way linking. A link goes from bottom to top. In 

such a structure, it is possible to identify the full 

description of a transfer by tracing it back to its root. 

An example of such a process consists of the following 

steps: 

Source -> Segment -> Identifier 

The term source, in this example, is used to 

describe a transfer interconnection. One can point at the 

output of a CLU and ,from this, using BitPtr, find a Segment 

and its Identifier, or go to a lower level and identify the 

segment's layout representation. The same mechanism, 

applied at layout level, allows the tracing of the 

Identifier for a single interconnection line or cell. 

The data structures defined above are functionally 

consistant with those in [5]. The extensions we have 

outlined provide a way to handle routing instances, by 

identifying the set of switches which are active at a given 

time instance. Using this ability, a quick reconfiguration 

can be made of a network topology while performing a timing 

evaluation. 

All the procedures needed to generate a high level 

description of a network are done once for each routing 

instance evaluation. Once the topology is established, the 
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main computational effort to be made is at the layout level, 

(Stages 3 and 4). 

A group of links connect Stage 2 with Stages 3 and 

4. We have introduced the Standard Cell approach to unify 

stage 3 with the layout. In our approach, a wiring list 

(Stage 3) can be conveniently connected with its artwork 

representation by using intermediate layers of linking 

descriptors. In the next section we will discuss the logic 

of these interconnections. 

The third stage is custom designed to generate a 

wiring list. This stage is technology dependent. 

Our contribution to this environment is the 

introduction of a data structure which links Stage 3 with 

the artwork level of the design. This linking is done in 

terms of the technology independent Standard Cell approach. 

An AHPL Data Base Used For Timing Verification 

(Stage 3 And 4) 

This presentation of the Stage 3 and 4 data bases 

uses a modified version of the structure defined in the 

Fortran implementation of TV1 and TV2, Appendix B. The main 

difference between the two is the lack, in this 

presentation, of intermediate address translation tables. 

This was done in order to enhance the logical unity of these 

structures. 
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The overall structure of this presentation is based 

on defining cell as clusters of active elements and 

interconnections as clusters of passive elements. In this 

context, pass transistors, interpreted here as functional 

switches, are equivalent to interconnections. In TV1, which 

uses switches to identify routing instances, switches are 

treated as interconnection switches and are represented by 

their resistances and capacitances, with "ON" or "OFF" as 

the two possible states. 

There are two main groups of descriptors at the 

artwork level. The first group contains the active 

components, the cells and the second covers the passive 

structures, the interconnections. 

The descriptors for both the active and the passive 

elements must include 

1. structural definitions, 

2. geometrical definitions, 

3. environmental definitions. 

The term Structural Definitions refers to the 

descriptors used to specify the type of material used, its 

physical properties and the internal interaction of its 

components. When discussing cells, internal interaction is 

defined as the number of inputs and outputs. In discussing 

Interconnections we will introduce the concept of chromoses, 

buckets of primitive interconnection elements which are 
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referred to as ChromosPointer records. 

The term Geometrical Definitions refers to geometry 

descriptors. These descriptors identify the local 

dimensions of elements, such as thickness, length, and their 

global placement. 

The term Enyironmental- Definitions refers to the 

description of the mutual interactions among components 

within a level, as does a wiring list, and the interaction 

between different levels, as in the case of a Bitptr, 

allowing the linking of segments with cells or chromoses. 

This term also identifies and describes dynamically created 

bonds such as timing behavior. Timing behavior, as a term, 

includes a description of its static characteristics, which 

is equivalent to an RC description in the case of 

interconnections and which is equivalent to cell timing 

characteristics in the case of cells. In this dissertation, 

the behavioral aspect of a layout has been, for the first 

time, integrated with the hierarchy of descriptions which 

can be constructively used in the design process. 

Implementation of the above groups of descriptors is 

divided into fixed and variable parts. The border line 

between these two parts is established by an analysis of the 

redundancy of description components. Based on this 

analysis, one can define the structure of a Standard ~ 

Description Library record. This record contains a unique 

description of individual cells. Each copy of a cell from a 
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layout refers to this description. In the case of 

interconnections, there are parameters which can be shared 

among elements. These parameters are: 

1. structural definitions - the characteristics 
of the used material (such as its unit 
resistance its capacitance or its contact 
resistivity). 

2. geometrical definitions - the sizes of the 
minimal features of the given technology. The 
size of the contacts and the total layout. 

The structure of descriptors presented below follows 

the above partitioning scheme. 

All active elements are represented as Cells. Each 

cell has its type identifier, (an index to the Standard Cell 

Library), and its placement coordinates. Each cell has a 

list of pOinters which point to the other cells that are 

generating input and pOinters to the interconnections that 

link these other cells to it. The output of a cell points 

to an interconnection only. One can, therefore, trace a 

transfer process backward from its destination to its 

source. Each cell has a back-pointer to a BitPtr record. 

Cells implementing a CLU, which has no known wiring list 

generated at Stage 2, will point to a any bit generated by a 

CLU output. In addition, there is a link between all cells 

belonging to the same Segment, Fig. 6-4. 

A Standard ~ Library is implementation dependent. 

In general, it must contain a general geometric description 

(a symbolic layout description and the sizes of the cells), 
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bookkeeping information (name and revision history), a 

functional specification (a label or a Boolean equation), 

pad descriptions (electrical parameters, construction 

constraints, size, place, timing equations and functional 

codes). The proposed Standard Cell structure, which is 

used, due to language constraints, in the FORTRAN 

implementation, is a limited subset of the possible 

descriptions. 

A graph which represents the interconnections 

between cells is reducible up to a pOint. It is, therefore, 

possible to describe the external interconnections of a 

graph by simply listing all its terminal points. All 

passive elements are then defined at two levels. The first 

level, the ChromosPointer, is a list of all the terminals 

and defines a part of the Environmental definitions. A 

ChromosPointer is a link which ties one of the descriptors 

of an interconnection with other descriptors defined at the 

same level, such as a Cell or a Switch. The second level, 

which consists of Chromos records, carries all the 

Structural, Geometrical and internal Environmental 

definitions. An internal Environmental definition describes 

the mutual links between Chromoses. 
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Summary And Conclusions 

The above description tries to give equal importance 

to both interconnections (represented by Chromos Pointer 

records) and cells. They both have I/O pads and their 

cooperation during Signal propagation, during which they 

share the same I/O pads, is used to simplify the data 

structure. This Simplification results in the definition of 

a boundary between two active sections. This boundary can 

be uniquely identified by providing the descriptor for the 

interconnections between two sections. 

The connection between active and passive elements 

is, in some cases, implicit. In a case where two segments 

are connected directly, there is no need to specify such a 

connection at Stage 2. In such a Situation, the BitPtr 

Stage 2 pointer will be empty, but the Stage 3 oriented 

descriptor will point at the Chromos Pointer record. 

Our structure at Stage 2 is, in many respects, 

similar with [5]. The basic difference lies in our 

introduction of the switch segment. The switch segments 

status allows us to dynamically control the configuration of 

a routing instance. We have enabled, in this analysis mode, 

a concatenation of the different bus modules into a single 

entity. The boundaries of such an object are, later, passed 

down to Stage 3 and 4. This process is crucial for the 

efficiency of the TV programs which rely on the extraction 

of on-line timing parameters. 
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We have assumed, at lower levels, a very simple 

structure for the object represented by our description. In 

the presented version, we have allowed the use rectangular 

shapes only. This restraint can, of course, be changed by 

defining different descriptor records. Thus could the use 

of more complex polygon oriented shapes made possible. 

The basic information carrier, a Chromos, is 

directionless. It can be easily generated by a compiler and 

easily manipulated by a graphics editor. These features are 

highly desirable. The structures created by using Chromoses 

are based on a double linked list and thus are very easy to 

trace and to reconfigure. Due to the use of iterative 

optimization, the last feature is especially desirable in a 

proposed environment characterized by the need of frequent 

changes in routing. 

The above logical description of the AHPL data base 

shoul d serve a s a mi nimum fea ture rn~'ical. Some of the 

aspects of the above description were expanded in our 

prototype FORTRAN implementation (Standard Cell descriptor). 

The full implementation should place particular emphasis on 

the link between the different stages of description. 

Future work in the expansion and consolidation of 

structure for the data bases at Stages 2 and 3 should take 

into consideration the resulting data structure's volume as 

well as processing speed. The use of a language which 

offers better record description capabilities then FORTRAN 
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is suggested and would made the resulting description more 

readable and, thus, less error prone. This last comment 

arises from implementation experience with the FORTRAN 

prototype of TV system. 



CHAPTER 7 

EXPERIMENTAL RESULTS 

This chapter contains an accuracy assessment of the 

timing evaluation module (TV1) as compared with the SPICE 

circuit simulator. It also describes the 

results generated by the path analyzer (TV2). 

refer to a set of heuristics which are 

compaction of routing channels. 

experimental 

These resul ts 

used for the 

As the basis for our evaluation, we will use a 

simple clocked circuit, SEQSEL (Chapter 6). Because, as 

described earlier, the timing analysis of the circuit will 

be based on a repetitive analysis of the submodules, we have 

chosen to use an analysis of the Incrementer CLU as the 

representation of such a subtask. 

The wiring list of the Incrementer section is 

depicted by Fig. 7-1 and consists of four inputs, four 

outputs and fifteen cells. It has been generated by the 

AHPL compiler from the description presented in Chapter 6. 

Fig. 7-1a displays a logical structure of a SEQSEL circuit, 

and Fig. 7-1b shows its layout. On the layout, a dark 

interconnection line marks a dominant critical path used in 

the TV1 evaluation. 
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Fig. 7-1a. A simplified logical schematic of 
the Incrementer circuit. 
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In order to obtain more experimental results, the 

analysis of the TV1 accuracy was made both for the initial 

(case X) and the channel compaction modified examples (case 

Z). There is also a case Y which is based on placement 

rearrangement. This last case will be discussed only in the 

context of TV2. The following is a brief description of 

each layout case: 

1. case X - an initial layout with traditional 
routing, see Fig. 7-1 (b-c). In this layout, 
each path is given as much metal (horizontal 
line) as possible. The allocation of the 
routing channel area is typical for 
conventional routers. 

2. case Y - a layout where there is a more 
equal-distance distribution of the cells along 
the dominant critical path, made in order to 
balance the size of gaps between elements, has 
no channel compaction (Fig. 7-1d), 

3. case Z - is almost identical to case X, the 
exception being that after the initial TV2 
analysis some of the interconnections along 
the dominant critical path were given fully 
metal line~ and were placed on top of the 
polysilicon- routing of other interconnections 
(Fig. 7-1e). This results in slack reduction 
and in improvements of the distribution of a 
wavefront propagation cost, in accordance with 
theorem 1. 

IY1 Accuracy Evaluation 

As previously described, a TV1 module is an 

implementation of the method of [39]. This method allows 

for a rapid evaluation of the upper and lower limit of an 

interconnection RC-tree timing response. Based on this 

evaluation, an equivalent RC circuit is constructed. 
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Cell Characterization 

In our implementation we have created timing 

behavior models for each single cell used in our design. 

This model gives the timing response of a cell under the 

given load characteristics (R and C). The timing response 

computed this way is also a function of input signal 

characteristics. As a characterization of a signal, we have 

chosen a rising/falling time at the input to a cell. A 

worst case characteristic has been compiled for each cell. 

A testing signal is defined as a ramp with linear rising or 

falling time. 

Cell timing characteristics are functions of the 

following three parameters: 

1. input signal rising/falling time, BI, 

2. output load reSistance, B, 

3. output load capacitance, ~. 

Linear dependence between the delay and the loading 

capacitance value is assumed [55]. This relationship is 

described as 

dt = A * C + B 

Based on this linear model, the range of allowable 

capacitors was partitioned into two SUbsections: (1) 

loading capacitors less than 1 pF and (2) loading capacitors 

greater than 1 pF. 
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In the next step, an assumption was made about the 

linear relationship between A, B and loading resistance R. 

Following this, the relationship could be written as : 

dt = (A1 I R + B1) I C + (A2 I R + B2) 

In a similar fashion A1, A2, B1 and B2 are linear 

functions of the rising and falling time of the input 

signal. All the parameters were evaluated using a least 

squares method. This model was chosen after initial testing 

of the circuit behavior. 

In the process of circuit testing we have 

established that, in the worst case, increasing SPICE 

parameter RELTOL from 0.01 to 0.001, decreases phase by 2% 

and amplitude by less then 10%. As a result, RELTOL=0.01 is 

used throughout all simulation used in this dissertation. 

The model was validated against the original SPICE 

simulation results used in its creation (the same simulation 

parameters). Its accuracy was within 15% as compared to 

SPICE. 

TV1 Testing 

Figure 7- 1a depicts the circuit used in an accuracy 

test. The two cases used in the analysis (X and Z), have 

the same placement but differ in the size and the type of 

material used to construct interconnections. 

The test is essentially an evaluation of the 

differences in the speed of signal propagation along a chain 
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of gates, as presented in Fig. 7-1b. This chain represents 

the structurally dominant critical path selected from a 

SEQSEL module. Propagation speed is computed both by TV1 

and SPICE. Two measures of difference are presented, an 

absolute difference 

(a) dT(abs) = T(spice) - T(TV) 

and a relative difference 

(b) dT(rel) = ( dT(abs)/T(spice) )*100 [%J. 

Table 7-1 shows the accuracy of the TV system as 

compared to Spice. Results are clustered in groups based on 

both timing delay and rising time at the input of a gate 

(represented as a pair "delay/RF time"). Delays have been 

collected as ,gl,Q.Q.sl delays, which are measured starting from 

the input to the first cell of a path, and ~cti~~ ~3~, 

which are measured in between cells. Each of the delays 

computed by TV1 is compared to a delay along the same path 

as computed by SPICE. This comparison is shown both as 

difference and relative error. 

Table 7-1a refers to 

layout labeled as "Case X". 

measurements using the layout 

measurements made using the 

Table 7-1b refers to the same 

labeled· as "Case Z". The 

total timin~ evaluation error encountered along a path, both 

absolute and relative, is displayed at the bottom of each 

table. 
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Table 7-1.a. 

The experimental results of a delay computation using SPICE/TV1. 

Case X : Method: Error 
section delay Cell 

Gate 
id 

SPICE 

Glb.Delay 
/rf-time 

[nsec] 

TV1 

Section Glb.delay Section Absolute Relative 
delay /rf-time delay 

[nsec] [nsec] [nsec] [nsec] [~] 

---------------------------------------------~------------------

~6 0/ 12 0 0/ 12 0 0 0 
0/-12 0 0/-12 0 0 0 

56 10.46/-33.72 10.46 13.64/-27.52 13.64 3.18 30.40 
20.51/ 59.35 20.51 21.57/ 53.35 21.57 1.06 5.17 

53 19.48/ 14.07 9.02 22.00/ 14.70 8.38 - .66 - 7.31 
27.65/-16.27 7.14 28.13/-19.08 6.56 - .58 - 8.12 

50 23.17/- 6.71 3.69 25.29/- 6.48 3.29 -.4 -10.84 
34.46/ 10.39 6.81 35.45/ 11.15 7.32 .51 8.12 

48 28.13/ 9.00 4.96 32.53/ 8.17 4.53 - .43 - 8.67 
40.34/-10.77 5.88 40.22/- 8.85 4.77 -1.11 -18.88 

49 31.54/- 5.74 3.41 32.53/- 6.38 2.71 -.7 -20.53 
45.05/ 7.66 4.71 44.06/ 7.53 3.84 - .87 -18.47 

63 36.06/ 8.12 4.52 36.99/ 8.38 4.47 - .05 - 1.11 
48.86/- 6.90 3.81 47.75/- 7.29 3.67 - .14 - 3.67 - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Case X total error 
.93 2.58 

-1.11 -2.27 
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
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Table 7-1.b. 

The experimental results of a delay computation using SPICE/TV1. 

----------------~-----------------------------------------~-----Case Z 
Cell 

Gate 
id 

~6 

SPICE 

Glb.Delay 
/rf-time 

[nsec] 

0/ 12 
0/-12 

Method: 
TV1 

Error 
section delay 

Section Glb.delay Section Absolute Relative 
delay /rf-time delay 

[nsec] [nsec] [nsec] [nsec] [~] 

o 
o 

0/ 12 
0/-12 

o 
o 

o 
o 

o 
o 

56 10.46/-33.72 10.46 13.6~/-27.52 13.64 3.18 30.40 
20.511 59.35 20.51 21.57/ 53.35 21.57 1.06 5.17 

53 19.~2/ 1~.08 8.96 22.00/ 14.70 8.36 - .60 - 6.70 
27.65/-16.31 7.14 28813/-19.08 6.56 - .58 - 8.12 

50 22.421- 6.13 3.00 24.~7/- 5.70 2.47 - .53 -17.67 
33.~2/ 8.56 5.77 3~.48/ 9.44 6.36 .59 10.22 

~8 26.16/ 6.78 3.74 28.29/ 6.95 3.82 .08 2.14 
37.80/- 8.32 4.38 38.45/- 7.46 3.97 - .41 - 9.36 

49 

63 

28.27/- 4.14 2.11 30.75/- 5.92 2.46 .35 
41.03/ 5.30 3.23 41.90/ 6.97 3.45 .22 

32.4~/ 7.84 4.17 35.161 8.27 ~.41 .24 
~~.~8/- 6.58 3.~5 45.59/- 7.16 3.68 .23 

16.59 
6.81 

5.76 
6.67 - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Case Z total error : 
2.72 8.38 
1.11 2.50 

= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 



123 

TV1 Observations 

An analyzed circuit uses a wide class of possible 

interconnection topologies. The first section, in both 

cases, represents a largely branched bus connecting the 

outputs of registers A, Band C with the Incrementer's 

inputs. This bus is mostly poly silicon with the exception 

of the horizontal lines feeding the signal directly to the 

Incrementer (which are metal). On the other hand, we have 

high speed metal lines like the one between cell 50 and cell 

49 in case Z (Table 7-1.b). There are also mixed cases, 

which are easy to find, where the length of metal and 

silicon are more balanced. 

In order to fully describe a circuit, an 

approximation was made of the switch models. These switches 

(cells: 45, 37, 29, 21), can assume one of two states; 

"ON" - 450 Ohms, .68 pF, or, "OFF" - 20 Ohms, .20 pF. These 

values should be considered as a way to cover this class of 

elements in a prototype system rather then a serious attempt 

to evaluate their electrical equivalences for these modes of 

operations. The same is also true for the input 

characterization of cells. In this case, we assumed a 0 

Ohms input resistance (MOS transistors) and a 150 pF input 

capacitance. This is reasonably close to the reality for 

those transistors featuring a width W = 30 microns and 

length L = 4 microns. 
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The greatest errors occur when lines are discharged 

(rf time < 0). 

A possible explanation of this error, is the fact 

that all characterizations are made with a linear ramp 

signal, when, in reality we are dealing with an unsymmetric 

(see Fig. 7-2), input signal. A non-linear ramp signal, 

even if it crosses 10% and 90% of the range at the same time 

as a linear ramp signal, has a different charging ability 

then a linear ramp. The shape of the input signal is 

important as it is a signal which carries the energy 

(charge) which switches a transistor. This type of error 

will be called £ £§ll characteriza~ion error. 

~~------------------------
90 

40 

o 

Fig. 7-2. Illustration of the error due to a nonlinear ramp. 
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Another class of error, is the piecewise nature of 

the linearities within a model. Due to the lack of hardware 

(we had no access to the graphics terminal), we could 

identify only two different characteristics describing the 

relationship between the delay and the capacitance of the 

load. As we have mentioned in the text, the range for the 

characterization was partitioned into loads with less then 1 

pF capacitance and loads with a larger capacitance. The 

border point in this partitioning, 1 pF, is in proportion to 

the cell input capacitance for a given technology 

(4 microns). 

The above observations were confirmed by other users 

of TV1 [57] as well as by the literature. There have been 

several other attempts to improve the method by a more 

detailed analysis of the physics involved [40] or by using 

different and more complex models of the interconnections 

[41]. 

In our case, where the method is used primarily to 

find the worst case timing, the effect of overestimating the 

polysilicon line timing is not critical. In some cases, the 

resulting increase in slack value, may help to identify the 

possible trouble spots. This is equivalent to giving an 

artificial weight in a global analysis. Furthermore, the 

method used by the TV system is appropriate for worst case 

analysis and, by definition, leads to pessimistic results. 

We are more interested in a relative speed improvement in 
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circuit timing, as measured by TV2, than in the accurate 

estimation of its actual performance. 

Simplification made in the definition of a signal 

shape is specific to the method of cell characterization. 

Using single parameter approximation we have saved on the 

complexity of the tested data, as well as, the accuracy 

achieved in the testing process is sufficient for our 

application. A parametrized sensitivity study of a model 

can be included in future. 

An Eyaluation Of The Heuristics 

In this section, we will assume the availability of 

a fast method of finding circuit timing. The method used in 

this dissertation is based on a Panfie1d algorithm of timing 

computation, but it may be converted to make use of other 

simulation techniques [56, 58, 33] as well. 

Using fast timing evaluation software, we will 

perform a two-fold analysis of a given layout. First we 

have to find the worst case routing instance for the segment. 

we intend to optimize. The second task is optimization. 

This process must have properly defined control measures to 

monitor its performance. 

The process of finding the worst case routing 

instance is based on an exhaustive timing analysis of all 

possible routing instances and their ordering according to 

the severity of their timing problems. The search for the 
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longest routing instance is the same as the search for the 

AHPL program statement which has the longest execution time. 

In the next step, a local optimization is performed 

for this routing instance and will be repeated until all 

sections are optimized. The optimization step is accepted 

if the iteration improves the timing along a longest path 

and improves silicon area utilization· (as measured by 

channel utilization maps or distribution of wavefront 

propagation costs D(t». This process is repeated 

recursively for each levpl ~f the design hierarchy. 

The above global description gives us the position 

of our proposed method within the process of optimization. 

As we have mentioned, the method performs a local 

optimization for a given AHPL step. The ab~e step was 

selected as a result of global timing analysis. Thus, we 

are taking a single set of segments and performing local 

improvements. As described earlier, we try to reduce slack 

at each cell and, at the same time, equalize the wavefront 

propagation cost along each time point of its trajectory. 

This local improvement is later accepted or rejected based 

on the results of timing analysis at the end of the 

iteration. 

In both the X and Z cases of the layout to be 

evaluated, the Incrementer uses two adjoining channels 

(North and South channels), for local and global routing. 

The interconnections established by the global router are 
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used when the Incrementer receives a signal from a bus and 

then it sends signals to register D. We partitioned both 

these channels and the bus channels into small slots (as 

described in chapter ~). All the lines passing through a 

slot are summed and their total number is interpreted as the 

cost of passing a interconnection through a slot. 

A connection within a slot is counted only if it 

takes channel real estate on a non-sharable basis, i.e. if 

it does not overlap. Overlapping sections are counted as a 

single entity. 

In the next step, we propagate a wavefront and 

identify slacks and propagation costs. This is done to find 

the control measures for the proposed optimization 

heuristics. 

Finally, a wavefront will have been propagated and, 

based on the established prices at each point of its 

trajectory, a marginal cost will have been computed. This 

marginal cost is evaluated by dividing the total cost for a 

segment by the amount of the segment's delay. The results 

are depicted by tables 7-2 and 7-3. 

Table 7-2 is a compilation of the delay encountered 

in the propagation of a wavefront through the Incrementer 

module. This table presents delays for each layout case, X, 

I, and Z, described in this chapter. For each cell, 

identified by its Cell_ID, there are three rows which 

describe the timing behavior corresponding to each layout 
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case. Cases are identified by small letters x, y or z. 

Each cell has a set of delay descriptors associated 

with it. The first descriptor is the length of time (the 

longest incoming segment delay) passed before the cell 

output starts to propagate a stable value (all inputs to a 

cell are stable). Following it, in parentheses, there is a 

sequence of number pairs. Each pair the source of a signal 

and its arrival time. The last column in the table contains 

the slack associated with a cell. 
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Table 7-2. Wavefront propagation timing. 

------------------------------------------------------------
Cell case Segment timing info: (a) Slack (b) 

id [max delay, (starting cell ID,delay] 
------------------------------------------------------------

lt6 x,y,z 0.0 initial wavefront 
ltlt x,y,z 0.0 initial wavefront 
lt2 x,y,z 0.0 initial wavefront 
39 x,y,z 0.0 initial wavefront 

lt7 x 19.92 (39 19.92) 0.0 
y 19.92 (39 19.92) 0.0 
z 19.92 (39 19.92) 0.0 

60 x 20.11 (44 20.11) 0.0 
y 19.19 (44 19.19) 0.0 
z 20.11 (44 20.11) 0.0 

5lt x 20.51 (42 20.51) 0.0 
y 19.78 (42 19.78) 0.0 
z 20.51 (42 20.51 ) 0.0 

62 x 21.57 (46 21.57) 0.0 
y 21.17 (46 21 .17) 0.0 
z 21.57 (46 21.57) 0.0 

61 x 21.57 (lt6 21.57) 0.0 
y 21.57 (46 21.57) 0.0 
z 21.57 (46 21.57) 0.0 

56 x 21.57 (46 21.57) (ltlt 21.56) .01 
y 21.17 (46 21 .17) (ltlt 21.16) .01 
z 21.57 (46 21.57) (4lt 21.56) .01 

58 x 30.1lt (46 21.57) (60 30.14) 8.57 
y 29.98 (46 21 • 16 ) (60 29.98) 8.82 
z 29.55 (46 21.57) (60 29.55) 7.98 

66 x 33.33 (62 33.33) 0.0 I 

y 32.75 (62 32.75) 0.0 I 

z 33.33 (62 33.33) 0.0 I 
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Table 7-2. continuation 

------------------------------------------------------------
Cell case Segment timing info: (a) Slack (b) 

id [max delay, (starting cell ID,delay] 
------------------------------------------------------------

59 x 32.17 (41.4 20.11 ) (61 32.17 ) 12.06 
y 31.31.4 (1.44 19.19) (61 31.31.4) 12.15 
z 31.4.03 (44 20.11) (61 31.4.03) 13.92 

53 x 31.4.91.4 (56 31.4.94) 0.0 
y 33.01 (56 33.01) 0.0 
z 33.91.4 (56 33.91.4) 0.0 

51 x 31.4.91.4 (42 20.51) (56 31.4.91.4) 11.4.1.43 
y 33.01 (1.42 19.78) (56 33.01) 11.4.43 
z 33.94 (42 20.51) (56 33.94) 13.43 

57 x 37.18 ( 58 34.59) (59 37.18) 2.59 
y 36.66 (58 34.41) (59 36.66) 2.25 
z 41.78 (58 33.52) (59 41.78) 8.26 

55 x 41.75 (54 30.29) ( 53 41.75) 11.46 
y 40.28 (54 29.15) ( 53 40.28) 11 .13 
z 40.76 (54 32.51) (53 40.76 ) 8.25 

50 x 41.75 (42 20.51 ) (47 30.63) (53 41.75) 21.24 
y 40.28 (42 19.78) (47 31.01) (53 40.28) 20.50 
z 40.75 (42 20.51 ) (47 34.66) (53 40.75) 20.24 

52 x 46.19 ( 51 39.28) (55 46.19) 6.91 
y 44.77 (51 40.93) (55 44.77) 3.84 
z 47.09 ( 51 40.97) (55 47.09) 6.12 

48 x 46.91 (39 19.92 ) (50 46.91) 26.99 
y 45.51 (39 19.94) (50 45.51) 25.57 
z 45.04 (39 19.92 ) (50 45.04) 25.12 

49 x 50.84 (50 46.91) (48 50.84) 3.93 
y 49.27 (50 45.51 ) (48 49.27) 3.76 
z 48.57 (50 45.07) (48 48.57) 3.5 



132 

Table 7-2. continuation 

------------------------------------------------------------
Cell case Segment timing info: (a) Slack (b) 

id [max delay, (starting cell ID,delay] 

65 x 1I2.13 (57 1I2.13) 0.0 • 
y 1I1.85 (57 1I 1 .85 ) 0.0 • 
z 1I7.58 (57 1I7.58) 0.0 • 

611 x 50.1I0 (52 50.1I0) 0.0 • 
y 1I9.1I3 (52 1I9.1I3) 0.0 • 
z 51.711 (52 51.711) 0.0 • 

63 x 55.1I8 (49 55.1I8) 0.0 • 
y 511.39 (49 511.39) 0.0 • 
z 53.13 (49 53.13) 0.0 • 

Comments: 

(a). the first number of the number pair identifies the 
starting cell. The second number is the propagation 
delay of the segment that was started by this cell, 

(b). • - marks a terminal cell. 
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The wavefront propagation cost distribution permits 

some interesting observations which may be of some use in 

future applications. In the case of the Incrementer 

section, there is a well-defined stratification of arrival 

times. Due to the large geometry (4 microns), 

interconnection routing has had little effect on the arrival 

sequence. Fig. 7-3 shows the sequence" of a wavefront 

propagation time (Case X). 

In order to find the distribution of the wavefront 

propagation cost, some additional observations must be made. 

Conclusions from these observations affect the very way the 

A-graph is generated from a digital circuit layout "(Chapter 

2). 

On Figures 7-4 (a-c) we have collected a set of 

profiles of the D(t). There is one profile per layout case. 

They all are characterized by the sharp peaks and steady 

plateaus. Peaks exist in the sections where a wavefront 

signals derived from the common interconnection trunk are 

distributed among input cells as in a case of input bus 

(t=20 nsec). Similarly, plateaus are correlated with single 

line interconnections. Because of this pattern of behavior, 

the analysis was made based on the averaged behavior (marked 

as straight line). This average is computed as: 

<average __ height_> = [Area below a D(t) profile curve] 
/ length 
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Fig. 7-3. An A-graph for the Incrementer. 
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The following conclusions were made based upon the 
following detailed observations generated by an analysis of 

Figures 7-4(a-c): 
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Fig. 7-4a. Profile of the wavefront propagation cost, D(t), 
case X. 

1. The low cost of wavefront propagation at the 
initial stage (39,42,44,46) is due to the slow 
bus. A more aggressive design, using a more 
expensive and faster bus should bring this 
cost up to average. 

2. In case Z, as the result of channel 
compaction, a slightly lower profile of cost 
distribution is achieved. There is potential 
for further improvements in the performance of 
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layouts by using faster 
for linking the Incrementer 

(marked as "slow poly" in 

3. In case Y, the cost is balanced at a higher 
level than the other two cases. This may 
suggest the saturation of structural 
optimization possibilities. Improvements in 
speed are possible; but savings in real 
estate will not be as significant as in case 
Z. The lack of gain in real estate area 
savings is due to congestion in the critical 
channel pOints. This congestion is measured 
by the high number of counts per section 
resulting in a higher average marginal cost 
(measured before channel compaction). 
Congestion in the critical points inhibits the 
vertical rearrangement of layers for critical 
paths. 

The above interpretation of the D(t) distribution 

does not exclude other approaches. It can be, for example, 

enhanced by using the channel denSity usage map and by using 

the general wiring list. 

A comparison between SPICE and TV2 may be very 

misleading due to application differences. SPICE is 

designed to evaluate, as accurately as pOSSible, the 

transient of current and voltage within a given design. A 

TV2 is a program used to find the position of a wavefront 

within a design and assumes worst case propagation delays. 

Due to the equality in size of n sn~ ~ devices in each 

layout case above, the falling time was in each instance the 

worst case. TV2, therefore, gives a pessimistic estimate. 
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It is clearly unrealistic to expect a chain of more than two 

inverting elements to behave in the uniform way postulated 

by TV2. 

Let Q[n] is the measure of improvement in the total 

delay (DT) along the dominant critical path. This measure, 

for iteration step n, can be formally written as follows: 

Q[n] = (max(DT[n]) - max(DT[n-1]»/(max(DT(n-1»*100 [~] 

The following are the quantitative measures of 

improvement Q for the above cases. In table 7-4, case X 

will be the initial layout, step O. Case Z, which is the 

result of channel compaction made to a layout X, is referred 

to as iteration step 1. Case Y is the result of a trial 

made with a new placement arrangement and is therefore 

referred to as optimization step 2 (channel compaction is 

needed to complete the procedure required by this step). 

Table 7-4. Quantitative measures of improvement. 

Iteration Q[i] Average Cost: 
D(t) 

----------------~---~~-----------------------with initial input ~s . . 
0 O.O~ 18.63 
1 4.0~ 25.45 
2 1.0~ 35.65 

without ~e initial input bus: 

0 O.O~ 22.89 
1 7.0~ 34.29 
2 2.0$ 47.96 
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The improvements achieved in layout Z are the most 

desirable. By overlapping different layers, we have saved 

area and, at the same time, improved circuit performance. 

The improvement measure Q was compiled using TV2 

results. A similar comparison between X and Z layout, using 

SPICE, led to higher ratings: 

with the initial input bus: 9.5%, 

without the initial input bus: 14.8%. 

Conclusions 

This chapter contains a review of the experimental 

results generated by using some of the proposed heuristic 

optimization algorithms. 

The accuracy merit of TV1, a program based on the 

method of Panfield, has been established. This 

implementation evaluates timing with a 30% error margin in 

comparison to SPICE. The main sources of error are: (1) 

the nonlinear behavior of the input signal (non-ideal ramp), 

(2) the non-ideal model characterization, and (3) the 

resistivity of the interconnection lines. In comparison, 

there are claims in the literature [55] where the error 

margin of the method was evaluated to be within 10% of 

SPICE. In order to find a suitable timing evaluation 

technique, more experimental work must be done using 

different algorithms. This will assure that the procedure 
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(TV1) will be accurate within desired limits (within 10%). 

The overestimation of line resistivity, a 

characteristic of TV1, might be advantageous. Given lines 

with a higher resistance, a greater "weight", may result in 

replacing them with lines that have a lower resistance 

(reducing power consumption). Once this process was in 

progress, the remaining lines could be given slower 

interconnections and, will therefore, be slowed down. Thi s 

will also reduce slack. The size of the bias and the 

advantages of such a bias must be determined by further 

experimentation. 

We have also shown an example of the use of the 

marginal cost concept in analyzing a layout. This measure 

of layout optimality helps to identify both slow 

interconnections and the structural "goodness" of the 

design. This kind of interpretation, since it may involve 

the dynamic creation of reference structures of significant 

Size, can be useful when a languages designed for handling 

problems related to artificial intelligence, like LISP or 

Prolog, is used. 

We have evaluated the performance of the TV2 

package. This package propagates a wavefront. We have 

found it to be pessimistic in its evaluations. The reasons 

for this pessimistic behavior have been explained in the 

text. Based on an analysis of TV2 behavior, the use of its 

results to compute the dynamics of change, instead of the 
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absolute values, was suggested. The use of the rate of 

change will assure proper control over the improvement 

yielded during an optimization processes iterations. 

The proposed heuristics were seen to be effective 

(as tested both by TV2 and SPICE). The improvements were 

not dramatic, as the minimal features were large in 

comparison to the driving capabilities of the gates 

(W/L = 30/4), and the changes were of a limited nature (only 

two interconnection sections were improved). 

Due to a lack of models for the smaller devices, we 

were not able to verify the gain of the methods in the 

context of the smaller geometries. We would like to 

emphasize again that ~ ~ procedure can be used in 

connection with other methods of timing evaluation, for 

example [58]. This flexibility makes it an attractive 

procedure for submicron geometries where, due to the 

numerical complications within complex models, a lot of 

empirical values are likely to be used, and where the timing 

problems to be solved are even more severe. 
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CHAPTER 8 

CONCLUSIONS 

This project was started with the goal of optimizing 

the layouts produced by the AHPL silicon compiler. The 

scope of research has been limited to the layouts compiled 

using a Standard Cell approach. As the result of an 

optimization process, less area should be used by a layout 

and some speed improvement should be achieved. 

During the process of research, we have shown that, 

by using simplified cost criteria based on routing channel 

utilization, the collection of necessary and sufficient 

conditions for the optimality analysis of a class of 

activity graphs is also applicable for the optimality 

analysis of the VLSI layouts, Chapter 4. Based on these 

conditions, a set of heuristic procedures for reducing the 

delay slack along paths and equalizing the distribution of 

wavefront propagation cost was derived. By using these 

heuristics, a local layout optimization can be achieved, 

Chapter 7. This alone can reduce the area used by channel 

routers up to 50%, as compared to nonoptimized layouts, and 

it may also improve the overall speed of a circuit by 

reducing delays along dominant critical paths. 
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While investigating the problem of finding the 

optimal layout, we have presented a new scheme of finding 

critical paths (Chapter 3). This scheme is characterized by 

localized analysis of the slack at each cell. Based on this 

analysis, we were able to find the dominant critical path 

and mark all other critical paths within a single pass 

through the underlying layout. The proposed method is based 

on a hierarchical analysis of the circuit. It also features 

a well defined and well localized set of references to the 

data base during run-time. This makes the proposed method 

potentially useful in the context of a multiprocessor 

environment [59, 60]. There, if properly implemented, it 

may lead to a reduction of both the data base access and the 

interprocess synchronization bottlenecks. 

Some of the above algorithms were implemented within 

a prototype Timing Verification (TV) system. Using it, we 

were able to test the heuristics as presented in Chapter 7. 

In order to implement the system, a generic data base 

structure of the AHPL compiler has been proposed. This 

software has been tested using a simple example of the AHPL 

description. The experimental results support what we 

theorized about the potential advantages of the approach. 

Due to the noncritical size of the interconnections as 

compared to the driving capabilities of the used cells, 

improvements were not large. 
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Due to the combinatorial nature of the placement 

problem, we have failed to find a set of heuristics leading 

to global layout optimization. The problem of how to use 

the distribution of wavefront propagation cost, in the 

process of layout refinement, must also be further 

i nv estiga ted. 

~uture research should be aimed toward the 

development of a complete design tool based on the approach 

presented in this dissertation. The proposed direction of 

research includes: 

1 • the implementation 
environment using 
languages, 

of a uniform AHPL 
non-FORTRAN programming 

2. investigation and development 
incremental hierarchical router 
Expert Strategy), 

of an 
(Chapter 4, 

3. investigation of the new placement algorithms 
for structural design methodologies. 

More experimental work should be done using the 

above set of tools. This should result in a better 

understanding of the relationships between routi ng, 

placement and timing in the VLSI circuits. 



AHPL - AN INTEGRATED DATA BASE 

An Identifier record contains a full description of an 
object, including its size as represented by 
bits array, in the form it appears in an AHPL 
program • 

.N.a~ - ASCII string, defines a name, 

HQ.Q.f£.Ql§ - defi ne s the physical size of the object, 

HQ.Q!.Bml§ - defines the physical size of the object, 

~il~~ - defines the beginning of a corresponding 
BitDescrVector, generated as a resul t of AH PL 
hardware (bus, CLU, memory) decl ara ti ons, 
within a BitPtr record. 

~m§D~ In the case of CLUs, there are as many 
Identifiers as there are declarations of CLUs with 
different input argument lists. 

The BitPtr record is a link between Stage 2 and Stage 
3. It contains a BitDescrVector pointed at by 
an Identifier. Each entry of such 
BitDescrVector represents a single bit defined 
in a hardware implementation, and, at the same 
time, points both to the corresponding Segments 
description and its hardware implementation. 
Each entry provides a pointer to a description 
of the same type as the Segment pointed to. 

145 
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~tructure and Functional ~~~~: 

~~Dt - the pointer to a Segment containing a 
particular bit, 

~~Type - this entry contains an interpretation of the 
resulting segment type, where the following 
types are possible (0) a segment build of 
passive elements (a bus), (1) a memory cell or 
CLU output, (2) generic objects, (CLOCK 
generators, or RESET circuitry). 

~~ - a pointer to a Stage 3 object, (with the 
exception of (SegType = generic object», where 
it points to BitPtr entries of the length 
stored in PointerType this enables the 
covering of implicitly defined structures like 
clocks, resets etc.)~ 

PointerT~ - the interpretation of a ToCell pOinter. 
The following are the possible interpretations 
of a ToCell entry : 

1. a pointer to a CELL/CHROMOS, 

2. CLU/bus/memory 
pointer), 

3. CLU/bus/memory 
pointer), 

input, 

output, 

(chromos 

(chromos 

4. Hi" - number of bits in the BitPtr 
vector as generated by the implicit 
(generic to the given technology), 
structures such as multiphase clocks, 
and reset circuitry). 

in the case of a CLU, an additional field 
l~lYE1~ID§D~ - gives the pointer to a 
CluElement record which in turn 
describes the internal structure of 
the generic CLU. Each CLU of the same 
generic type points to the same 
CluElement cluster. 

Comment: none. 
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mction: 

This variable length record contains the description of 
a single node out of the graph, equivalent to 
the structure of a CLU as it is described by a 
user. Because the CLU generated this way can 
be a subject of further optimization 
improvements to its structure, or changes in 
the used technology or modifications within 
available cell library therefore the graph it 
generates will be referred to as ~~~ ~. 

§tructure and functional Descript~D: 

Q~ration - the entry contains a code of operation 
{ AND, 0 R , out put d a t a , i n put d a t a } i n th e 
manner identical with [5]. output/input data 
refers to the identification of input and 
output nodes for the given graph. 

NQOfOutus~ - contains a usage counter for a node, i.e., 
how many other nodes are attached to it. 

~~fArgs - contains a counter of the number of input 
argumants. 

Each input to a node is represented by the following 
format: 

AnotherCl uel.e~ - a poi nter to a source CLU el anent, 
if the pointer is negative, the value it points 
to must be complemented, 

A~umentNy~ - the relative position of an input in 
the input list, 

~~Index - in the case of multiple output cells, a 
Bitlndex is the identification of the output 
bit (the implementation used in this 
dissertation does not use this field). 

Comments: none. 

fJ.lnction: 

The Segment record is the main carrier of information 
in an AHPL data base. It provides a statical 
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description of the interconnections, as well as 
supporting a description of such a dynamic 
structures as wavefronts. For these reasons, 
some of the entries must have an implementation 
dependent interpretation. Most of the entries 
contain a description used in the creation of a 
lIansfer ~nnecti~ descripti~n, chapter 6. 

A StructuXsl ~ FunctiQDsl ~~~~11Qn: 

H~~~~ - defines a link connecting all the 
segments active in the analyzed wavefront (a 
field used by TV program), 

HYm~ - is a counter of the forward links associated 
with a segment, 

fQt~~~ - defines the beginning of the list of all 
possible routing instances originated by a 
given segment. Each element of the following 
linking list has a Label of RtDescr record and 
a link to an another element. Notice: all 
intermediate segments do not maintain such a 
list (a field used by TV program). 

~QY~~X~~s~~~~ID§n!l~~ - are entries reserved for 
use by optimization algorithms, 

~~ f1§l~§ - these fields are used 
distribution of c-paths at 
data base description, 

in marking the 
the higher level 

~Q§dtPt[ a pointer to the Identifier record 
describing object from which a given Segment is 
derived, 

1~~lL]~~ - describes the lower and upper index of 
the Identifier which contains the segment 
described by PreSegment, 

B~HYm~ - defines the row index of the Identifier 
which contains the segment described by 
PreSegment; for Segment( SegType ) = Files the 
RowNumber = -1. 

~egld/Seg~~Y§ ~ are two entries whose interpretation 
is context dependent. Below are the 
interpretation tables for SegId and SegStatus 
(FORTRAN implementation): 
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1. the ID of a segment for Segment 
Types {Binary, Operation, CLUJ, 

2. the ID of a control flip-flop for 
Segment Types {ControIFF, Memory, 
Bus, External Lines, File, Empty, 
Switch, Child}, 

1. the entry contains the number of 
bits found in Segment Type 
{Binary} , 

2. the entry contains an OP-code for 
Segment Type {Operation}, 

3. the entry contains the ID 
Control flip-flop for 
Type {ControIFF}, 

for a 
Segment 

4. is identical with the SegID entry 
for Segement Types {Memory, BUs, 
External Lines, File, Empty, 
Switch, Child}. 

All the ID labels used by SegStatus/SegID entries 
are generated as discribed in [5] by a 
AHPL compil er. 

I1miD~f~ - pointer to the descriptor -of the timing 
informations related to the activity of the 
Segment (not used in this version). 

]Numbex defines the total number of transfers 
associated with a segment, 

SegDes~ - contains the pOinter to a Source record 
which contains a detailed classification of its 
behavior. 

QQIDments: a physical representation of MapFields; 
implementation dependent. 

it is 
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ElUlction: 

This is a key descriptor used in the identification of 
a routing instance. It contains a label given 
to a group of active switches, represented here 
by a pointer to their description records. 
This is a variable length record. 

~~~~ ~ Functional Descr1QtiQD: 

a unique identifier for a given routing 
sequence, 

Count - the number of active switches, 

~egmentPointer one element out of the list of 
pointers to a given Source record contains a 
description of the switch that is active in a 
given routing instance. 

~mment.§: none. 

f:l.u}ct1on: 

Pointed to by a Segment record, the record contains a 
specification of the data transfer activities 
terminated by a Segment. 

~~uctur~ and Functional Description: 

Each Source descriptor contains two entries common to 
all Sources: (1) DType a description of the 
type of the destination Segment and (2) SSign, 
a flag marking whether the input from Source 
should be inverted 'true' or non-inverted 
, fal se' • 

Descriptor for the destinations of a ~ lM~~~~ ~~ 
~xt~sl 1i~~ f1~~ ~ntrol fl1D=fl~Dl have 
the following structure: 

~~ - an entry containing a description of a 
destination Segment type, 

~~gn - an entry which contains a flag marking 
whether the data from the Segment should 
be inverted ('true') or not ('false'). 
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~~ - an entry contains a pointer to a Segment 
which originates a transfer, 

I~~rType - an entry containing a transfer type 
label: 

1. to memory '<='; transfer 
Segment to memory (destination 
must be memory type), 

2. to a line (bus) - '='; transfer 
Segment to an interconnection, 

The above represents a subset of the 
possible AHPL transfer modes [4]. 

~QDtrolFF - an entry containing the description of 
a control flip-flop which enables a 
transfer operation, 

~QY~~~~~l - an entry containing a pointer to a 
segment who's output triggers a transfer, 

B~tSour~ - an entry containing a pointer to a 
description of a next source description, 

The Source file which describes the transfer originated 
by a aiD~ segment, has the following format: 

D~~ - an entry containing the description of a 
destination Segment type, 

Ysl~ - an entry(s) containing a binary value 
used as input for a transfer, 

Transfers originated by an Q~£s~1QD segm~ have the 
following format: 

D~~ - an entry containing a description of a 
destination Segment type, 

§§1gn - an entry containing a flag marking whether 
data from the Segment should be inverted 
('true') or not ('false'), 

~perand - an entry which describes an operation 
that must be performed on the data carried 
by the Source points to it, 
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~~~ - an entry containing the pointer to a 
description of the next source 
description, 

A transfer originated by a ~L] ~~ record has the 
following format: 

QIy~ - an entry containing a description of a 
destination Segment type, 

~Sign - an entry which contains a flag marking 
wheteher data from the Segment should be 
inverted ('true') or not ('false'), 

Argume~ - a pOinter to a Segment which is an 
input argument for a CLU which points at 
this Source description record, 

~~~~~~ - an entry containing a pointer to a 
description of the next source 
description, 

A transfer, originated by the Segment described in a 
SHi~ ~ record, has the following format: 

QIy~ - an entry containing a description of a 
destination Segment type, 

~~gn - an entry containing a flag marking whether 
data from the Segment should be inverted 
('true') or not ('false'), 

~Hi~~n~~ - a pointer to a Segment defining 
the source control logic (multiplexing) or 
the left hand side of an AHPL description 
control (input enabling), 

~~~~ - an entry containing a pointer to a 
description of the next source 
description, 

In cases where only a subsection of a defined entity is 
involved, a ~lQ ~~~ notion is used. This 
introduces an additional hierarchy, which 
defines a description of the segment involved 
in a transfer: 

~IY~ - an entry containing a description of a 
destination Segment type, 
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~~gn - an entry containing a flag, which marks 
whether the data from the Segment should 
be inverted ('true') or not ('false'). 

£~~ - defines a pointer to the 
defines the parameters 
Source, 

Segment which 
of a ."parent" 

n~~QYL~~ - an entry containing a pointer to a 
description of the next source 
description, 

A Cell record is of variable length. It containing all 
information which is included in a standard 
wiring list and, in addition, a description of 
the global positioning of cell placement and a 
description of the dynamic links among cells 
during timing analysis. 

~~~ ~ Functional Descript~ 

II~ - the type of a segment which generates this cell, 

§tage20biect~ - a pointer to the Level 2 segment 
defining this cell (through the BitPtr record), 

Q~IType - a unique name of the active cell obtained 
from the Standard Cell Library, 

Q~ISize - an index refering to the possible variation 
of the library cell (to be used with cell of 
different driving power), 

1~ - the global position of the leftmost lower corner 
of the standard cell layout, 

Length - a counter of all active input/output pads 
(this counter implicitly defines the size of a 
record) , 
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Ihr~ - a link between all the cells generated by the 
same Level 2 segment, 

~ri~llim§ - this entry contains basic information 
about the shape of the wavefront, defining a 
critical path passing through it (delay, 
rising/falling time), 

~~ - is a constant defining the maximum number of 
active inputs of a cell, 

is a counter updated 
propagation and showing 
wavefront arrival, 

during wavefront 
the progress of the 

~~~~~ - is a global (multilevel) definition of the 
status of a cell and is defined for future use, 

f~hHaR - is a set of bit maps defining the position of 
pads activated during wavefront propagation 
(implementation dependent), 

QLiginMa~ - is a set of bits which 
linking Segments inputs 
(implementation dependent), 

defines the map 
with cell pads 

A~iyalMs~ is a map of active critical path 
distribution which is projected into the inputs 
of a cell (implementation dependent), 

~llQ - is a descriptor of cell links, it is an array 
of records. The indexing Records corresponds 
with the index of a pad who's interconnection 
it describes. A record consists of the 
following entries: 

~~~ - this entry is valid for input pads and 
contains an index to the pad, which 
generates a signal, as it is defined in 
its cell description, 

I~ellCl~£ - this entry is valid for input pads 
and it contains a pointer to the cell 
which generates the signal for this pad, 

~hrTEntry - defines the relative position of the 
interconnection terminal attached to the 
pad, within a ChromosPointer record, 

I~hrQIDQ§1~ - a pointer to a ChromosPointer 
record, 
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.Q..Qmments; none. 

This variable length record contains a description of 
the terminals of all the chromoses which create 
an interconnection graphs reducible to a point 
(terminals are electricaly interconnected). 

~y£~~§ ~ Fynctional Descr1Qt~ 

H§2~Becord - is a record consisting of two entries: 

1~E!b - a constant which defines the 
number of active terminals within a 
record, 

Stage20bj~D a pointer to the 
Segment which contains a definition of 
thi s cl uster of chromoses (bu s) • In 
the case of a "nil" pOinter, it is a 
boundary definition, 

~QD~ - an index 
connecti og, 
with a cell, 

describing the type of contact 
for the given terminal, a chromos 

~~QID~Qrward~~ an index for the Chromos 
connected to the terminal defined in this entry 
of a Chromos Pointer, 

£n!~ - an index of a pad within a cell which is 
attached to the terminal, 

ChromosBackwa~Qff£§~ - the pointer to a cell which is 
attached, through Entry, to this terminal of a 
Chromos Pointer record. 

Comments; none. 

This record contains a description of the most 
primitive interconnection object, a ~QID~~ (a 
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rectangular piece of conductive material). 

~ucture ~ Functionsl Descr1~1~~ 

~mQgs - defines the width of the chromos, 

~a1l - defines the type of connections in a given 
direction (four direction possible: delta, 
alpha, beta, gamma). The following types of 
connections are possible: 

1 • empty no connection in this 
direction, 

2. pass typical for a chromos . to 
chromos connection, 

3. term - typical for a chromos to cell 
connection, 

4. switch - typical for a chromos to 
switch connection. 

DCon/NRCQD - defines the type of contacts at the ends 
of a conductor (ends are marked as Dend and 
non-Dend) , 

1~~ - defines the layer on which a chromos is 
located, 

1L1 - defines the coordinates of the delta end of a 
chromos, 

~~~L~l!sl defines the length of the 
interconnection (vector description), 

~1Ype/direction defines the full interconnection 

~ments: 

address of the attached object (cell, or other 
chromos), in a given direction (delta, alpha, 
beta, gamma). An address contains an Entry 
index and a pointer. In the case of a cell, a 
Ctype is the index of an input pad, where as, 
in the case where other chromos are attached, a 
Ctype points to the direction in which it is 
attached. 

The simplest way to visualized the structure of a 
Chromos is presented in fig.1. below. 
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Fig. 1. A representation of a chromos. 
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As we see each chromos has two ends, the one marked as 
delta (Dend) and the oposit one (Non-Dend). 
The conductor is placed in the middle. This 
configuration limits the number of possible 
interconnections to four. They are marked as 
{delta, alpha, beta, gamma}. 

Ewlctioni 

A Standard Cell record contains a description of a cell 
out of a Standard Cell Library. This 
description carries identification information, 
as well as structural and environmental 
definitions. It is a variable length record. 
The record consists of a Header part and Pad 
parts. 

lliuct.!d.l:§ and E.Yll.Q.ti.Qna! DescriptioD.l 

A header part carries all bookkeeping information. 
The following are the entries present in 
this section: 

1. ~§lllD - a unique indentification 
label, 

2. ~~rev/R~~ this information 
allows the maintainance of an 
update status of the information 
carried by a cell, 

3. nfa~ - contains the number of 
possible pads, 
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~. ~~~~ a functional 
identifier, the following are the 
possible identifiers (as 
described in a file 'RCPAR.INC' -
a FORTRAN implementation): 
Cells: functional codes: 

1. A Standard Cell has an 8 
bit entry. 

2. Multiple output cells are 
coded (128+i) 

parameter ( 
cell_pseudo 
cell_bool ea n 
cell_mbool ea n 
cell_FF 
cell_MFF 
cell_CFF 
cell_MCFF 
cell_clock 
cell_mclock 
cell_swi tch 
cell_mswitch 

= 0, 
= 1, 
= 128+1, 
= 2, 
= 128+2, 
= 3, 
= 128+3, 
= 4, 
= 1 28+~, 
= 5, 
= 128+5 ) 

5. ~~nth/Pgy - defines the day 
of the last revision, 

6. EngrID the index of the 
Engineer who made the revision, 

7. ~XlD1 the size of a cell 
(rectangular) , 

8. ~~ - a string with the name of 
a cell, 

A pad part carries all the information relevant to 
the description of a path. 

1. ~~ - the functional code of a 
pad. The following is an example 
of pad types (FORTRAN 
implementation) : 

Pads: functional codes: 
gate_out = 0, 
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gate_in = 1, 
switch_control = 2, 

2. PadId - pad index, 
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3. ~~zFunct - an index of the 
functions which approximate pad 
timing behavior (valid only for 
gate output, otherwise it is 
equal to zero), 

4. BQQ~f! in the case of 
outputs, it describes the nuber 
of functional coefficients, 

5. lnL~ - the coordinates of the 
leftmost corner of a pad, 

6. QXp/pyp - pad size, 

7. B~ the resistance and 
capacitance of the pad, 

8. ~f! the numerical 
coefficients for the model which 
describes delays (output only). 

The above description is used in the TV 
Fortran implementation. In the general 
case, the definition of the standard cell 
description is open ended. For more 
details on this particular implemetation 
please see the listing. 
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