                                                                                                               An Edge-Endpoint-Based Configurable Hardw are

                                                                        Architecture for VLSI CAD Layout Design Rule Checking

Zhen Luo, Margaret Martonosi and Pranav Ashar

Princeton University and NEC CCR L

{ zhenluo, mrm}@ee.princeton.edu,
ashar@ccrl.nj.nec.com

Abstract

Design rule checking (DRC) is an important step in VLSI design

in which the widths and spacings of design features in a VLSI

circuit layout are checked against the design rules of a

particular fabrication process.  In the past, some efforts to build

hardware accelerators for DRC have been proposed, but these

efforts were hobbled by the fact that it is often impractical to

build a different rule-checking ASIC each time design rules or

fabrication processes change.

In this paper, we propose a configurable hardware approach to

DRC.  Because the rule-checking is built in configurable

hardware, it can garner impressive speedups over software

approaches, while retaining the flexibility needed to easily

change the rule checker as rules or processes change.  Our work

proposes an edge-endpoints-based method for performing

Manhattan geometry checking; this approach is particularly

well-suited to the constraints of configurable hardware.

Although design rules do change over time, their intrinsic

similarity allows us to propose a general scalable architecture

for DRC.  We then demonstrate our approach by applying this

architecture to a set of design rules for the MOSIS SCN4N_SUB

process.  The hardware required per rule is quite small; we have

implemented several design rule checks within a single Xilinx

XC4013 FPGA.  Our hardware, implemented on a Pamette

board, runs at a clock rate of 33MHz. We also compare the

performance of our approach to software methods and

demonstrate overall speedups in excess of 25X.

1.  Introduction

Over the past several decades, integrated circuit die sizes

have increased dramatically and simultaneo usly the

smallest possible features on these dies have beco me

much smaller as well.  As a result, Design Rule Checking

(DRC), which checks a VLSI layo ut’s features for

compliance with width and spacing r ules, has beco me

more and more time-co nsuming and co mp ute-intensive.

In the past, several approaches for hard ware DRC

accelerators  have been proposed [1,3,5].  T he main

difficulty with prior, custo m-hard ware proposals has been

their inflexibility.  Fabrication processes evolve over

time, with ne w layers or width/spacing rules being

introduced.  As such, design rule checkers implemented in

hard ware must be re-designed and rebuilt to address each
set of changes.  Past hard ware DRC approaches avoided

this redesign cycle b y accelerating only the basic

primitives of DRC, not the specific rule checks. T he

drawback to such approaches is that they accelerate only a

portion of the DRC and do not adequately address the true

comp ute bottlenecks.

Our proposal notes that while design r ules do change over

time and var y between fabrication lines, their fundamental

for m remains similar.  T hus, our goal is to design a

general-purpose skeleton for DRC that applies to nearly

all fabrication design rules, and then also to tailor the

rule-checking hard ware for a particular fabrication

process.  T ailoring the rule-checks to an individual

process allo ws for much better speedups and takes

advantage of the inherent flexibility of co nfigurable

hard ware. At the same time, the reconfiguratio ns are

likely to be infrequent enough (ever y 6-12 mo nths) that

the FPGA reconfiguration times have essentially no

impact on perfor mance.

T his paper presents our configurable hard ware accelerator

for design rule checking.  In order to take the best

advantage of the special characteristics o f FPGAs, we

have also developed a new DRC methodology that we

present here.  T his edge-endpoint-based approach reduces

the storage and sorting requirements for processing the

layout files co mpared to prior wor k.  T his makes the

approach particularly amenable to FPGAs and also

reduces the cost considerably. Our evaluations of the

DRC architecture indicate that it offers speedup s of 25X

or more over software approaches.

T he remainder of the paper is structured as follo ws.

Section 2 gives background on design rule checking and

sur veys prior wor k on its hardware acceleration. Section 3

then gives an overvie w o f our edge-endpoints-based

approach, while Section 4 focuses in more detail on the

resulting hard ware DRC architecture.  In Sectio n 5, we

offer a case stud y o n ho w to apply our architecture to a

specific fabrication technology example: the MOSI S

SCN4M_SUBM process. Based on this example, Section

6 presents synthesis results and perfor mance evaluations.

In Section 7, we present the hard ware prototyping with

Pamette, Finally, Section 8 discusses the future work, and

Section 8 presents o ur conclusions.

2.  Design Rule Checking: Background and

                         Related Work

Design Rule Checking takes as input a lo w-level

description of the mask layers and features required for a

particular VLSI design.  Such data is produced by the

CAD tool on which the layo ut was created. T he goal of

DRC is to identify places in the VLSI design in which

design rules, such as the spacing between two features or

the width o f a wire, have been violated. Specifying design

rules in ter ms of a parameterized width factor, typically

referred to as lambda, so metimes allo ws the same design

rules to be used as the feature size of the process changes.

In spite of this, design r ules change frequently and many

fabrication processes, particularly in the sub -micron

domain, will have subtly different design rules.  Sectio n 5

discusses the MOSIS SCMOS design r ules on which our

current imp lementation is based.

T here are two major types of design r ule checking

methods [2,3]. Bitm ap  methods were widely used in early

approaches. T he layout is rasterized into a grid of sq uare

cells, with each mask layer represented b y a separate bit

in each cell. Bit maps are attractive because of the

simplicity o f so me operations such as Boolean operations

(AND o f two masks, for example) and space/width

checking. Many bit map approaches are based on Baker´s

algorithm [2]. T his algorithm uses a 3

´
 3 windo w to do

the checking when minimu m width is 2 and a 4

´
 4

windo w to do the checking when minimum width is 3.

T here are, however, disadvantages to bitmap approaches.

T he first one is that bitmap approach requires processing

a large amount of data; this requires large amo unts o f

memor y band width and high parallelism in order to

produce results with acceptable perfor mance. In [3],

special hard ware ^expands~ the layer data on-the-fly into

bitmaps to shrink inter mediate storage requirements;

nonetheless, the total amount of data being processed

remains the same. T he second disadvantage is that in a

design system where the grid spacing (i.e., the minimum

feature spacing) is much smaller than the minimum

feature size, we need a much larger windo w size to check

for width or spacing errors. If this is the case, significant

time will be spent co mparing error templates with

windo ws [4].

Edge-based  approaches, on the other hand, use edges to

represent regions in each mask layer.  T his helps to

reduce the amo unt of data needed in general and is less

dependent on the mask resolution. Kane and Sahni [5]

proposed a one-dimensio nal systolic architecture for

design rule checking for Manhattan str uctures, with only
horizontal and vertical features. T he edge files are divided

into horizontal ed ges and vertical edges and each set is

processed independently. Horizontal edges are checked

for vertical width errors and horizontal spacing errors;

vertical edges are checked for horizontal width errors and

vertical spacing errors. T he main disad vantage of this

approach is that it requires non-deter ministic amo unts of

hard ware. T he length o f the systolic array is roughly

determined b y the number of horizontal edges along a

horizontal line and this number varies significantly amo ng

different parts of the whole design.

Most of the edge-based approaches instead use variations

on scanline algorithms [1][6]. T he mask layer data are

transfor med into an edge file that co ntains all non-vertical

edges in the mask. Each edge is described by a pair of

points, ( X

min

, Y

min

) and ( X

max

, Y

max

) along with an

Orientation field indicating if the edge borders the region

fro m above or belo w. Additional layer infor mation is

needed when multiple layers are handled together. T he

edges are sorted in a canonical order, by non-decreasing

order of slope within y

min

 and x

min

, before processing. A

vertical scanline sweeps horizontally across the whole

mask and only stops at the X-coordinates of all the edge

endpoints. Edges that intersect the current scanline are

then processed. T his approach requires less hard ware than

previously-discussed approaches.

3.  An Edge-Endpoint-Based DRC Approach

T he method we propose is focused on DRC for

Manhattan structures. DRC with non-Manhattan

structures increases co mplexity considerably.  Since wires

can inter sect at arbitrary angles, it requires multiplications

and divisio ns (generally implemented in floating point) to

calculate intersecting points. T his reduces its applicability

to configurable hard ware.  For this reason, we focus here

on accelerating DRC for Manhattan structures; in designs

containing no n-Manhattan regio ns, we could separately

run so ftware DRC on these regions, while using

configurable hard ware for the strictly Manhattan regions.

We use a variant of the scanline algorithm discussed in

the previous sectio n, rather than directly implementing the

previously-described algorithm, for several reasons

described below:

a.  First, edge-based processing leads to a fairly wide

datapath. For Manhattan str uctures, we need at least 3

coordinate fields ( X

min

, X

max

 and  Y ) for each edge: two

X-coordinates for beginning and ending points and

one Y-coordinate for the ed ge. If each coordinate

takes 18 bits as we use no w, we need at least 54 bits

just to store these three coordinates. T his imposes

                         constraints on FPGA size and overall system cost and

                         performance.

b.  Second, so me design r ules require the generation of

                         inter mediate (or ^wor king~) layer s that are Boolean

                         transfor matio ns of tr ue layer s.  When an inter mediate

                         layer is generated in an edge-based algorithm, its

                         edge file is not in canonical order, since the edge with

                         the smallest X-coordinate of its ending point leaves

                         the pipeline first. T hus an inter mediate sort is needed

                         [1]. T his adds complexity to the control and data flo w

                         in the hard ware system and extra hard ware cost for

                         temporary storage. Our variant algorithm avoids the

                         need for these costly inter mediate sorts.

c.  T hird, we kno w of no prior work that fully addresses

                         the edge-reconciliation problem [7]. A general

                         method to obtain computational parallelism in DRC

                         is to cut each mask layer into pieces and process each

                         piece individually. T his is possible both in bit-map

                         approaches and edge-based algorithms. Spurio us

                         width/spacing errors, ho wever, could be generated b y

                         the DRC system because so me regions are split into

                         pieces. Sewing regio ns back to gether imposes non-

                         trivial perfor mance over head (especially for edge-

                         based approaches) when the mask is divided into

                         many small pieces.

For the above reasons, we propose a new approach that is

amenable to configurable hardware and capable of

solving the problems in b) and c).

Our approach assumes a ^virtual~ scanline that passes

over the mask layers, checking relevant design r ules as it

goes. As the scanline passes over the mask, it takes note

of features like edges and their endpoints. In order to

check vertical spacings or widths, the scanline will be

oriented vertically, as sho wn in Figure 1 and will scan

horizontally across the mask. In order to check horizontal

spacings or widths, the mask is rotated by 90 degrees
counterclock wise and the scanline passes over it again. In

reality, since we are focused on design rule checking

before fabrication, no true scanning occurs, but rather the

features of the mask are extracted in a particular order

fro m the layo ut file generated b y the CAD tool.

Our method uses an edge-endpoint-based representation.

T hat is, we categorize all the edges in a mask layer into

horizontal edges and vertical edges and their endpoints

are processed separately. B y doing this, we can solve the

problems mentioned above. Fro m this point on, we will

only talk about ho w to process the endpoints associated

with horizontal edges. E ndpoints associated with vertical

edges will be processed in exactly the same way after the

mask is rotated.

3.1  Representation

An endpoint is represented in the follo wing for mat:

T he Y-coordinate field represents the Y-coordinate  of the

edge endpoint. T he Layer field indicates the layer  this

endpoint belongs to. T he O bit indicates the orientation  of

the edge with which the endpoint is associated. O = `0´ if

the edge is a forward  edge, i.e. the edge borders the

region fro m above; O = `1 ´ if the edge is a backward

edge, i.e. the edge borders the region fro m belo w. T he D

bit indicates the direction  of the current endpoint. D = `0´

if the endpoint is the starting  endpoint of the associated

edge. D = `1´ if the endpoint is the ending  endpoint of the

associated edge. T he P bit indicates if the endpoint has

been processed before. For the endpoints generated fro m

mask layer data, P = `0´ and X-extension = 0. We will

further discuss the P bit and X-extension fields later in

this section.

We maintain the endpoints in a canonical order. All the

endpoints are sorted in increasing order by X-coordinate,

Y-coordinate, layer and orientation. T wo endpoints in the

initial ed ge file ^cancel~ if they only differ in the D bit.

T hat is, after endpoints are sorted, they are divided into

groups with the same X-coordinate.  Within each group

they are sorted in increasing order by their first three

fields. Note in the endpoint representation, there is no X-

coordinate infor mation. Instead, a special endpoint of

layer 0 is inserted before each endpoint group of the same

X-coordinate and it records the X-coordinate value in its

Y-coordinate field.

3.2  Scanline M aintenance

                                                                                               Current Scanline

                                              Figure 1: Example mask layer with scanline.

Y-coordinate Layer O D P X-extension

Figure 2 Endpoint Format.

When the scanline is at a particular x coordinate X

c

, we

categorize and sort pending edges as follo ws:

1)  X

                                   min

                                                  = X

                                                                          c

                                                                              , i.e., the edge starts fro m this scanline.

2)  X

                                   max

                                                   = X

                                                                           c

                                                                               , i.e., the edge ends at this scanline.

3)  X

                                   min

                                                  < X

                                                                          c

                                                                               < X

                                                                                                       max

                                                                                                                      , i.e. the edge intersects this scanline.

Endpoints fro m the first two categories are called new

endpoints with P = `0´ since they have never been

processed before. T he points of the third categor y,

ho wever, are ^inherited~ fro m the previous scanline. Each

time a categor y-1 edge startpoint is processed, it is passed

along to the next scanline. T his point inherits all the

infor mation fro m the starting endpoint except that no w P

= `1´ since they have been processed before. We refer to

these points as old  points. Old points are remo ved fro m

the scanline when they meet the ending endpoints

(categor y 2) of the edge.

3.3  Scanline Processing

Endpoints of the current scanline, after being merge-

sorted with old points inherited fro m the previo us

scanline, stream into the processing unit as sho wn in

Figure 3. Generally speaking, there are several processing

steps, as described below.

3.3.1  Selecting True Points

In the input data fro m the CAD tool, there can be

overlapped and coincident regions in so me layers. T hese

regions sho uld be logically ORed to get the final region

profile (see Figure 4). A point, whether it is an old point

or a starting/ending endpoint of an edge, is called a true

point , follo wing Lauther ´s terminolo gy [11], if it is on the

boundar y of  the final regio n. A true point is called a true

endpoint , if it is one of the endpoints of the final region.

T hus we need to select out the true points and only

consider them in the design rule checking.

T o help select the tr ue points, we keep two counters for

each layer: LC and RC. When a point enters the

processing unit, the co unter s corresponding to its layer are

updated in the follo wing way:

if (input point is a  forward point )

  switch (input point)

    case ^ old point ~: LC ++ ; RC ++ ; break;

    case ^ starting endpoint ~: RC ++ ; break;

    case ^ ending endpoint ~: LC ++ ; break;

else /* input point is a backward point  */

  switch (input point)

    case ^ old point ~: LC

--
 ; RC

--
 ; break;

    case ^ starting endpoint ~: RC

--
 ; break;

    case ^ ending endpoint ~: LC

--
 ; break;

Figure 4 illustrates the counter update process. Point C is

a for ward old point, thus both LC and RC are

incremented. Point A is a backward starting endpoint,

thus RC is decremented. Point B is a backward ending

endpoint, thus LC is decremented.

LC indicates if the area on the left side and belo w the

current position is inside or outside the final regio n. If LC

> 0, the left side belo w the current position is inside  the

final region; if LC = 0, the left side belo w the current

position is outside  the final regio n. LC should never be

less than zero, ho wever, unless there is an error in the

endpoint file. RC similarly indicates the situation on the

right side of the current positio n. In Figure 4, we can see

that both the left side and right side belo w point C is

inside the region, since LC > 0 and RC > 0. At Point A,

the left side belo w it is inside the region and the right side

belo w it is outside the region, since LC > 0 and RC = 0.

Both the left side and right side of point C is o utside the

region, as indicated by LC = 0 and RC = 0.

Special care has to be taken when dealing with coincident

points. In considering two coincident points, the for ward

point of the two should always be sent to the processing

unit; this lets us kno w that these t wo regions ^o verlap~. In

our approach, this ordering is guaranteed b y the canonical

order of the endpoints.

Figure 4 Selecting True Points.

0 0

1

1

2

1 2

0

1

0

A

B

A

B

C C

                                                                                                                        Merge

Buffer 0,1

                                                                                        Memory for

                                                                                       Intermediate

                                                                                                      La yer

                                                                          Figure 3 Basic Processing Unit.

Error

Memory

                                                                                                                  Checking

                                                                                                FIFO

                                                                                     P CI Interface

I/O Bus

                                                                                                       DMA

T hus a point is a true point if it changes the ^inside the

region~ or ^out o f the region~ status on either or both

sides of the scanline. I n Figure 4, A, B and C are the tr ue

points of the current scanline. A tr ue point is a true

endpoint if it changes the ^inside the regio n~ or ^out o f

the regio n~ status only on o ne side of the scanline. I n

Figure 4, A and B are true endpoints and C is not.

3.3.2  Checking Design Rules

Design rule checking boils down to different instances of

width checking. Space checking of a specific mask layer,

for example, is equivalent to width checking o n the

inver se of such a mask. Other types o f checking, such as

minimum overlap, can all be transfor med to width-

checking in a similar way. T his does not mean, ho wever,

that we have to transfor m the design to these inter mediate

for ms before checking these rules. Instead, when multiple

layers are present, all the rules that are associated with

these layers can be checked simultaneously, as we will

see in the example given later in this sectio n.

Design rule checking is also a local problem in that only

^adjacent~ regions interact with each other. In a bitmap

approach, this locality is utilized b y means o f pattern

matching on a two -dimension windo w. In an edge-based

approach, this locality is utilized b y processing only

adjacent true edges along the scanline; this is also true in

our edge-endpoint-based approach. Here adjacency not

only refer s to the adjacency within one layer, but among

different layers as well. We define point and edge

adjacency as follo ws:

Definition Point A fro m layer I is said to be

adjacent  to a point B fro m layer J (I and J could be the

same) if no other point fro m layer I or layer J is inside or

on the boundar y of the rectangle for med by these t wo

points. Edge l and m are said to be adjacent  if

$
 point A

Î
           l and point B

                                                                                         Î
                                                                                                    m, such that A and B are adjacent.

Intuitively, consider  two points A and B that are adjacent,

and a third point C that is further fro m A than B is (and

therefore not adjacent).  Our definition of adjacency
allo ws us to recognize that design rule violatio ns on these

points can be recognized b y co mparing A and B only.

Since C is further fro m A than B is, any design rule it

violates with respect to A will also be violated by B.

(Different adjacencies will be relevant for different layers

and design rules.) T herefore, in our implementatio n, only

the latest point of each layer along the scanline is stored

in the Y-coordinate register  of that layer for compariso n

with current true point.

Once a true point fro m a layer is deter mined, the checker

circuit for each design rule needs: (1) the Y-coordinate

differences between this point and the latest points of

each layer, and (2) the orientatio n of this point and the

orientations o f the latest points of each layer to find

possible errors.

Figure 5 sho ws a block diagram of a DRC system for N

and P diffusion layers. Here, there are rules for minimum

width of an N- diffusion, minimu m width of a P-

diffusion, minimu m spacing between two N-diffusions,

minimum spacing between two P-diffusio ns and

minimum spacing between an N-diffusion and a P-

diffusion. Ho wever, not all the rule checkers are activated

when a true point fro m N or P layer is filtered out. For

example, when a tr ue point of N-diffusio n layer is filtered

out, the rule checker for minimu m width of an N-

diffusion is activated only if the latest N point is for ward

(O

N

 = 0) and the current N point is backward (O = 1). T he

rule checker for minimum spacing of an N diffusion is

activated only if the latest N point is backward (O

N

 = 1)

and the current N point is forward (O

N

 = 0). T he rule

checker on spacing between an N diffusion and a P

diffusion is activated only if the latest P point is backward

(O

P

 = 1) and the current N point is for ward (O

N

 = 0).

Similar activatio n criteria apply for all the other design

rule checkers.

3.3.3  Handling Other Cases Using Virtual Edges

T he design rule checking hardware described above is

able to find all the design rule errors along a scanline.

T hus if all the vertical and horizontal scanlines are

processed, we sho uld be able to find all the errors along

any vertical or horizontal line. Our design wo uld be

complete no w except for a special type of error, sho wn in

Figure 6.

In Figure 6, the central box has spacing errors with the

surrounding fo ur boxes.  T hat is, if we expand the central

box by the minimu m space d , the expanded region (the

dotted box in the center) will intersect all four boxes.

Ho wever, this case escapes our DRC hard ware thus far

since no scanline will cross both the edges fro m the

central box and the four boxes around it. T hus a natural

O D

                                                        Y-coo rdinate

Counter

Update

                       DIFF

                                                     N

                                                           = Y

                                                                                    -
                                                                                            Y

                                                                                                       N

                  N wid th, spacing

                    P wid th, spacing

                            N&P  spacing

                                         Figure 5 Checking Unit for N and P Layers.

Y

N

 & O

N

Updated if Y

Í
 N & Y is true.

Y

P

 & O

P

Updated if Y

Í
 P & Y is true.

              DIFF

                                            P

                                                  = Y

                                                                          -
                                                                                  Y

                                                                                             P

Layer

Layer

Match ing

Y

N

Y

P

O

O

N

O

P
way to solve this problem in our existing hard ware

framewor k is to extend so me ed ges of the central box or

the boxes around it b y d , so that scanline processing will

be able to find the error. We call these extended edges

virtual  edges . Each point on a virtual edge is a virtual

point .

A virtual point inherits the Y-coordinate, Layer and

Orientatio n infor mation fro m the edge that generates it.

Virtual points are old points, so P = `1´. We use the D bit

to differentiate virtual points and nor mal points. I f D =

`0´, it is a virtual point; if D = `1 ´, it is a nor mal point.

Unlike nor mal points that are auto matically cancelled

when they meet the ending endpoints, virtual points

expire according to their X-extension bits. When the

virtual point is first generated, the X-extensio n bits record

the value of d. Assume the scanline mo ves to the right b y

d´ after the current scanline has been processed, then the

X-extension bits of all the virtual edges are updated by

subtracting d ´ fro m themselves. I f the value of the X-

extension bits is less than or equal to zero, the

corresponding virtual edge is cancelled. When multiple

layers exist in the system, we set d to the value o f the

largest value o f minimu m width/spacing requirement

concerning this layer.

In order to minimize the number of virtual edges and to

better accommodate virtual points in our method, we only

generate virtual edges when:

1)  T he right side of a for ward true ending endpoint is

                         outside the region. T his is used for space checking;

                         OR

2)  T he right side of a backward true ending endpoint is

                         inside the region. T his is used for width checking.

T hus in Figure 6, only B and D are generated as

horizontal virtual edges, only A and C are generated as

vertical virtual edges (Rotate the picture b y 90 degree

counterclock wise). Q will not be generated. Further more,

we stipulate that a virtual ed ge never updates the Y-

coordinate register of its layer.

3.3.4  Flagging Errors

T o avoid flagging the same error many times, an error

between current point and a latest point sho uld only be

flagged in the follo wing two cases:

1)  T he current point is a true starting endpoint

2)  T he latest point is a starting endpoint and the current

point is either a true point or a virtual point.

T he design rule checking system we describe above will

find all the design r ule errors between adjacent edges and

will not generate repetitive errors.  A proof of this claim

can be found in [11].

3.3.5  Generating Inter mediate Layers

So metimes inter mediate layers are needed for further

design rule checking. For example, a gate ^layer~ is

usually involved in many design r ules but is not explicitly

a layer in the layo ut file.  In such cases, special working

layers are generated for checking several design rules.

Such layer s are often Boolean transfor mations on true

design layers. T hus points can be selected using the

techniques described in 3.3.1. Unlike traditional edge-

based hard ware systems, the inter mediate layers

generated here are in canonical order; thus they can be

further processed while they are being generated.

3.4  Exploiting Parallelism

Each mask layer can be sliced in vertical directions when

dealing with horizontal edge endpoints (Figure 7) and in

horizontal directions when dealing with vertical edge

endpoints. Each slice can be individually processed. Since

all virtual edges crossing the cut disappear fro m the slice

on the right, we need to extend each slice a length d to

ensure that these virtual edges are properly checked. Here

d is the maximu m length of all the virtual edges, which is

equivalent to the lar gest minimum width/spacing required

in all the design rules. We thus expect a perfor mance

penalty o f d/s, where s is the width of each resulting slice.

Edge reconciliation does not impo se a big problem for our

system since errors are only checked along the scanline

direction. No spurious error will be generated b y our

system. Repetitive errors will be generated in the
d

Figure 7 Mask Slicing.

D

B

                                                                                                  A

C

Q

                                                                                            Figure 6 Virtual Edges.

d
overlapped region. T hey can be easily remo ved b y

^ORing~ the errors collected fro m all slices.

4.  Hardware Architecture

Our hard ware architecture is co mposed of one or more

basic processing units (Figure 3). Each basic processing

unit resembles the hard ware architecture described in [1].

T he Memor y in Figure 3 gets the edge endpoints (i.e. new

endpoints) fro m mask layers and the buffers store the

^inherited~ endpoints (i.e. old endpoints) fro m the

previous scanline. Since the processing unit generates the

old points for the next scanline while consuming the old

points generated b y the previous scanline, we keep two

buffers. Buffer 0 is being read while b uffer 1 is being

written and vice ver sa.

A Mer ge unit is used to maintain the scanline. Since both

the data fro m the memor y and fro m the buffer are in their

canonical order, the mer ge unit does a simple t wo -wa y

merge sort to generate the final data stream for

processing.  In addition, the mer ge sort unit also takes

care of ^retiring~ old points and virtual points. As

mentioned in Section 3.2, old points are removed when

they meet the ending endpoints. Each old point has the

same representation as the corresponding ending endpoint

except for the P bit, which is the least significant bit in

compariso n; thus it will definitely meet the ending

endpoint in the merge unit and it will be cancelled then.

For virtual points, as mentio ned in Section 3.3.3, the X-

extension bits of the virtual points are updated in the

merge unit, and virtual points are cancelled if X-extensio n

bits are less than or equal to zero.

T he checking unit is different fro m each basic processing

unit. Its basic str ucture is shown in Figure 5. For each

layer, we need a set of counters and an additional

subtractor. T hus the hard ware cost gro ws almo st linearly

with the number of layers we send to each checking unit.

T he only exception is the number of design rules

involved. If all layers processed by a checking unit

interact with each other, the nu mber of design rules is

roughly quadratic to the number of layers.

When an inter mediate layer needs to be generated, the

data fro m the checking unit will be fed into the memor y

of one or more subsequent basic processing units.

T emporary storage is required to store this inter mediate

layer. T he mer ge unit o f the subseq uent processing units

should be able to get the data fro m its o wn memor y and

fro m this temporar y storage and does a preliminar y merge

sort to keep the new endpoints in cano nical order.

5.  Design Rules Analysis

Based on the hard ware architecture described above, we

have done a proof-o f-co ncept implementation for the

MOSIS sub micron design rules [10]. In this sectio n, we

analyze the MOSIS sub micron design rules and in the

next section, we present our experiment results.

5.1 Introduction to SCM OS Design Rules

For this work, we focused on the MOSIS

SCMOS_SUBM design rules, used for sub -micro n

fabrication. T here are 27 SCMOS layers possible overall,

but for a specific fabrication process, only a sub set of the

above layers are used. We concentrate here on the

SCN4M_SUBM process for digital circuits. T his process

is a 0.4
m
m

N-well process with 4 metal layer s. T able 1

lists the related design rules for this process and the layers

they involve. Each rule in T able 1 is broken do wn into

several concrete design r ule checks. For example, Rule 1

and Rule 2 are listed in detail in T able 2. In all these rules,

the largest minimu m width/spacing in these rules is 18
l
.

T his will impact the time that edges and points spend

recirculating through the design r ule checker.  T he values

of minimum width/spacing specified in the rules are all

multiples of lambda except Rule 5.2 and Rule 6.2 where

half lambda is used.  T his granularity impacts the total

Rule 1 ˘ Well N-well, N-high-voltage

Rule 2 ˘ Active Active, N-well, N-high-voltage,

N-plus-select, P -plus-select

Rule 3 ˘ Poly Poly, Active

Rule 4 ˘ Select N-plus-select, P -plus-select,

gate, contact, active

Rule 5 ˘ Contact to Poly contact, Poly, gate

Rule 6 ˘ Contact to Active contact, gate

Rule 7 ˘ Metal 1 metal 1, contact

Rule 8 ˘ Via 1 via 1, metal 1, P oly, active

Rule 9 ˘ Metal 2 metal 2, via 1

Rule 14 ˘ Via 2 via 2, via 1, metal 2

Rule 15 ˘ Metal 3 metal 3, via 2

Rule 21 ˘ Via 3 via 3, metal 3

Rule 22 ˘ Metal 4 metal 4, via 3

Table 1 SCN4M Related Rules and Layers.

Rule Description l

1.1 Minimum Width of Well 12

1.2 Min Spacing for wells of different potential 18

1.3 Minimum Spacing for wells of same potential 0 or 6

2.1 Minimum Width of Active 3

2.2 Minimum Spacing between active 3

2.3 Source/Drain active to well edge 6

2.4 Substrate/well contact active to well edge 3

2.5 Min spacing between active o f different implant 0 or 4

Table 2  SCMOS_SUBM Layout Rules ˘ Well, Active. [10]
number of points that need to be processed for a given die

size.

5.2 Width Analysis

We assume all the endpoints on the layout are on a 0.5
l

´

0.5

                  l
                          grid. Since

                                                                                               l
                                                                                                       = 0.2
m
m, the grid spacing is 0.1
m
m.  I f

the maximu m die width is 2cm, then we can have at most

2

       ´
               10

                             5
                                  points on a vertical line. T hus we use 18 bits to

store the X and Y-coordinates.

Since there are 14 layers involved in the related design

rules as sho wn in T able 1, 4 bits are used to store layer

infor mation. Since the largest minimum width/spacing is

18

                  l
                          and the grid is 0.5
l
, the largest value for X-extension

bits wo uld be 36, so we use 6 bits to store it. Fro m Figure

2, we need 31 bits for an edge endpoint. For simplicity,

we use 32 bits for each endpoint and the one extra bit is

given to the layer field since so me intermediate layers

might be generated on the fly.

5.1  Layer Analysis

T heoretically speaking, we could have sorted all the edge

endpoints fro m all mask layers and sent them through a

large checking unit to figure out all the design rule errors.

Ho wever, as mentio ned in Sectio n 4, the hard ware

requirement gro ws more than linearly with the number of

layers involved. As sho wn in Figure 5, each inco ming

endpoint´s Y-coordinate is sent to a subtractor. If there are

more than 14 subtractors in our hard ware, routing will be

a problem since the Y-coordinate is 18 bits wide. Even if

the routing were possible, we wo uld expect a large delay.

For this reason, our hard ware design allo ws at mo st 5

layers to be checked b y a basic checking unit.

T hus we divide the layers into several groups and process

them independently. Fro m T able 1, we derive the layer

interaction graph sho wn in Figure 8. An edge is added if

there is a design rule between these two layers. Our

objective is to divide the graph into several cliq ues such

that each clique has less than 5 layers and the duplicated

layers are minimized.

Here is ho w we divide the groups:

Group 1: Poly, Active, N

+
-select, P

+
-select. Inter mediate

layers N-active and P-active are generated.

Group 2: N-active, P-active, N-well, P-well

Group 3: Poly, Active, Co ntact, Via1

Group 4: Contact, Metal1, Via1, Metal2, Via2

Group 5: Via2, Metal3, Via3, Metal4

6.  Experimental Results

T o test our ideas, we imp lemented a general mer ge unit as

well as a check unit built specifically for Group 2. Since

the mer ge unit is almo st the same amo ng different gro ups,

we keep the merge unit and the checking unit o n two

separate FPGAs.

6.1 Synthesis results

We used the Synopsys fpga_analyzer tool (1998.08) to

generate .sxnf files fro m o ur VHDL inp ut and we used

Xilinx Fo undation tools (V1.3) for the synthesis. We

targeted our design at the speed of 33 MHz for the merge

and check units and specified this infor matio n in the

timing constraint file (.pcf file), where we listed this

requirement for all the critical paths. After successful

placement and routing, the synthesis results we get for the

above design are listed in T able 3. Most notably, our

design fits in a Xilinx 4013 part and achieves the targeted

clock rate for both units.

6.2 Comparison against software

T o compare the hard ware perfor mance against soft ware,

we wrote a C program for our hard ware imp lementation

and tested it on several small CI F files (see T able 4).

T hese CIF files were derived by synthesis and place-and -

route of benchmar k examples in BLIF for mat using the

Octtools tool suite fro m UC Berkeley. We wrote another

Unit Xilinx part

number

CLB

used

Flip-

flops

P ipeline

stages

Speed

(MHz)

Merge XC4013e-2 177 312 4 33

Check XC4013e-2 262 419 4 33

Table 3 Synthesis Results for Merge and Checking Unit.

                                                                             N

                                                                                      +
                                                                                          -select

Metal 4

Via 3

Metal 3

Via 2

Metal 2

Via 1

Metal 1

Contact

Poly P

+
-select

Active

                                                                                  N-Well N-volt

                                                                            Figure 8 Layer Interaction Graph.

converter to convert the CIF files to our input for mat.

Since the hard ware we have implemented only perfor ms

design rule checking on N-well, N-high-voltage, N-active

and P-active layers, we extracted fro m the CIF file the

endpoints of these layers and sorted them in their

canonical order. T he resulting file is the inp ut for both our

software and hard ware.

T o optimize the software perfor mance, we used an integer

for each of the field s in the endpoint. We also tried to

replace as conditional jumps by Boolean operations

wherever possible. We co mpiled our software on an SGI

workstatio n running IRIX 6.3 IP32 system V with ^cc ˘

O3~ where global optimizations and procedure inlining

are performed b y the co mp iler. T hen we used pixie  to

instr ument the code based on basic blocks and prof ˘pixie

˘invocations  to collect the data on total number of points

being processed and software cycles and executio n time

in T able 4. We ran the software on an SGI O2 workstatio n

with a single 4-way superscalar MIPS R10000 processor

running at 150MHz. Pixie uses the instructio n scheduling

model o f this processor to obtain the data on software

cycles and execution time. T he cycles per instruction

(CPI) obtained by pixie is 0.881, but since pixie is unable

to perform instr uction sched uling bigger than a basic

block, we expect the true CPI to be higher. T he last

column in the table sho ws the projected speedup over the

software run on a MIPS R10000 processor, if it were

clocked at 500MHz rather than 150MHz.

Fro m this table we can see, b y using the hard ware

acceleration, we expect to achieve an average hard ware

speedup of 93.6 times (excluding C17) over the software

run on a 150MHz MIPS R10000 processor and an

average hard ware speed up of 28.0 times (excluding C17)

over the software run o n a 500MHz MIPS R10000

processor.

7.  Hardware Prototyping on a Pamette

T he implementation and perfor mance results presented

thus far represent VHDL designs and simulatio ns.  We

have also mapped our design to the PCI Pamette board

[12] for hardware prototyping. T he Pamette hard ware

architecture is so me what different fro m our ideal

hard ware architecture described in Sectio n 4. Figure 9

depicts ho w the design originally sho wn in Figure 3 is

mapped to the four XC4010e FPGAs (i.e. LCA0 - LCA3)

of the Pamette. We put the mer ge unit on LCA0 and the

check unit on LCA1. Instead of building t wo buffers for

storing old points, we configure LCA2 to be a

synchro nous FI FO 256 entries deep. LCA3 is used to pass

the old points generated fro m the Check unit ( LCA1) to

the FIFO ( LCA2).

We first configure the LCAs on the Pamette to do wnload

input endpoints into the SRAM0 on the board through the

PIF, the PCI interface. T hen we reconfigure the board to

our design to process these input points. T he Merge unit

reads new endpoints fro m SRAM0 and old points fro m

the FIFO and outputs the current scanline point stream to

the Check unit. Check unit perfor ms rule check o n this

point stream, sends design rule errors to SRAM1 and

writes the old points to the FIFO through LCA3. When

the whole process is co mplete, the board is reconfigured

again to read the errors fro m SRAM1 to the host machine.

PIF

LCA0

(Merge)

LCA2

(FIFO)

LCA3

(P ass)

P CI

BUS

SRAM 1

SRAM0

clock

Download/

Readback

Figure 9 DRC block diagra m on a Pa mette Board.

64 36

16

16

40

20

36

36

P amette board

LCA1

(Check)

                     CIF files # of

                                                                          scan

                                                                          lines

                                                                                                                  # of

                                                                                                               input

                                                                                                             points

# of total

points

 Ratio of

total pts/

input pts

# of soft-

ware cycles

by pixie

 Cycle Ratio

of software /

hardware

Software

runtime

by pixie

Hardware

runtime

Hardware

speedup

(150Mhz)

Hardware

speedup

(500Mhz)

                                C17 25 229 863 3.77 : 1 567327 657.39 2.71ms 0.0259ms 105 37.2

                             C432 52 1340 7859 5.86 : 1 4259747 542.02 22.12ms 0.2358ms 93.8 28.1

                             C499 37 1029 5506 5.35 : 1 3052718 554.43 15.53ms 0.1652ms 94.0 28.2

                             C880 44 1144 6482 5.67 : 1 3540159 546.15 18.24ms 0.1945ms 93.8 28.1

                          C1355 37 1029 5506 5.35 : 1 3052718 554.43 15.53ms 0.1652ms 94.0 28.2

                          C1908 40 1228 7017 5.79 : 1 3814853 543.66 19.68ms 0.2105ms 93.5 28.0

                          C2670 45 1517 8938 5.89 : 1 4806229 537.73 24.93ms 0.2681ms 93.0 27.9

                          C3540 40 1360 7829 5.76 : 1 4234389 540.86 21.85ms 0.2349ms 93.0 27.9

                          C5315 54 1518 8820 5.81 : 1 4775876 541.48 24.72ms 0.2646ms 93.4 28.0

                          C6288 48 1296 7311 5.64 : 1 3993868 546.28 20.55ms 0.2193ms 93.7 28.1

Table 4 Experiment Results.

As sho wn in Figure 9, the bus width between LCA3 and

LCA2 is only 20 bits wide. Amo ng these 20 bits, only 16

bits can be used freely, the other 4 bits have so me

restrictions which make them hard to be utilized b y our

application. Since we need at least one bit for the

^write_enable~ signal on the FIFO, the representation for

old points has to be less or equal than 15 bits wide. Based

on data width analysis of the benchmarks sho wn in T able

4, we tailored our original point representation (see Figure

2) as follo ws. We use 7 bits for Y-coordinate, 2 bits for

Layer, 1 bit each for Orientation and Direction and 4 bits

for X-extensions. Since bit P is always `1´ for old points,

we o mit the bit P in this representation.

Pamette board has three modes [12]: static mode,

transactio n mode and miscellaneous mode. In our runtime

implementation, we used static mode througho ut the

process and we used clkusr [13] to provide a  33MHz

clock for the four LCAs. T he correctness of the board has

been verified by r unning through o ur entire suite o f test

examples.

8.  Future Work

While the Pamette board is useful as a proof-o f-co ncept,

we ultimately intend to build a specialized FPGA board

for design rule checking.  T his board will have sufficient

data buffering to handle large designs, and can also

include several FPGAs in order to check a number of

design rules in parallel.

T his  paper has focused on Manhattan structures in which

all lines are either horizontal or vertical, and proposes that

non-Manhattan structures be handled via software DRC.

We are currently considering the hard ware costs of

handling special cases of no n-Manhattan str uctures in

hard ware.  For example, edges intersecting at 45-degree

angles are the mo st co mmo nly allo wed non-Manhattan

structure.  T he constrained geo metr y of these 45-degree

angles greatly eases their intersection calculations.  In

such a process, all the geo metric str uctures can be

comprised of either quadrilaterals or isosceles triangles,

and the spacing co mp utations require no floating point

calculatio ns; spacings can be inferred fro m manipulations

of kno wn wire lengths.

9.  Conclusions

Because of the intrinsic similarity between different

design rules [9], we have showed in this paper that

hard ware checking system for different design rules can

be accommodated in a general scalable architecture. T he

variation between design rules of different fabrication

processes makes configurable hard ware an ideal candidate

for the rule-checking unit in our general architecture. T his
paper describes and validates an edge-endpoint-based

geo metr y checking method for Manhattan structure, that

is amenable to configurable hard ware implementation. In

compariso n with previous edge-based methods, our

technique uses a smaller datapath width, simplifies data

flo w control and easily handles the edge reconciliation

problem.

As a verification o f this general architecture, we analyzed

the design rules of SCN4M_SUBM process fro m M OSIS

and implemented the essential hard ware for checking a

subset o f the design rules. T he final hard ware system r uns

at 33 MHz and offers a speedup of more than 25X over

the conventional so ftware run on the state-of-the-art

microprocessors.

References

[1] Eric C. Carlson and Rob A. Rutenbar, ^A Scanline Data

Structure Processor for VLSI Geometry Checking~, IEEE

Trans. computer-aided design , vol CAD-6, NO. 5, Sep. 1987

[2] C.M . Baker, ^Artwork Analysis Tools for Integrated

Circuits~, MIT/LCS/TR-239, Master´s Thesis, MIT 1980

[3] L. Seiler, ^A Hard ware Assisted Design Rule Check

Architecture~, Proc. 19
th
 Design Automation Conf. , June

1982, pp. 235-238

[4] Steven M. Rubin, ^Compu ter Aids for VLSI Design~, 2
nd

edition, Addison-Wesley P ublishing Company, 1994.

[5] R. Kane and S. Sahni, ^A S ystolic Design Rule Checker~,

P roc. 21
st
 Design Automation Conf ., Jun 1983, pp. 243-250

[6] T. G. Szymanski and C.J. Van Wyk, ^Space Efficient

Algorithms for VLSI Artwork Analysis~, Proc.  20
th
 Design

Automation Conf. , June 1983, pp.734-739

[7] George E. Bier and Andrew R. P leszkun, ^An Algorithm for

Design Rule Checking on a Multiprocessor~, Proc. 22
nd

Design Automation Conf. , June 1985, pp. 299-304

[8] U. Lauther, ^An O(N log N) algorithm for Boolean mask

operations~, Proc. 18
th
 Design Automation Conf .,  July 1981,

pp. 555-562

[9] B.W. Lindsay and B.T. P reas, ^Design Rule Checking and

Analysis of IC Mask Designs~, Proc. 13
th
 Design

Automation Conf. , June 1976, pp. 301-308

[10] MOSIS service, ^MOSIS Scalable CMOS (SCMOS)

Design Rules~, Revision 7.2, http://www. mosis.org/New/

Technical/Designrules/dr-scmos72.html

[11] Zhen Luo, Margaret Martonosi, and Pranav Ashar, ^A

Configurable Hardware Design Rule Checker~, P rinceton

University Department of Electrical Engineering.  Technical

Report #CE-99-1.

[12] Mark Shand, ^P CI P amette: Generic P CI Board~, http://

www.research.digital.com/SRC/pamette/

[13] Mark Shand, ^P CI P amette user-area interface for firmware

V1.9~, http://www.research.digital.com/SRC/pamette/