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A Systolic Design-Rule Checker
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Abstract—We develop a systolic design-rule checker (SDRC) for rec-
tilinear geometries. This SDRC reports all width and spacing viola-
tions. It is expected to result in a significant speed up of the design-
rule check phase of chip design.
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I. INTRODUCTION

APID ADVANCES in technology are making it pos-

sible to fabricate circuits of an ever increasing com-
plexity. This increase in circuit complexity poses a severe
challenge to the algorithms presently in use in design au-
tomation tools. One of the ways to meet the challenge is
to develop new computer architectures capable of running
these design automation algorithms efficiently. Another
approach is to develop faster algorithms.

Several new architectures and corresponding algo-
rithms have recently been proposed for design automa-
tion. Blank er al. [2] describe a bit-map processor archi-
tecture suitable for Boolean operations, wire routing using
Lee’s algorithm, and for some design-rule check (DRC)
functions such as shrink and expand. Mudge et al. [7]
describe a Cytocomputer architecture adapted for DRC
and Lee-type wire routing. Yet another DRC architecture
is described in [11]. Some other references for special
purpose architectures and associated algorithms for wire
routing are [3] and [8]. A parallel-processing approach for
logic module placement has been developed by Ueda et
al. [13]. Simulation has also been the focus of several
new architectural studies. The most popular such devel-
opment is the Yorktown Simulation Engine [10], [3], [5].
Another logic simulation machine is described by Abra-
movici er al. [1].

In this paper, we shall be concerned with the design of
a systolic system for design-rule checks. Our design dif-
fers from all earlier work on special-purpose architectures
for design automation in that ours is the first systolic de-
sign. Of course, systolic designs have been studied for
quite some time. A valuable reference is [6]. Our systolic
system for DRC’s differs from earlier work on hardware
assisted DRC’s in that it is edge-based rather than bit-
map-based. Consequently, it has the potential of being
much faster and less expensive than earlier designs.
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Specifically, our systolic design-rule checker (SDRC)
checks for spacing and width errors. The design may be
extended to include other design-rule checks. Our design
points out the potential for systolic systems in design au-
tomation applications. '

II. PoLYyGoNs AND ERRORS

In arriving at our SDRC, we made several assumptions
on the nature of the polygons to be handled and also on
the type of errors to be checked for. First, we assume that
polygons are composed of horizontal and vertical edges
only. Hence, only right-angled bends are permitted. Poly-
gons may contain holes. These holes are also restricted to
be polygons with right-angled bends. Fig. 1 shows two
example polygons that satisfy these restrictions.

This restriction on the edges composing a polygon al-
lows a compact representation of each polygon. This rep-
resentation consists of the following.

1) Polygon number: Each polygon is assigned a unique
number. Holes within a polygon are assigned the same
number as the enclosing polygon.

2) A sequence of polygon vertices: This sequence be-
gins at the lowermost left-hand vertex of the polygon and
is obtained by traversing the polygon so that its interior
lies to the left of the edge being traversed. Since all edges
are either horizontal or vertical, the polygon vertices (ex-
cept the first) may be described by providing a single co-
ordinate. Thus, the polygon of Fig. 1(a) is represented as

p, 0, Xy, Yy, X2, Y3, X4 Y5, X6 Y7, X85 Vi-

The first symbol p identifies this as an enclosing poly-
gon; n is the polygon number. In case of a hole, an h is
used in place of the p. Holes are traversed such that the
interior is to the left of each edge traversed. The repre-
sentation for the polygon and holes of Fig. 1(b) is

p, n, Xy, Y1, X2, Y3, X45 Y55 X65 Y75 X85 Y9, X105 Y115 X125 V1
h, n, x13, Y13, X14> Y15> X165 Y175 X185 Y195 X205 Y13
h, n, x31, Y21, X225 Y23, X245 Y25, X265 Y21-

The SDRC assumes that the polygons are well formed.
Specifically, open polygons (Fig. 2(a)), polygons with
shared edges (Fig. 2(b)), polygon overlaps (Fig. 2(c)),
and polygons sharing an edge with a hole (Fig. 2(d)) are
not permitted. While this assumption of well-formedness
is not essential to our discussion, it enables us to concen-
trate on spacing and width issues. A minor modification
to our design allows the SDRC to check for the above
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Fig. 1. Examples of polygons. (a) No holes. (b) Two holes H1 and H2.

Shaded area is the interior of the polygon.
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Fig. 3. Polygons with width errors.

malformations. Also, these inconsistencies need to be ex-
plicitly checked before one can apply bit-map-based width
and spacing checks.

Let w denote the minimum allowable feature width. Fig.
3 gives examples of polygons with width error. Many de-
signers do not regard Fig. 3(c) as an error unless the dis-
tance e is less than w. Our SDRC is easily changed to
account for this variation. The only change needed is to
compare w with e rather than d.
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III. SDRC ARCHITECTURE

The SDRC is a hardware device that may be attached
to a computer system as a peripheral or directly to the
CPU as in the case of a floating-point processor. A block
diagram of the SDRC appears in Fig. 4. The major com-
ponents of an SDRC are two systolic sort arrays (SAX and
SAY), controllers for these sort arrays, and a systolic de-
sign-rule checker (DRC). Note that we use SDRC to de-
note the entire systolic design-rule check system of Fig.

.7 and DRC to refer to a component of SDRC that per-

forms the actual design-rule checks. This component is
also systolic in nature. When design-rule checks are to be
performed, the CPU sends the compact descriptions of the
polygons to the SDRC. This description is transformed
into explicit edges by the controllers for SAX and SAY.
Horizontal edges are created by the controller for SAX
and inserted into SAX. Vertical edges are formed by the
controller for SAY and inserted into SAY. The sort arrays
sort the edges into lexical order. Thus, the SAX sorts
edges by y-coordinates and within y-coordinates by x-co-
ordinates. Recall that we have assumed that there are no
overlapping edges. So, even though every horizontal edge
has two x-coordinates, there is a unique lexical ordering
for the horizontal edges. Similarly, there is a unique or-
dering for the vertical edges.

As we shall see in the next section, the SAX and SAY
are simply systolic priority queues. Consequently, as soon
as the edges have been formed and entered into the SAX
and SAY, they may be transmitted in lexical order to the
DRC. First, SAX sends its edges to the DRC, which ex-
amines them for width violations in the y-direction and
spacing violations in the x-direction. All detected errors
are transmitted back to SAX. Next, SAY transmits its
edges to the DRC, which examines them for width errors
in the x-direction and spacing errors in the y-direction.
These errors are sent back to SAY. The errors collected
in SAX and SAY may then be communicated back to the
CPU.

Clearly, by using two DRC’s, the horizontal and ver-
tical edge processing may be effectively overlapped. Fur-
ther, by providing a data path far the errors to go directly
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Fig. 5. Polygon for Example 1.

from the DRC to the CPU, the use of the SDRC may be
pipelined. ’

IV. EpGe ForMING

The descriptor for each edge formed in the sort array
controllers consists of the five fields: y, x;, x,, p #, and ud.
The terminology used is with respect to the horizontal
edges. y is the y-coordinate for the edge, x; the left x-
coordinate, x, the right coordinate, p # the polygon num-
ber, and ud (up-down) is O if the interior of the polygon
is above this edge and 1 otherwise. In case the DRC sends
errors back to the SAX (rather than directly to CPU), then
each edge descriptor will have two additional bits to re-
cord the error. For vertical edges, x is the x-coordinate of
the edge; y, and y, are, respectively, the bottom and top
y-coordinates; p# is the polygon number; and Ir (left-
right) is O if the polygon interior is to the left of the edge
and is 1 otherwise. The p # field is used only to identify
polygons with errors. This field may be omitted and the
detected errors can be associated with polygons by per-
forming a search at the end.

Example 1: The edge descriptors for the horizontal
edges of the polygon of Fig. 5 are: y|, x|, x,, 1, 0; y;, x5,
xg, 1, 15 yig, X165 X15, 1, 05 y10, X105 X9, 1, 0; Y11, X131, Xy2,
17 0’ Yer X6 X5, 17 la Yias X145 X13, 19 0’ Ya> X4, X3, 1’ L,

The descriptors for the vertical edges are: x,, y;, s, 1,
1, X75 Y75 Y16> 1’ 17 X5, Y55 Ya, 1’ lv X155 Y155 Y14» 1’ Ov X105
)1’106}’11, 1, 15 x12, Y12, Yi3s 1, 15 X8, yg, Yo, 1, 15 X2, 2, ¥35

The transformation from the compact polygon rep-
resentation to the edge descriptors is relatively
straightforward. ]

V. THE SORT ARRAYS

While many sorting algorithms have been considered
for hardware implementation [12], priority queues appear
to be best suited for our sort application. Two systolic
implementations of priority queues appear in the litera-
ture. One is due to Leiserson [9], and the other due to
Guibas and Liang [4]. While the design of [4] is simpler
than that of [9], it permits an insert/delete every four
cycles as opposed to once every two cycles for the design
of [9].

The systolic priority queue of [9] is a linear array of
processors (PE’s) each having two registers A and B. Each
register in the priority queue is large enough to hold an
edge descriptor. The array of processors pulsates in reg-
ular cycles with instructions:

1. B« B,_,
2. OrderAi_l,A,», Bi—l SO thatA,-_l = A,' = Bi

being performed for odd i in odd cycles and for even i (i
# 0) in even cycles. A new edge can be inserted in the
array just before every odd cycle by setting By to the edge
descriptor and Ay to —oo.

When all the insertions have been performed, the edges
can be extracted in lexical order by setting A, and By to
+oo. It takes two cycles to extract each edge. The edges
can be sent to the DRC one by one as extracted, thereby
overlapping the extraction process and DRC operation.

The remaining details for SAX and SAY may be found
in [9].

VI. Tue DRC

The DRC is invoked once for horizontal edges and once
for vertical edges. Since the processing that occurs with
horizontal edges is the same as that for vertical edges, our
discussion of the DRC is confined to the case of horizon-
tal edges. As mentioned earlier, when processing the hor-
izontal edges, the DRC checks for width violations in the
y-direction and spacing violations in the x-direction.

The DRC (Fig. 6) is a linear systolic array. Edges enter
the DRC through the B register of PE 0. Output edges,
i.e., edges that contain spacing or width errors, exit the
DRC through the A register of PE 0. The A4 registers con-
tain two kinds of edges: i) edges to be output and ii) edges
not ready for output. This second category of A register
edges, called settled edges, have the following properties.

(a) No two edges overlap. If L; and L; are the left x-
coordinates of the edges in PE’s i and j, respec-
tively, and R; and R;, respectively, are their right x-
coordinates, then either R; < L;or R; < L;.

(b) The edges are ordered by their x-coordinates. So if
i <j,thenR; = L;.

The B registers contain edges that are either ready to be
output or are looking for a PE to settle into (this can only
be done by moving into an A4 register such that properties
(a) and (b) are preserved). Let B be an edge looking for a
PE to settle into. B moves to the right (through B regis-
ters) until it reaches a PE whose A register edge A lies
entirely to its right (Fig. 7(a)) or with which it overlaps
(Fig. 7(b) is one such case).

In case B is entirely to the left of A4 (Fig. 7(a)), B settles
in this PE and A4 moves rightwards through the B regis-
ters. Edges B and A are checked for possible spacing vi-
olations. When B and A overlap as in Fig. 7(b), edge 4
is split into two segments a and b. Edge B is split into the
two segments ¢ and d. If the vertical distance between
segments b and d is less than w, then a width error is to
be reported. This error is recorded in segments a and d.
Segments b and ¢ are discarded as they are not needed to
detect any further width errors in the y-direction or spac-
ing errors in the x-direction. Segment d continues to move
through the B registers. Observe that segment a isn’t ready
for output as it is needed to detect further width and spac-
ing errors. Further, observe that by splitting the edges 4
and B and discarding segments b and ¢, we ensure that



KANE AND SAHNI: SYSTOLIC DESIGN-RULE CHECKER

Fig. 6. DRC schematic.
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Fig. 7. Relationships between A and B edges.

when the segment d eventually settles, it does not overlap
with other settled edges.

When the situation depicted in Fig. 7(c) arises, we need
to check if the vertical distance between the B and A4 edges
is at least s. If it is, then the remaining edges passing over

A are too far from 4 to result in errors. So, edge A may .

be discarded if no errors have been detected so far with
respect to it. If they have, then the status of this edge is
changed to “‘ready for output.”’ In case the vertical sep-
aration between B and A is less than s, then a vertical
spacing error between B and A exists. This is recorded
and the edge 4 is declared ready for output. Observe that,
in this case, a y-direction spacing error has been detected.
While we earlier stated that only x-direction spacing er-
rors will be detected in this pass, our implementation at
times records y-direction errors too. This is essential to
catch the spacing error of Fig. 7(d).

With this introduction, we present the details of the
DRC. We begin with the description of the registers 4 and
B that each PE has. In describing the fields of a register,
we shall use the notation A[i].x to mean field x of reg-
ister A of PE i. Each register in the DRC has all the fields
necessary to describe an edge. In addition, the following
fields are also present.

PR This is a 2-bit priority field used to control the
flow of data in the A and B registers. The
four possible values assignable to PR have
the following interpretation:

PR = 11: This signifies an empty register.
If ud = 0, then this is an
empty register to the right of
the rightmost edge in the
DRC. If ud = 1, then this is
an empty register to the left of
the rightmost edge in the
DRC.

we
N

rightok

yright

leftok

KXext

PR = 10: The register contains an edge
that has yet to settle in its
place. This value is possible
only for B register edges.

This value is possible only for
an A register edge. It denotes
an edge that has settled.

Denotes an edge for which an
error has been detected.

A 1-bit width error field. It is set to 1 if a width
error involving this edge has been detected.

A 1-bit error field that is set to 1 when a spac-
ing error involving this edge is detected.

A 1-bit field. This is used only for edges with
ud = 0. Let X, Ye {4, B}. X[i].rightok
= 1 iff there is a j such that
(X[i].P#=Y[j].P#and X[j].x, =

Y[jl.x;and Y[j].ud = 0).

Used in conjunction with rightok. Gives the
y-coordinate of the edge that satisfies the
condition of rightok

A 1-bit field that is used only for edges with
ud = 1. Letx € {4, B}. X[i].leftok = 1
iff there is a limb (i.e., an upward growth
of a polygon from one of the ends of a hor-
izontal edge with ud = 1) at the left end of
the edge.

When leftok = 1, x,,, gives the leftmost point
of the edge. Since edges may get split dur-
ing processing, x.,, may not equal x, (x; will
be the current left end of the split edge).
Since the rightok and Yrighe fields are used
only when ud = 0 while the leftok and x,,,
fields are used only when ud = 1, these
fields may use the same physical register
space.

PR = 01:

PR = 00:
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At the start of each cycle of the DRC, an edge is in-
serted in By. This edge has PR = 01, and we = se = 0.
Since edges come from the SAX (or SAY) only once every
two cycles, the cycle time of the DRC must be at least
twice that of the sort arrays. Once the edge enters the DRC
at By, it moves towards the right until it finds its correct
position with respect to the edges in the A registers. The
A register edges are ordered by their x; values. As the B
register edges move to the right, width and spacing checks
are performed against the A register edges in the PE’s.
Once all the horizontal edges have been entered into the
DRC, we set B[0O].PR = 11, B[0O].ud = 1, and
A[O0].PR = 11. This will cause the detected errors to
move to the left of the DRC from where they may be re-
moved and sent back to SAX or the CPU.

The basic cycle of the DRC is described in procedure
cycle (Program 1).

procedure cycle

interlimb distance

B edge is
broken here

Fig. 8. Interlimb distance.

procedure spacecheck 1.2

ifB.x, — A.x, <s

then [A.se < 1;B.se < 1] endif
end spacecheck 1.2

{pulsating cycle of the systolic DRC}

repeat
{ shift B edges right }
for every PE i, i < ndo
Bli+1] < B[i]
B[0] < new edge
B[0] .leftok < O

A[0] . (PR, x,, x,, we, se; ud) < (00, —o0, —0, 0,0, 1)
PROCESS IN EACH__ PE { described later }

{ shift A edges as needed }

for every PE i do

if A[i]. PR = A[i+1].PR = 11 and A[i+1].ud = 0
then { mark i as right of rightmost edge }

Alil.ud =0
end

for odd / on odd cycles and even i on even cycles do
if A[i]. PR > A[i+1].PR
then if ((A[i]. PR = 00) or (A[i]. PR = B[i].PR = 11))
then A[i] < A[i+1] { interchange edges }

endif
endif
end
until false { infinite loop }
end cycle

A. Procedures Used for Width and Spacing Checks

Before specifying the details of the step
‘PROCESS _IN EACH_ PE." we describe a few pro-
cedures used for this purpose.

Spacecheck 1.1: This is used by a PE that contains an
edge in its A register that is to the right of the edge in its
B register.

procedure spacecheck 1.1

ifAd.x, — B.x, <s

then [A4.se < 1;B.se < 1] endif
end spacecheck 1.1

Spacecheck 1.2: This is similar to Spacecheck 1.1 ex-
cept that the B register edge is to the right of the A4 register
edge.

Spacecheck2: This is used to check the interlimb dis-
tance in polygons (Fig. 8). As edges progress through the
DRC, they may get broken. So, the edge in a register may
actually be only a segment of a larger edge. The leftmost
point on the original whole edge is ‘‘remembered’” in the
field x ., which takes the place of Vygn (Xex i used when
ud = 1 while vy is used when ud = 0).

procedure spacecheck 2
ifB.x, — B.Xo)y < §
then B.se < 1 endif

end spacecheck 2

Widthcheckl: This is used when the 4 and B register
edges in a PE belong to the same polygon, have some
overlap, and A.ud = 0 and B.ud = 1.
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Fig. 9. A4 and B edges for widthcheck2.

A edge

procedure widthcheckl
ifB.y—A.y<d
then [A.we < 1;B.we < 1] endif
end widthcheck 1

Widthcheck2: The widthcheck performed by this pro-
cedure is shown in Fig. 9. The PE that performs this check
has edges in its 4 and B registers that have the same poly-
gon numbers; A.ud = 0 and B.ud = 1; and A.rightok
= 1.

procedure widthcheck2
ifB.y — A. Yrigne < d
then B. we < 1 endif
end widthcheck?2

B. PROCESS_IN_EACH__PE

In this step of the cycle, each PE examines the edges
in the 4 and B registers and performs the checks based on
this. In order to understand the edge-processing procedure
to be outlined shortly, it is necessary to keep the follow-
ing in mind.

1) Edges may settle only in 4 registers. Thus

B.PR # 01 for any PE.

2) Edges that have not yet settled must do so by mov-
ing to the right via B registers. So, the case 4. PR
= 10 is not possible.

3) Settled edges are ordered by their x values left to
right in the A registers. The sequence of settled
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Fig. 10. Examples for edge splitting.

edges (i.e., PR = 01) may be interspersed with
error edges (i.e., PR = 00) and empty edges G.e.,
PR = 11).

4) A polygon edge may get split during processing.
Fig. 10(a) shows a polygon with a hole in it. When
edge e is the B edge in the PE that has the edge acd
in its A register, the acd edge is split into the three
segments a, ¢, and d. The segments a and ¢ are
discarded. In the case of the polygon in Fig. 10(b),
the edge e causes the edge ac to be split into seg-
ments a and c. The segment a is discarded as no
new errors with respect to this segment are possi-
ble. All errors detected for the edge are retained by
the remaining segment.

In general, edge splits and discards are carried out so
as to ensure that the set of active edges (i.e., PR = 01 or
10) have no overlap of their x-coordinates.

The exact mechanism by which width and spacing er-
rors are detected is best described using algorithmic no-
tation as below. An example illustrating the working of
the SDRC appears in Section IV-C.

procedure PROCESS__IN_ EACH__PE

begin
case A.PR of

00: { A edge has an error; do nothing }
10: { A edge hasn’t settled. This is not possible.
Only B edges may have PR = 10 }

11: { A register is empty }
case B.PR of

00: A < B { Move error edge to empty A register }
01: { Not possible as edges can settle only in 4 register }

10:ifA.ud =0

then {No edges to the right of PE }

[B.PR « 0.1; 4 © B]

endif

{ B edge must settle here }

11: { do nothing }
end case { B.PR of }

01: { A edge is in its correct place }
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case B.PR of
11: { do nothing }
00 and O1: { not possible }
10: case A .ud of
0: { At this point A.PR = 01, B.PR = 10, A.ud = 0.
The interior of the polygon is above the edge 4.}
{Determine the relationship between the A and B edges }
case :
1: A.x; = B.x,:
ifB.ud =0
then {B edge is bottom edge of rectangle}
[if B.x, = A.x,
then { By assumption on the polygons B.p# = A.p# }
[B.rightok < 1; B. ygn — 4. Y]
else { B.P# <> A.P#or Band A4 are
from two limbs of the same polygon}
spacecheckl.1
endif ]
endif
{ This is B’s place to settle }
A.PR < 10; B.PR < 01; A <« B

{ Note that when B.ud = 1, no checks need
be performed as relevant checks were
performed when the A edge settled }
2: A.x, < B.x;:
ifB.ud =0
then {bottom edge}
ifA.x, = B.x
then { By assumption on polygons
B.p#=A.p#}
[A. rightok < 1; A. yjgn < B. Y]
else spacecheckl1.2
endif
else {top edge}
if A.x, = B.x; and not B. leftok
then {Set leftok and x.,, in case limb test is needed.
B edge may get split later}
[B.leftok < 1; B.x. < B.x;}
endif
if A. rightok
then {4 width check is needed. }
[if(B.y —A.y<d)and B.x;, —A.x,) < d
then B.we < 1]
endif
endif
3:else: { A and B edges have some overlap and so
must be part of the same polygon.
Note that A.x, < B.x; < A.x,. The case B.x; < A.x,is not
possible as this would have caused the B edge to be split
earlier, leaving B.x; = A.x; }

widthcheckl1
3.1: A.x, = B.x;:
case
31.1: A.x, = B.x,:
if A.rightok
then
[widthcheck2
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Fig. 11. Edge relationships for case 3.2.3.

if B .leftok
then spacecheck?2]
endif ]
endif
{ change status of 4 edge }
if A. we or A. se
then A.PR < 00
else [A.PR « 11; A.ud « 1]
endif
3.1.2: A.x, < B.x,:
{ split B edge and put left part in 4;
note that if there is a left limb of B,
B.leftok and B. x.,, were set in case 2.}
A.ud < 1;A.y < B.y; B.x; < A.x,
3.13: 4.x, > B.x,:
if A . rightok
then widthcheck?2
endif
if B .leftok
then spacecheck? endif
{ split 4 edge }
A.x; < B.x,
{ This is B’s place to settle }
A< B; A.PR < 01; B.PR < 10
end case { 3.1 }
3.1.2: A.x, < B.x,:
{ split B edge and put left part in A4;
note that if there is a left limb of B,
B. leftok and B. x,,, were set in case 2.}
case
32.1: A.x, = B.x,:
if A . rightok
then [widthcheck2; spacecheck2?] endif
{ split 4 edge }
A.x, < B.x;; A.rightok < 0
322: A.x, > B.x,.:
if A.rightok
then widthcheck2 endif
spacecheck2 { must be a limb }
{ split A4 edge discarding the segment 4. x, to Bx, }
A. X, < B. X,
3.2.3: A.x, < B.x,: {Fig. 11}
{ split A and B retaining segments aand d (Fig. 11)}
A.rightok < 0
(A4.x, Bx;) < (B.x;, A.x,)
end case { 3.2 }
end case { A.ud =0}
{ Begin last case to consider }
:A.ud = 1:
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{ At this time, A. PR = 01, B.PR = 10, and A.ud
= 1}.
ifBy—Ay=s
then { remaining edges are too far from A4 to cause
errors}
[if A.we or A.se
then A.PR < 00
else A. PR = 11] endif
else
case
:A.x; = B.x,:
ifnot [(B.ud = 1and B.x, = A.x))
orA.x; — B.x, = s]
then [A.se < 1; B.se < 1] endif
{ This is B’s place to settle }
A< B;A.PR < 01; B. < 10
‘A.x, < B.x;:
ifnot [B.ud = 1and B.x; = A.x,
or B.x; — B.x, = s]
then [4.se < 1, B.se < 1] endif
:else: { Partial overlap. So, B.ud = 0}
A.se < 1; B.se < 1
case
:B.x, < A.x,: {split A}
A.x; < B.x,
A< B;A.PR < 01; B.PR < 10
:B.x, = A.x,:
A.PR < 00
{ The remaining spacing errors involving the left
part of the A edge will
be detected when handling vertical edges }
end case
end case { else }
endif { B.y —A.y = s}
end case { of 4.ud }
end. { of PROCESS__INEACH__ PE }

C. An Example

We illustrate the working of SDRC by means of an ex-
ample. For the sake of clarity, the example is chosen to
be a simple one. The polygons are transferred to the
SDRC, where the SAX and SAY generate the edges. We
demonstrate the working of the DRC only for horizontal
edges. Thus, the input is taken from the SAX, which con-
sists of edges in the sorted order. Fig. 12 shows the layout
to be checked for width and spacing violations. The rect-
angle surrounding the polygons 3 and 4 is the boundary
of the layout. The minimum width required w and mini-
mum spacing required s are both equal to two units. Fig.
13 shows the edges input to the DRC, in the sorted order.
For ease of understanding, we will not use x,, x,, y, ud,
and p # to describe the edges; rather a name will be as-
signed to each of the edges. Fig. 13 gives the names of
the edges used in the example. The only other fields shown
in the registers of the PE’s are PR, we, and se. During
the operation of the DRC, some of the edges may get split
into segments. We provide names for the segments also
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(16,8) s (18,8)
(-4,6) < (-2,6)
(11,4) e (13,4)
(2,3) ¢ (10,3) 4
q 2
Vim0 22 (11,2) d (13,2)
3
(1,1) a (10.1)
(0,0) (14,0)
(-4,-1) p (-2,-1) (16,-1) q (18,-1)

Fig. 12. Example layout.

(Fig. 13). Fig. 14 gives the status of the DRC registers
just after the B registers have been transferred to the right.
We now describe the processing in the PE’s for the edges
in the example.

cycle processing 7
0 Initialization. All the PE’s are initialized so that
the PR field is set to 11 and ud to 1 (not shown
in the figure).

Edge p is input. This will settle in PE 0.

2 In PE 0, q is to the right of p. Spacecheckl.2 is
called. No error is reported.

3 In PE 0, a is to the right of p. Spacecheckl.2 is
called. No errors are detected. (Here onwards
we will mention Spacecheckl.l and Space-
checkl.2 only if they detect errors.) g settles in
PE 1.

4 In PE 1, a is to the left of q. a settles in PE 1 (i.e.,
it goes to the A register) and g moves to register
B, from where it is transferred to PE 2 at the
end of the cycle. :

5 In PE 1, widthcheckl is called. A width error is

detected. Note that a splits. g settles in PE 2.
No errors are detected.
il Note that in PE 1, b.x, = c. x;, but these belong
to the same polygon. Therefore, no error is re-
ported. In PE 2, Spacecheckl.2 is called and a
spacing violation is detected. g settles in PE 3.
8 In PE O, r overlaps p completely; no error is de-
tected. (This is indeed a dummy polygon.) In
PE 1, e is sufficiently above edge b, but b has
errors associated with it. Thus, A[1].PR is set
to 00. We will refer to the contents of this reg-
ister as error b.

This shows the status of the PE’s after PRO-
CESS__IN__ EACH_ PE. The A register ex-
changes have not yet taken place. As this is an

Jen—

)}

8.1

even cycle (i.e., cycle number is even), A[0]
and A[1] are exchanged.

9 In PE 3, a spacing error is detected. ¢ settles in
PE 3. g settles in PE 4. A[0] has the error .
Also note that all the edges have been input. The
error b is pulled out of PE 0, and A. PR is set
to 11 in the beginning of the next cycle.

10 In PE 3, a spacing error is detected between e and
c. Error f moves to PE 0.

11 In PE 2, s is sufficiently above r. Therefore, r is
deleted. In PE 4, A[4].PR is set to 00 to report
error d. Note that this is an odd cycle; thus, ¢
and error d are exchanged. Edge g settles in PE
5. Error fis taken out.

12 Exchange of 4 registers takes place in PE’s 2 and
3.

13 In PE 4, s is sufficiently above ¢, so it is converted
to error c. Error d moves to PE 1 and error e to
PE 3.

14 In PE 5, edge e is converted to error e. Error d
goes to PE 0; error ¢ to PE 2; and error e to PE
4.

15 Error d is pulled out; in PE 6, we retain only the
edge s in the A register. The errors and edge s
will be pulled out to the left gradually. When
edge s appears in PE 0, it indicates the end of
processing.

D. Performance

Under the assumption that the sort arrays and DRC are
large enough to accommodate all the edges, the sort time
and the DRC time is linear in the number of the edges in
all the polygons. Furthermore, the time spent extracting
the errors from the sort arrays is effectively overlapped
with the DRC processing. The edges input to the DRC
are sorted on the multikey (y, x;, ud). Thus, the layout
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name  se  we
11 11 11
11 11 11
2
10 0
11
10 0
01 0
10 0 10
01 0 11
10 0 10
01 0 01
10 0 10 100 q 0 0
01 0 01 11
10 0 10 10 f k3 0
01 0 01 o1f q 0 0
10 0 10 10 d 0 0 10 q 0 0
01 0 01 01 f 1 0 11
2 3
10 0 10 10 & 0 0 10 d 0 1
01 0 01 01 f 1 1 0l q 0 0
2 3
11 10 10 c 0 0 10 q 0 1]
01 0 00 00 f 1 1 01 d 0 1
2
11 11
1z 11
10 0 11 10 e 0 0 10 c 0 0
00 0 01 00 f 1 1 01 d 0 1
2 3
10 § q 0 0 11
11 11
4 5
name y x
14 -1 —4
q -1 16
a 1 1
b 2 1
d 2 11
c 3 2
e 4 11
r 6 —4
s 8 16
segment

f 1 2

Fig. 13. Horizontal edges of layout of Fig. 12.
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11 10 s 0 [ 11 10
11 00 £, 1 Xk 01 01
0 1 2
10 11
01 11
4
11 11 10 11
00 f 1 1 11 01 01
0 1 2
10 10
01 11
4
11 11 11 10
11 11 11 00
0 2
11 10
01 0 01
11 11 11 11
11 11 00 0 11
0 1
10 s 0 0 11 10
01 < 0 1 01 0 11
4
11 13 11 11
11 00 d 0 1 11 00
0 1
11 10 0 11
11 01 0 01
4
11 11 11 11
00 d 0 1 11 00 0 11
0 £ £
11 11 10
00 e 0 g 11 01
4
11 11 11 11
11 00 c 0 1 11 00
0 1
11 11 11
11 01 0 11
4
ud p#
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effectively is scanned from bottom to top. The edges pres-
ent at any time in the DRC are

1) The edges with ud = 0, which have the interior of
the polygon above them and the corresponding clos-
ing edge (i.e., the edge with ud = 1 and the same
x-coordinates) has not yet been encountered.

2) The edges with ud = 1 for which an edge suffi-
ciently above has not been encountered.

3) The errors reported but'not yet taken out of the DRC.

4) The segments created due to splitting, with above
properties.

No record is kept of the edges with no errors. Thus the
number of PE’s depends not only on the number of the
edges in the layout but also on the number of errors to be
reported.

In practice, of course, no matter how large the sort ar-
rays and the DRC, there will be times when the number
of edges to be handled exceeds the capacity of the arrays.
It would be essential in such cases to partition the layout.

For performing width checks in the y-direction and
spacing checks in the x-direction the layout is partitioned
into several vertical slices. For each such slice, we per-
form the widthchecks in the y-direction and spacing
checks in the x-direction. For width checks in the x-direc-
tion and spacing checks in the y-direction, we partition
the layout into horizontal slices. The minimum overlap
among the adjacent partitions is max {s, d} + 1. This
ensures that all the errors are reported. If the arrays are
not large enough to handle the strips, the layout must be
partitioned into rectangles satisfying the minimum over-
lap condition. This results in some edges being processed
twice. To minimize the effect of this overhead, the DRC
size should be large enough to allow partition slices sig-
nificantly wider than the minimum required overlap.

VII. CoNCLUSIONS

We have demonstrated the potential of systolic archi-
tectures in design-rule checking. While our design of a
DRC made several simplifying assumptions, these may
be relaxed at the expense of increased complexity. In par-
ticular, the assumptions about well-formed polygons (Fig.
2) and Manhattan versus Euclidean distance are trivially
modifiable. Of greater interest is determining the transis-
tor complexity of each PE and estimating the number of
PE’s that can be realized on a single VLSI chip. Once this
is known, one can estimate the speed up that one can ex-
pect using the SDRC versus a conventional computer.
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