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M ewtechniques arepresented for routing straight channels, L -channd s, switchboxes, and staircase
channels in a twoelayer Manhattan-diagonal (M D) model with tracks in horizontal, vertial, and
+45 directions. First, an Ofl.d}time algorithmis presented for routing astraight channd of length
| and density d with no owclic vertical constraints It is shown that the number of tradas h used
by the algorithm for routing rmultiterminal nets satisfiesd = h = id + 1). Second, an output-
sensitive algorithm is reported that can route a channe with oydic vertial constraints in O(l.h)
time using h tracks, al lowi ng overlapping of wire segmentsin two layers. Next, the routing problem
for @ multiterminal L-channd of length | and height h is solved by an O(l.h) time algorithm. If
no oyclic vertial constraints exst, its time complexity reduces to Ofl.d) where d is the density of
the L-channel. Finally, the switchbox routing problem in theM D model is solved degantly These
techniques, easily extendi bl eto the routi ng of stai rcase channd s, yield aficient so utions to detailed
routingin general floorplans E xperimental results on benchmarks show significantly low via count
and reduced wire length, thus establishing the superiority of MD routing to classi@l strategies.
The proposed al gorithms are also potential ly useful for general non-M anhattan area routing and
multichip modules (MCM s).

Categories and Subject Descriptors: B.7.1 (I ntegrated Circuits]: Types and Design Styles—WL5|
(very largescaleintegration); B.7.2 [Integrated Circuits]: Design Aids— Placement and routing;
1.2 [P hysical Sciences and E ngineering]: Engineering; | .6 [Computer-Aided Engineering|:
Cormputer-aided design (CAD)

General Terms: Algorithms, Design

Additional Key Words and Phrases: Manhattan routing diagonal wires, channel density

1. INTRODUCTION

Routing of nets is an essential step in layout design [Ohtsuki 1986; Pal 2000;
Sherwani 1999]. While solving the area routing problem optimally is NP-hard
[Ohtsuki 1986], a typical approach is to first decompose the routing area into
a set of routing regions (channels), then to perform global routing of the nets
through the channels, and finally to carry out detailed routing in each region
[Hoet al. 1991; Y cehimura and Kuh 1982]. Given a netlist in a routing region,
thetypical objectives of a detail ed router are to complete interconnecti on; min-
imize routing area, wirelength, number of vias, congestion, and arosstalk; and
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maximize yield. The routing solution and design time depend on the rout-
ing model. Various grid-based models of channal routing exist depending on
the number of available layers, the routing mode such as (Manhattan/knock-
knee/noni scthetic), layer assignments (reserved/unreserved), and terminal be-
havior (fixed, movable, or interchangeable) [Sherwani 1999]. The Manhattan
and the knodk-knee modd s [Sarrafzadeh 1987] have been studied extensively
in the past two decades. Some effort has been made to develop algorithms in
nonisothetic geometries such as times square mode using £60° directions [Lodi
et al. 1990] and the diagonal model using £45° wires [Chen 1987; Lod e al.
1991]. Song [1992] presented an optimal knodk-knee diagonal routing for L-
channel with twoterminal nets only In the Manhattan-diagonal (MD) model,
which combines diagonal and Manhattan geometries, channel routers based
on sarting were proposed by Chaudhary and Robinson [1991] and Yan [1999,
2000]. Another MD channel router was presented by Wang[1991] but thetracdk
count and via count for denser channds seem to be high and too many jogs are
required.

In a recent techndogical development, it has been reported [Cataldo and
Fuller 2001] that routing on-chip wires diagonally enables a reduction in wire
length of 20% on average, as well as 10%improvement in chip performance, 20%
decrease in power consumption, and thereby 30% more chips per wafer due to
smaller size Moreover, at extremely high frequencies, conventional Manhattan
{orthogonal 90° routing) alone is likely to lead to unwanted parasitic effects
causing signal degradation. Diagonal wires along with orthogonal wires have
the potential to alleviate inter connect-de ay problems. The proposed routing
architecture, called X-architecture, has been employed for a complete Reduced
Instruction Set Computer (RISC) processor design based on five metal layers,
with the lower three being dominantly aorthogonal, while the fourth and fifth
layers make extensiveuse of diagonal wiresinthe +45 and —45° directions re-
spectively. A longtime prejudice against non-Manhattan geometries has kept
chip manufacturers from using 45 wires for several years. As the shortest dis-
tance between two points is a straight line and nat a rectilinear path, a 45°
wireeliminates a via that is otherwise required to connect the vertical and hor-
izontal wire segments in nonoverlap reserved layer routing model; thus there
is less interconnect capadtance and improved performance Hence, the latest
challenge is to redesi gn computer-ai ded design (CAD) tools for routing, as well
as timing-driven floorplanning/placement with apprcpriate routing estimators,
toexplait the benefits of Manhattan-diagonal wiring.

Apart fram the channal routing problem, algorithms for therealistic problem
of detailed routing within a general routing region are also required. L ayout
topology often imposes an order in which the detailed routing of the regions
is to be completed, as the location of some of the terminals may depend on
the routing in an adjacent region. Assuming that the blocks in a redtangular
floorplan are al so rectangular, slid ble topologies can be represented by a binary
tree and postorder traversal of this tree provides a safe routing order [Dai
et al. 1985], for example, = 2,3,4,1 = in Figure 1(a). Cydic dependendes
in routing order for nonslidble topologies (Figure 1(b)) can be overcome by
introdudng L-shaped routing regions (henceforth referred as L-channds as in
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Fig. 1. Safe routing order of channe s,

Figure 1(a)) [Dai et al. 1985; Sur-K day and Bhattacharya 1991]. In Figure 1{c),
the safe routing order is < 1, 2, 3, 4 =, whered' is an L-channdl. An L-channel
can be further generalized to a monotone staircase channel [Guruswamy and
Wong 1988 Majumder et al. 1998; Sur-K olay and Bhattacharya 1991] that also
guarantees safe routing arder. The problem of safe ordering with minimum
number of switchboxes has been solved effidently [Y an and Hsiao 1996]. Even
though the routing of a four-si ded switchbox is a difficult problem in general, its
importanceis revived as it al soarises in tower routing of MCMs[Sherwani 1999;
Sherwani et al. 1995]. These issues motivate us to provide a unified strategy
for solving the problem of routing L-channels, staircases, and switchboxes.

For a general junction, Maddila et al. [1989] proposed a routing method
under the restrictive knodk-knee model. Tsai et al. [1992] formulated general
area routing as a planning problem decompaosing the routing process into a
conjunction of subgoals, each subgoal consisting of a selection of net segments
and the assignment of track resources. However, it may need backtracking and
rmay not report any solution as it usesthe Manhattan modd, even if avalid MD
routing exists. The time complexity of this method is high. Thus, solving MD
routing in general regions is also an open problem.

Section 2 summarizes the main results. In Section 3, preliminaries are dis-
cussed. The next two sections deal with channel routing algorithm in reserved
and unreserved layer models respectivel y Section 6 deals with L-channel rout-
ing. Next, in Section 7, switchbox routers in the MD-model for both reserved
and unreserved layer model s are proposed. These outperform existing routers;
in particular, an extra row or column is not required to route Bursten's and
other difficult benchmark switchboxes. Finally, a scheme for staircase channel
routing is given in Section 7. Section 8 condudes the paper.

2. MAIN RESULTS

This paper outlines a new approach to detail ed routing that combines the ad-
vantage of both the diagonal model and Manhattan geometry. We consider two
routinglayers with fixed terminal s, and the Manhattan-diagonal (£45°) model.
Thus, wire segments may either be rectilinear or at +45° directions. Although
there are several routing layers nowadays, typical routing strategies tackle sig-
nal routing from bottom to top layers taking two at a time. First, we consider
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channel routing in the reserved layer model (i.e., the horizontal and diagonal
wire segments in one layer and the vertical wire segment in the other layer),
and present an O(l.d} time algorithm that routes a channel with no cydic ver-
tical constraints in h tracks, where | is the length of the channel, d is the
channel density, and d = h = (d + 1). Berger et al. [1995] proposed an algo-
rithrm that routes any two-terminal net problem with density d using at most
d + 0(y/d) tracks. For multiterminal nets, the upper bound on the usage of
tracksis 2d + O(+/d). We show that if the vertical constraint graph of a mul-
titerminal channel routing instance is acydic the upper bound on track usage
for completion of theroutingisd + 1.

Next, we describe an output-sensitive algorithm that can route channels
with oydic vertical constraints using h tracks, in O{l.h) time (i.e, linear in the
area of the channel), assuming an unreserved layer MD modd wherehorizontal,
vertical, and diagonal wire segments arein any layer that allows overlapping
of wiring segments on two layers. The proposed al gorithms out per form those
reported earlier [Chaudhary and Robinson 1991; Hoet al. 1991; Pal et al. 1995;
Y oshimura and Kuh 1982] both in time complexity and quality of solutions.
E xperiments with benchmark examples show very encouraging results. The
router outputs an 18-track sdution for the Deutsch’s [1985] difficult example, a
two-track solution for Burstein’s difficult channel [Burstein and Pelavin 1983],
and a 15track solution for cydetough [Ho 1989] without inserting any extra
row or column. The router also produces solutions with low via count and re-
duced wire length compared to the via minimizer of [The et al. 1991]. To the
best of cur knowledge, routing of these benchmarks in the MD model is being
reported for the first time

We also propose new algorithms for detailed routing of L-channels, switch-
boxes and staircases in thetwo-layer MD model. For L-channd routing, thecore
of the proposed method lies in routing a right-angled triangular region. This
greedy heuristic method assumes a nonoverlap/reserved layer routing model,
and can handle cydic constraints. The complexity of all the algorithms pre-
sented arelinear in the area of theregion. Thesetechniques can providea uni-
fied and effid ent routing paradigm tosolve a general dass of routing problems.

The design rules for the MD model as illustrated in Figure 2, can be sup-
ported by the CMOS fabrication process [Pucknell and Eshraghian 1996]. We
recommend that the minimurm separati on rule between avia and a 45° wire as
inFigure 2(b), be made mare robust by using octagonal vias (Figure 2(c)), cther
vias remainingsquare. Henceforth, a square (octagonal) via will be represented
by a sdlid square (drde) in all subsequent figures.

3. PRELIMINARIES

A redtangular channd consists of two rows of terminals, placed along two of
its paralld sides, on | {length) equidistant columns. The channe is called hor-
izontal (vertical) depending on the direction of the parallel sides on which the
terminals lie. An integer i, 0 = i = n, is assigned to each terminal. All ter-
minals with the same integer labal i, i = 1 belong to the same net and are
to be connected, while those labeled with 0 represent unconnected terminals.
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The chjective of the dassical channel routing problem is to connect all the ter-
mi nals spedified by a given netlist with minimum number of tracks h (channel
hei ght [Sherwani 1999]), thus minimi zingthe channel area. Reducing via count
andfor wire length is also important for high-performance layout design. The
harizontal constraint graph (HCG) is an undirected graph whose nodes corre-
sponds to nets, and there is an edge between node i and node j if along the
channel the interval spanned by net i intersects that by net j. The density d
of a channel isthe maximum number of nets arossing a column in the channel,
that is, the size of the max-dique in the horizontal constraint graph (HCG)
[Pal 2000; Yoshimura and K uh 1982]. The vertical constraint graph (WCG}isa
directed graph whose nodes carrespond to nets, and a directed edge from nodei
to node j existsifin any column, a terminal of net | appears on the top row and
a terminal of net j on the bottom row. These two graphs play a major rolein
many channel routing al gorithms. Routing of channels with cydicvertical con-
straints often poses a difficulty and may need doglegging of nets in the reserved
two-layer Manhattan model [Sherwani 1999].

AnL-channd isan L-shaped rectilinear routing region comprising a vertical
channel, and a horizontal channel with their respective bottom and left ends
forming two adjacent sides of a rectangul ar region. This region at their meeting
point is referred as the L-jundtion. Thus an L-channel is bounded by an external
boundary, an internal boundary, and two open ends; it has no obstades in its
interior. It has equidistant terminals of nets along the external and internal
boundaries. If it has | equidistant terminals on its external boundary, itis said
to be of length |. The height h of an L-channe is said to be the greater of the
hei ghts of its vertical and horizontal channels. The chjective is to connect the
nets on an L-channa using minimum number of tracks. If extra tracks are
required for completion of routing, the L-channel is expanded in the direction
marked out as in Figure 1(c).

A switchbax is arectangular routing region with terminals located on threeor
more sides. Theregion is said to consist of k rows and m columns. The objective
is to obtain a valid connection of the nets within this region.

3.1 Design Rules for the MD Model

Inthe MD model, each layer of a channd C of length | and height h is assurmed
to consist of | = h grid points (Figure 3) formed by iscthetic equidistant grid
lines separated at a unit distance determined by the design rule. In addition,
the diagonal tracks connect all pairs of grid points separated by a distance
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Fig. 5. [llustration of lower bounds on h for a channd with density d = 4, in unreserved models:
{a) h = 2 for Manhattan, (b)h = [d — 2),/2] = 1 for Manhattan-diagonal routing

of +/2. Thus, the degree of an interior node in the grid structureis 8. Terminals
appear on thefirst and last rows of the channal, and vias must be placed on
grid points.

3.2 lustration of Area Efficiency of MD Model

Figure 4 shows a typical example [Yoshimura and Kuh 1982] of a rectangul ar
channel which has been routed in an unreserved layer MD model. Only three
tracks are used, whereas the channel density is 5.

3.3 Lower Bounds on the Number of Tracks in Channel Routing

In the reserved layer Manhattan modal, it trivially follows from the definition
of density of a channd that the minimum number of tracks h = d. In the
unreserved layer Manhattan model [Sherwani 1999], h = [d /2]. The bound
is further improved for the unreserved layer MD model, as observed bel ow.
Figure 5 shows comparative routing of an example. The lower bound (h = 1)
can be achieved by slightly rerouting the net 3 in Figure 5(b).

Osservation 1. Intheunreserved layer MD modd, h = [(d — 2)/2].

Proor. As two different nets cannot pass through the same grid point of a
given | ayer, at most 2h nets can beaccommeodatedin a colurmn intheManhattan
madel. | ntheMD model , two extra nets may be router’ *hrough the same column

- ' -
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Fig 6. Transfer of nets onto adjacent tracks via diagonal edges.

(Figure 5(b)) using the diagonal edges batween thetop and bottom rows. So at
most Zh + 2 nets can pass through the column. Hence, h = [(d — 2)/2]. O

4. CHANNEL ROUTING IN THE RESERVED LAYER MD MODEL

4.1 Formulation

Ifthe VCGis acydic then it is possible to route any arbitrary channel using a
simpler MD model, with a reserved | ayer strategy. Weassume that all hori zontal
and +45° wiring segments lie on one layer, and all vertical segments lie on the
other layer. Thus, no two wiresegments on two different layers overlap.

THeorem L A channd with density d and an acydicVCG is routablein h
tracks in thereserved layer MD modd, whered =h=d + 1L

Proor. Since all the horizontal tracks liein one layer, wehave h = d. The
rest of the proof follows from the fol lowing facts.

The vertices of the acydicVCG aretopol ogical ly ordered toyield a sequence
of nets S = {a;, 3y, ..., 8} such that if net & precedes net a; in the VCG, then
j = i. Wenow show that routing can be accomplished in at most (d + 1) tracks
such that the set of nets passingthrough any column, ordered from the topmost
track tothe bottom, is a subsequence of 5.

Suppose routing is being done in the channel from left-to-right in a column-
by-column fashion. Since h = d, we assume that at least d tradks are already
laid out in the channel. Consider a column ¢ where t tracks have already been
occupied (Figure 6). The ordering of the nets occupying the tracks fromtop to
bottorn confor ms with the sequence 5. Tracks that are not assigned to any net
in a column arecalled freein that column. We need to consider two cases.

Casel: Only ocnenew net o, begins (i.e, its leftmost terminal appears) at the
next column g 1.

Casell: t=d.
Assumethat o\ appearsbetween oy anda; (j1 < j2) intopdogical order.
Then ay can be accommodated using diagonal wiring within the interval
(g.G.1) and a freetrack in g1 as shown in Figure 6(a). The sign of the
diagonal (i.e., +45 or —45° ) depends on the relative position of the free
track and the net «.. Thus, column g1 needs at most d tradks.

Casel2: t=d.
Since t does not exceed d in any column, at least one net, say «; (occupy-
ingtrack t;) has to terminate at column ¢ to make room for the incoming
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net in column ¢_;. If k = j in net ordering (Figure &(b)}, then in colurmn
1, the net ap is assigned totrack t,_; for all p, j <= p = k. For ather
nets, track assignments are kept unchanged. Horizontal segments of the
same net occupying adjacent tracks are then connected using +45° diag-
onal wiring If k < j, we need to use —45° diagonals (Figure 6(c)). Thus,
routing can be completed up to column ¢ 1 in d tradcks preserving the net
orderingin 5.

Case2: Two new nets begin at column g 1.
Let the two nets that begin at cdumn g 1 beay; and oy (let k1 < k2).

Case2.1: Assume that at most d — 1 tracks are occupied in the previous
column ¢, that is, at least one track is free. In addition, at least one net
conforming to 5, say a1, must terminate in column ¢. Using diagonal
wiring fromappropriatetracksin columns g and ¢ 1, onecan accommaodate
two incoming nets using at most d tradks as shown in Figure 7.

Case2.2: Assume that d tracks are occupied in the previous cdumn g; two
nets, say oj; and a2 (let j 1 < j 2), must therefore terminatein column g .
Assurme with loss of generalitly that, j1 < kL

Case2.21: (i}jl<kl<j2<k2(ii)jl<kl<k2<j2.
Figure 8 shows Case 2.2.1{i). It is easy to see that the concerned portion
of the channd can be partitioned horizontally into two parts, each of
which encounters only onenew net. Fromtheresults observedin Case 1,
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it follows that routing can progress from column ¢ to g1 using only d
tracks (Figure 8). Case 2.2.1(ii) is similar.

Case22.2: jl<j2<kl<kZ
Figure 9 illustrates this case, where one extra track is required to con-
tinuerouting Thus, (d + 1) tracks are necessary and sufficient in column
g.1. Since the congestion of a column cannot exceed d, one track must
be freein column g 1. Hence for all subsequent columns, by virtue of
Casel and Case 21, no more than (d + 1) tracks are required.

Since the VCG is acydic, the order of the nets remains invariant throughout
the length of the channel. Thus, the progressive routing strategy discussed
above will be successful using h tracks, whered =h=(d+1). O

4.2 Algorithm 1: MD-CR (Reserved Layer MD Channel Router)

Input: A channel C of length | with columns €1, ¢z, ..., o from left to right,
a netlist of n nets (acyclic VCG), and two routing layers.
Qutput: Reserved layer MD routing (horizontal and £45° connedions in one layer,
and vertical connedions in other layer), in at most (d + 1) tracks.
begin
Step L (a): Topologically sort the nodes of the acydic VCG
and construct an ordered sequence of nets {a;, 8., ..., 8,
ib): Determine the density d of C;
freetrads (cp) = d; /* d free tracks in C */;
Step 22 Assign trade 1 and track d respedively to the nets corresponding to
the terminals on top and bottom in column c;p;
| =
Step 3. Repeat
fa) if leftmost or rightmost terminal of any net does not appear in clumn g
then track assignment for column ¢ is sameas in column ¢ _g;
(b} ifr netsi{r = 1or 2)terminate in column ¢ then mark the free tracks;
freetrack(c,) ;= freetrackic,_ ;) + r;
ic)  #new-net{c) = 1then /* freetrackic, )= 1%/
locate track t; that fits the incoming net satisfying the topological order;
if track is not free then make it free by using diagonal connediions
from thegrid points in column ¢, and assign the tracks in column ¢
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Fig.10. Anexampleof reserved layer M D routingwith densityd =9, vy, = 13, and the number
af tracks h= 10.

Fig. 11. (a)Case2.2.2 whered + 1 tracks are necessary; (b) improvernents if layer reservation for
diagonals is re axed.

accordingly; / as in the Case 1 of Theorem 1 %/
freetrackic;) := freetrackic ;) — 1;
(d) if #new-netic) = 2 then
if freetrackic ;) = 1 then assign tracks for new nets
and set diagonals accordingly; ffas in Case 21 %/
freetradk(c) = freetrack(c ;) — 2;
gseif freetrack(c 2) =0
/* two nets say, ajy and a;; (] 1< ]2) must terminatein column ¢_y;
let nets wyy and oy (k1 = k2) begin in column ¢ */
if{jl =kl<j2)or(kl = ]1=k2)then
assign tracks and diagonals as in Case 2.2.1;
freetradk(c) = freetrack(c 1) — 2;
elseinsert an extra tradk;
Makeheight d + 1 and assign tracks and diagonals as in
Case 2.2.2: freetrack(c ) := freetrack(c ;) - 1 Fh=d + 1%
e} Complete vertical connections and place vias appropriately.
i=i+1
until i :==1 +1;
end.

Example 1. In the example shown in Figure 10, the via count is 32 and
thetotal wirelength is 254.31, of which the length of diagonal wire segments is
11.31.

Remark. The height of the channel inaeases from d tod + 1 only in the
situation described in Case 2.2.2. However, if the diagonal wiring segments are
all owed to occupy bath the layers, then it may be possible to route in d tracks
only (Figure 11).
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Tablel. Results on Benchmarks with AoyclicVCG in
Reserved Layer MD Model

| Murmber of
Example | Density (d) | vmax | ftracks ih)
YK | 15 4 15
Y Ky | 17 9 17
YK | 18 B 18
DDE | 19 23 19
Ex. 1(Figure 10} | 9 13 10
L 2 2 2 5 @ L& 9 9 ¢ % 3
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Fig. 12. Routing of Burstein's difficult channd in the unreserved layer M D modd .

Complexity. Step 1 can be performed in O(l) time. Step 3 iterates | times
and requires O(d) time in each iteration. Thus the overall complexity of the
algarithm is O(l.d}, that is, linear in thearea of the channal. The router needs
at least d tracks, and at most d + 1 tracks. The space complexity isalso O(l.d).

4.3 Experimental Results

We have run our algorithm on standard routing benchmarks (YK, denotes the
ith example of Y cehimura and Kuh [1982]) and the Deutsch difficult example
(DDE ) [Deutsch 1985], whoseV CGs areacydic. The al gorithm terminates very
fast and outputs routing with a channel height (h) equal to density (d} in each
of these cases. A contrived example (Example 1) shown in Figure 10 requires
d + 1tracks. Results aregiven in Tablel. 1t may be observed that the channel
height hisindependent of thelength (viyay) of thelongest diredted pathin VCG.

5. CHANNEL ROUTING IN UNRESERVED LAYER MD MODEL

IftheVCG contains oneor more directed oyd es, notopol ogical ordering of netsis
passible. In other words, ordering of track assignment cannot remain i nvariant
in all calumns. In the reserved two-layer Manhattan modd, a channel with a
oydic VCG may not be routable unless a suitable column (or a blank column) is
found to accommodate a dogleg. In the unreserved layer or knodk-knee model,
this problem is relatively easy to tackle In the unreserved layer MD modsl,
cydesin VCG can be handled by using overlapping of nets in different layers,
or by X- or swap routing [Chaudhary and Robinson 1991] as explained below
in Section 5.1.

The height of a channel, number of vias and wire length can be significantly
reduced using an unreserved layer MD router. Figure 12 shows the cutput of
the proposed router for the Burstan's difficult example (BDE). 1ts VCG has
directed cydes. An earlier solution [Ho et al. 1991] has three tradks and three
vias, wher eas our router uses two tracks and onevia and smaller wire length.
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Fig. 13. Resolving oyclic conflict in the unreserved |ayer M D model.

5.1 Resolving Cyclic Conflicts in VCG

(a) If theWVCG has acyde, there exist two nets that appear in somecolumn g in
reverseorder. To continue routing one needs toswap thetradk assi gnments.
If these two nets are routed in different layers (Figure 13{a)), the conflict
can be avoided. If they are in the same layer in column ¢_1, we can use
horizontal X-routing provided they occupy adjacent tracks (Figure 13(b)).
However, there are cases (Figure 13{(c)) wherethis cannat be done because
of nonavail ability of via space at the grid point g. Cydicconflict can alsobe
diminated by using vertical X-routing and column shifting (Figure 13(d}).

(b) The number cydic conflicts can be considerably reduced if we pick up min-
imum number of edges whose removal renders the remaining VCG acydic
This calls for solving the minimum feedbadk arc set (MFAS) problem in
a directed graph, which is known to be NP-complete for general graphs
[Garey and ] chnson 1979]. We use a linear-time greedy heuristic based on
depth-fir st search for solving M FAS.

5.2 Theme of the Algorithm

We now present a greedy algorithm for routing a channel in the unreserved
layer MD model. First, the VCG is made acydic by removing a minimal set of
edges. This identifies the columns where nets areto be swapped. The resultant
VCG is sorted topologically to determine a linear ordering of nets. We assume
[d/2] tracks are available initial ly.

The algorithm routes thenets in column-by-column fashion as befare Since
horizontal segments in two layers may overlap, effectively we have d tracks to
start with. Tracks are assigned to nets following the order, and diagonals are
inserted if necessary when new nets appear. Cydicconflids are resolved using
overlaps or X-routing. New tracks are inserted whenever necessary. Vertical
connections areimpl emented using straight wire segments and mini mum vias,
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and if no such path is found, the possibility of rerouting it through its neigh-
borhood is examined (Figure 14), o a maze router [Sherwani 1999] is called
on the grid structure of Figure 3. If the maze router fails, an extra track (or a
blank column) is inserted to completethe vertical connection. The algarithmis
formally described below.

5.3 Algorithm 2: MD-CU (Unreserved Layer MD Channel Router)

Input: A channd C of length |, a netlist of n nets, and two routing layers.
f Letci, cz, ..., @ denote the columns ordered from left to right =/,
Output: Unreserved layer MD routing.

begin
S?gep L {a} Construct theVCG and make it acyclic
by removing minimum number of edges in a simple greedy way;
ib)  Topologically sort the nodes of the acydic VCG;
construct a linearly ordered sequence of nets {a,, &, ..., 8y l;
ic) Determine the density d of C;
(d) freetrack-layer-lico) = [d/2]; freetradk-layer-2(a) = [d/2];
f* initially, d tracks are free in C */
e i=1;
Step 2. Repeat
ta) if leftmost or rightmost terminal of any net does not appear in clumn g
then track assignment in column ¢ is same as in column ¢_q;
(b ifr netsir =1 or 2)terminate in column ¢ then mark thefree tracks and
increment the freetrack count of the two layers accordingly;
ic) Iif #new-netic)= 1then
if freetrack-layer-1(c; ;) = 0 then g := 1, TRACK (g);
elseif freetrack-layer-2(c_;) = Othen q = 2, TRACK (g);
elseinsert a free track in a position satisfying the topological order,
and assign thenet in laye 1;
freetrack-layer-2ic;) := freetrack-layer-2{c ;) + 1;
(d) if #new-net(c)= 2 then
if freetrack-layer-1(c; ;) = 1, then call step 3{d) of Algorithm 1
elseif freetrack-layer-1(c 1) = 1then
if freetrade-layer-2{c_;) = Othen
q:= 1, TRACK(q), g:= 2, TRACKI(g)
elseinsert a free track in a position satisfying the topological order
and call step 3id) of Algorithm 1;
freetrack-layer-2(c;) := freetrack-layer-2ic ;) + 1;
elseinsert a free track in a position satisfying the topological order;
q:=1; TRACKI(g), g:= 2; TRACK(g);
() /~let aia; ) be the net to be connected to top (bottom) terminal in column ¢.%/
if radesti, t; assigned toa;, a; (resp.) are in the same layer
and ocaupy adjacent tracks in column ¢,
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and theedge (a;, a;) was removed from theVCG in Step 1(a)
then interchangetradks assigned to a;, a; by X-routing;
dseskip this step;

if) Vertical-Conned ({glt, c)), (toplc)));
Vertical-Conned ({glt;, c)), (bottom(c 1));
Placevias appropriately.

i=i+1
untili:=1 +1;
end.
Procedure TRACKI(q)
begin

locatetrack t; in layer g that satisfies topological order induding incoming nets;
makethe tradk free by using diagonal connedions from grid pointsin column ¢
and assign the tradks in column ¢ accordingly;

freetrade-layer-gic ) == freetradk-layer-gic 1) — 1;

end;

Procedure Vertical-Connect {{git, ¢ )), (top/bottom({c}))

f* gisagrid point formed by intersection of a horizontal track t and column ¢, and
top/bottomic; ) denotes thetop or bottom terminal in column €. Thegoal is tointerconnect
thesetwo points. =/
begin

1. ifvertical connection possible then

connect them by a vertical wireusing one o both layers and vias;

dseif re-routing is possible, as in Figure 13 or Figure 14 then re-route;
elsecall maze router in sub-grid bounded by o and ¢;

/* ¢, denotes the column where the maze router was called last; initially,
k="1.%

2. if maze router fails then add a new horizontal tradk in the required position

of a blank column (between ¢ and o );
re-adjust tracks using diagonals; complete the interconnection using a vertical
wire
end;

Complexity. TheVCGismadeacydic by removingminimal number of edges
using a greedy heuristic based on depth-first search. Thus, Step 1 can be per-
formed in Ol ) time. Step 2 iterates | times and Steps 2(a)-(d) require O(l.h)
time over | iterations as before, where h is the channel height. Step 2(e) takes
O(l) time. Completion of vertical connections as well as placement of vias in
Step 2(f) takes O(l.h) time over | iterations, because the search space in the
{I = h) grid on which themaze router is called is distina in each call. Thus, the
overall complexity of thealgorithm is O(l.h}, that is, linear in area of the chan-
nel. Thespacecomplexity is also O (l.h). Thetime compl exity of the router shows
significant impr ovement over those reported earlier [Chaudhary and Robinson
1991; Hoet al. 1991; Pal et al. 1995; Y oshimura and Kuh 1982].

5.4 Experimental Results

We have implemented the algarithm using a heuristic for the MFAS problem
and a simple maze router. Table |1 compares its performance with the results
obtained in the Manhattan model [Deutsch 1985; Ho and lyengar 1989 Ho
et al. 1991; Reed et al. 1985; Rivest and Fiducda 1982; Yoshimura and Kuh



Manhattan-Diagonal Routing in Channels and Switchboxes . 89

Table Il. Mumber of Tracks for Benchmark E xamples

Murmber of tracks Proposed router in MD-model
by earlier routers #extra blank #calls to
E xample Density (two layers) #trads columns maze router
YK 15 15¢ 13 0 3
YK 17 17 15 0 z
YKz 1 18 18 17 y 1
VK12 16 1 1
DDE = 19 1ghcd 18 0 0
CR 19 17® 17 ] 0
BDE{ (Figure 12) 4 S 2 Y 0
Cydetough 16 15" 15 0 0
14 1 3

s—Dautech's difficult example; +—Burstein's difficult example; entries within square brackets indicate refer-
BNes,

=¥ gshimura and Kuh [1982].

“Burstein and Pd avin [19683].

“Hoet al. [1991).

9 Reed et al. [19685],

=Chaudhary and Robinson [1991).

" Ho[1989].
Table I11. Comparison of the Mumber of Vias and Wire Length
MNumber of vias Wirelength |
Router Proposed | Router Proposed |
Example | output | Via minimizer? method | output | Algorithr® method |
YK o1® 66 57 1365 1362 1228.37 |
Y Kap 107® 78 66 1651 1653 154040 |
Y K3 1250 103 o9 2100 2100 206130 |
YK 125% 103 a7 2100 2100 2027.54
DDE 301° 226 225 49809 5058 4909.64 |
BDE ko - 1 71 - 56.04
aThe et al. [1991],
T oshirura and K uh [1982).
“Daitsch [ 1985).

A Hoand |yengar [1989],

1982] and the diagonal model [Chaudhary and Robinson 1991]. The benchmark
Y K 3z has been considered as two separate cases YK 31 and YK s 2 depending
on the number of tracks used. The example CR is taken from [Chaudhary and
Robinson 1991]. Experimental evidence reveals that our solutions comparefa-
vorably with the best-known existing results with respedt to channd height
and, consequently, channel area. Using two layers, the proposed method out-
puts 18 tracks for DDE, andtwofar BDE (Figure 12). Thealgorithms aresimple
easy-to-implement, and produce outputs in linear time As seen from Tablell,
only a few calls are made to the maze router. The number of vias and total
wire length also improve compared tothosein Theet al. [1991] and Y oshimura
and Kuh [1982] (Table Il1). It may be noted that smaller via counts for the
benchmark examples YK and Deutsch are obtained by using the topological
channel router [Haruyama et al. 1992]. Similar via reduction techniques may
be adopted in our algarithm for further i mprovement.
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Fig. 15. Three-sided channd.

6. ROUTING L-CHANNELS

Amaong the previous attempts, the Manhattan router by Chen [1987] divides
an L-channdl into a vertical channd with terminals on opposite sides, routed
by one of the standard Manhattan channel routers, and a horizontal channel
with terminals on three sides—its routability cannot be ensured always in the
Manhattan unreserved layer model without inareasing channel height. For the
example in Figure 15, it is not possible to connect the top terminal for net 3
with that on theleft vertical sideusingtwo layers. Thisisowingtothefact that
the vertical constraints on the left side conflict with that for column 1.

With 45 wires, Chen's [1987] method maps an L-channel entirely into a
straight channel, routes it by the standard reserved layer Manhattan router,
and then replaces all the vertical wires by diagonal wires. However, there are
two triangular regions at both ends of the L-shaped region, which have to be
routed later on; this was not taken care of explidtly [Chen 1987]. If the two
subchannels are of the same density, this easy method gives a space-effident
solution. Since the channel boundary can be moved in the 45 direction only,
the less dense subchannel may have empty tracks unless a refinement pass is
carried out. The second major disadvantage of Chen's [1987] approach is that
it uses many long diagonal wires that may not only incarease the wire length
but al sothe probability of manufacturing defects even under the modified set of
design rules shown in Figure 2. In ancther approach [Maddila et al. 1989], an
L-channel is divided into three parts, namely two straight channels and a spe-
dal switchbox junction with fixed terminal s on two adjacent sides. Thejunction
is routed first and then the two three-sided straight channds assuming the
knodk-knee modd . An eficient routingalgorithm in the MD model to overcome
the above-mentioned shortcomings is presented in this section. This algorithm
relies on solving the triangular routing problem described next.

6.1 Scheme for L-Channel Routing

In the proposed method, the L-channd is first split into two subregions A and
B (Figure 16a), each of which is further decomposed into a two-sided channd
and a triangul ar region (Figure 16(b}}. In this scheme, the triangular region is
located near the L-junction, as cpposed tothat at the open end of the L-channel
in Chen's [1987] algorithm. The vertical subchanna A is virtually rotated by
90" and placed tothe left of the subchannel B, as illustrated in Figure 16(c),
to form a straight channel C. The density of this channd is computed and the
terminals arerouted by a standard Manhattan channd router [Yoshimura and
Kuh 1982]. It should be ascertained that no doglegs areinserted by therouter
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in the triangular regions A" and B". Thus, track assignment for the nets is
accomplishedintheregions A’ and B’ and thesequence of netsisidentical along
thetwo hypdenuses of triangular regions A" and B"”. Finally, algorithm MD-T,
described below, completes the triangular routing within A” and B". If extra
columns arerequired by MD-T for A” (B”), then the subregion A’ (B')isslightly
rerouted accordingly by using a few diagonal wiresegments. The novelty of this
algarithm lies in the routing of the L-junction in the MD modd; most of the
channel has Manhattan wiring, hence achieving smaller wire-length. Thetime
complexity remains proportional tothe area of the L-shaped routing region.

6.2 Triangular Channel Routing

Consider an iscsceles right-angled triangular routing region where 5; and 53
are its two equal sides, and 53 its hypotenuse (Figure 17(a)). Without loss of
generality, let the terminals on 5, be distinct and labeled <= 1, 2, ..., n =. Any
terminal on the other two sides hasalabel i, 0 = i = n, where 0 represents
a null terminal. The objective is to connect all the nets within the triangular
ares; redudng via count and/ar wire length may be a secondary goal. Several
cases may arise.

Casel: Thesequenceofterminals on Ssissameasthat of 51, andthesequence
of terminals on 5; is apermutationof = 1,2, ..., n >.

Lemma 1. Aninstanceof Caselisalways routablein theMD modd within
thetriangular area.
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Proor. For n = 2, routing in the triangular area is trivial. Suppose the
lemma holds for n — 1 nets. For the induction step, consider the triangular
routing problem for n nets with the sequence of terminals on 5; and 53 as
= 1,2 ...,n=,andthat on 5; as < a1, &,..., @ =, which is a permutation
of = 1,2, ...,n =. Thus, the respective terminals on 5; and 53 can be
connected using horizontal tracks. Let & = n; then it can be connected to the
nth horizontal track using a vertical segment. Vertical wire segments from
all terminals tothel&t of & and diagonal segments from all terminals to the
right of a; up to the (n — 1)th harizontal track are inserted (not necessarily
connected). This yields a triangular region X (Figure 17(b)) havingn — 1
nets, which by the induction hypothesis, is routable within the region X
itself. Hence the lemma is proven. 0O

Case2: Some of the nets may have morethan one terminal on 5z, while some

terminals may be 0. Each net appears at least once either on 5, or 55. There
are two subcases.

Case2.l: Theterminals on 51 and 53 appear as identical sequences.

Lemma 2. An instance of Case 2.1 is routable in the MD modd within
the triangular area if, for every i on 54, the number of terminals on 5,
havinglabdsin thesat {0,i + 1, ..., n} isat least (n —i).

Proor. Therespediveterminalson 51 and 53 can be connected by hor-
izontal tracks as their sequences areidentical. For any net j, itsterminals
on Sz, if any, havetobe connedted tothe jth horizontal tradk using vertical
and diagonal wiresegments. By reasoningasinLemma 1, for anynet i, the
triangular region abovetheith horizontal track is routableif the number of
nets (whoseterminals areon 5;) that areyettoberoutedislessthani. O

Case2.22 The terminal sequences on 5; and 53 aredifferent.
Let the number of nets in the triangular region consisting of thoee on
5; and 53, be n+ k. Any terminal on 52 belongs to a net that also has a
terminal on either 5; or Sy or both. L < by, by, ..., by, = bethesequence
of terminals on S3, and, for any i, the labd by belongs to {1, 2, ..., n+k}.
Now we study the foll owing subcases.

Case2.2.1: If terminals of any net appear on both 5; and 53, then their
corresponding indices in 51 and 53 are equal, that is, | = by. This is the
case of nondogl eq.

Lemma 3. An instance of Case 2.2.1 is routable in the MD modd
within the triangular ares if both the following conditions hold: (i) for
anyi, i # by, all theterminals of neti on 5; areto theleft of those of net
b on Sz, and (ii) for anyi on 53, the number of terminals of 52 bd onging
tothenasin{l,2,...,i —1}U{by, by, ... B_1} islessthani.

Proor. The terminals of nets which appear on both 5; and 53 are
connected by harizontal tracks, as i = b. Fori £ by, terminals belong to
different nets sothe corresponding horizontal track is shared by thetwo
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nets with the left segment occupied by net i = 51 and the right segment
o thetrack by net by = 53. For any net |, its terminals on 53, if any, are
connected to the jth horizontal track using a sequence of vertical and
di agonal wire segments. This can be achieved only if all terminals of net
i appear tothe left of all terminals of net by on 5. In fadt, the terminals
on 53 for all the nets that have one end point on 51 and the other end
on S: alone must be to the left of the terminals of all the nets in theset
in+1,n+2...,n+k} appearing on both 5; and Ss.

Now, as in Lemma 1, the triangular region above the ith horizontal
track for any i is routable if the number of terminals on 5; yet to
be routed is less than i. These terminals must belong to the nas in
{]'l 2!"'ii _I}I—Hbli b2i---h—l}- |

Case2.2.2: Ifterminals of any net appear on both 51 and 53, then their
carresponding indices in 51 and 53 may not necessarily be equal, that
is,on 5:theremayexistani suchthath = Ssisaterminal of net j £ i.

This is a case of doglegging (Figure 17(c)), and may require extra
horizontal track andfor column if i = b; where j # i. However, in
the context of L-channel routing, algorithm MD-L (described later)
never spawns off an instance of this case. This nodogleg criterion is
required as mentioned in Section 6.1 above.

We now present the algorithm MD-T for routing a triangular channel. Let
the total number of nets appearing on the sides 51 and 53 be n+ k, for some
k = 0. The nets are assigned index numbers from 1 to n+ k according to the
sequence of n terminals on side 5; first, and then the sequence of terminals on
53 of the remaining k nets not appearing on 51. Henceforth, in the algorithm
MD-T presented below, the terminals will be referred to by the index numbers
corresponding to their nets.

6.3 Algorithm 3: MD-T (for Triangular Routing)

Input: Terminal lists = a;, az, ..., a, =and < by, by, ..., b, = on 5; and 55, respectively.
Output: MD-routing within the triangular area T .
begin

| :=0; /| isleftmost column used and is initially the left boundary of T =/
c:=;/ cdenotes the rightmast column with null terminal on 5; and
isinitialized tothe leftmost column along the left boundary of the triangle®/f
for i :==n downto 1 do
begin
if null terminal existsin row i then ¢ « rightmost null terminal
glsal =1 =1;c:=1;
insert diagonal wire segments in layer 1 between rowsiandi — 1
for nets of 5; from right to left up to column ¢
forall terminals or endpoints of wire segments to the left of column c do
insert vertical wire segments in layer 1 between rows i andi —1;
ifi =h then
begin
insert horizental wire segments connedting i and b in laye 2;
insert viais) from diagonal fivertical wire segmenti(s) of neti in layer 1
to horizental wire segments of thesame net in layer 2;
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f* 55 is updated such that nets connedied toviasin row i arereplaced by 0
and then the c*" element is deleted */

foralla; € 5;doifa; =ithena; =0;
52 = By, 87 ... pBe=-1p Be41lr - p O >}
end;
if b ¢ 51 then
begin

ifon 5z, rightmeost terminal of net i is left of leftmost terminal of net b

then net i and b sharethe same track

dseinsert a horizontal track between rows i andi — 1;

insert horizontal wire segments for | and by in layer 2;

insert via(s) to conned diagenalvertical wire segments of neti and by
in layer 1 to horizental wire segments of the samenet in layer 2;

forall a; e 5;doifa; =iora; =h thena; =0;
S i== 81,82, .., 81, B ils... 8 >
/* update S; by removing ¢ entry */
end;
endfor;

end.
THeorem 2. Algorithm MD-T produces a valid routing

Proor. It has been pointed out earlier that as algorithm MD-L is designed
to be doglegfree, it can generate only the Cases 1, 2.1, or 2.2.1 of MD-T, as
mentioned above The routability criterion for each of these cases is given,
respectively, by Lemmata 1, 2, and 3 above If the criterion of thelemma corre-
sponding to the case is not satisfied, then an extra track or column, as the case
may be, is added. Hence, the theorem follows. o

Time complexity: The time complexity of algorithm MD-T is O(n?), that is,
linear in the area of the routing region. Horizontal and vertical wires are on
the reserved layers and thus cannot overlap, but diagonal wires may appear in
either layer and can overlap.

6.4 L-Channel Router MD-L

In detailed channel routing, it has been observed that the channd height is
strongly influenced by theali gnment of terminals on thetwo sides of thechannel
[Ohtsuki 1986], that is, if the terminal s on one of the two sides are shifted with
respect tothose on the other, the alignment of terminals may change and hence
the channel density. It incurs an inherent tradeoff between routing area and
wirdength. Thus, a significant feature of our L-channel routing al gorithrm MD-
L, based on the scheme discussed in Section 6.1, is the step of virtual terminal
alignment for further reduction in channel density.

The terminal alignment that minimizes the density of an L-channel is ob-
tained as follows. Suppose the vertical subchannel A of an L-channel, after
virtual rotation by 907, has top and bottom boundaries ab and pg, respectively
(Figure 18). If point b is aligned with point g by right-shifting the terminals
on ab with respect to pg then the density may change Let d.(0) and dg(0)
be the original densities of the given subchannels A and B. Suppose nets
< Ny, Nz, ..., N = occur in both A and B. The operation movea(m) is defined as
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a right shift of the terminals on ab by m columns. The corresponding density of
A is denoted by da{m), and the set of m rightmost terminals on pq, the lower
boundary of A, by Ta(m) (Figure 18). It may be noted that the right shift cannot
be greater than the original height of the channel. As the actual height is un-
known befarerouting, the best way toapproximatethe height is by calculating
channel density d(m). Similar definitions hold for the horizontal subchanne
B of the L-channel, except that for the operation moveg(r}, terminals on the
bottorn boundary of B are left-shifted by r columns. Suppose the densities of
subchannels A and B are minimum for their respective move cperations by m
and r columns. The minimum possible density of the entire L-channel under
this terminal alignment scheme is then given by

dmin = (max(da(m), dg(r), m,r, |P])), (1)

min
M=t g (00, F = d g (0
where P = To(m)u Telriu{ng ny, ..., N}

6.5 Algorithm 4: MD-L (for L-Channel Routing)

I nput: Sequence of terminals along the border of an L-channel.
Output: MD-routing within the L-shaped area.
begin
Step 1. Initially rotate sub-channel A by 90° and place it tothe left of sub-channel B;
Step 2. Determine dy, for L-channe and corresponding values of m and r using
eqn. (1);
Shift theterminals on the bottom boundaries of A and B by m columns right
and r columns |eft respectively to obtain a straight channel C;
Step 3. Route the straight channel C by a greedy router [Ho et al. 1991];
fFLet h be the height of the channel =/
Step 4. Formtriangular region for A with topmost m tracks and rightmost m
olumns;
Route the triangular region by the procedure M D-T;
Form triangular region for B with topmost r tracks and leftmost r columns
and route the triangular region by MD-T;
M ove terminals on the bottom boundaries of A and B by shifting
¥ =h - mecolumnsright, and x’ = h —r columns |eft respectively;
Shift m and r bottommest tracks in A and B accordingly
and replace vertical wire segments by appropriate diagonal segments;
Step 5. Place routing output from Step 4 in theform of L-channel
by joining the corresponding ends of A and B;
Scan A from bottom totop and B left to right for removal of diagonal
segments in unreserved layer model wherever room is available
(Figure 19);
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Fig 19. Routingstepsin MD-L for Example 2.

In Step 3, this algorithm scans the terminals in the channeal C fram left to
right. A greedy router [Hoet al. 1991; Sherwani 1999] is then used to complete
the routing for one column before proceeding to the next. A greedy router can
handle cydic constraints in the VCG that may arise during shifting of termi-
nals. If no cydic constraints are introduced after virtual terminal alignment
corresponding to dyyn, an MD router for reserved layer can be used as it guar-
antees a solution with at most dyn + 1 tracks.

The steps of the proposed L-channd router (MD-L) have been illustrated
with an example (Example 2) in Figure 19.

Time complexity: The time complexity of MD-L is Ol - diwin) wherel is the
length of thestraightened L-channel and diy, is the minimum channel density
obtained by terminal alignment.

6.6 Experimental Results

The total length of diagonal wires, height of the L-channel, and the number
of vias in the routing solutions produced by algorithm MD-L for five difficult
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Fig. 20. Routing produced by M D-L for four problem instances.

examples (Figures 19-21) are summarized in Table IV. Comparison of this al-
gorithm’s performance with that of Chen's [1987] algorithm is also made. In
the routing solutions shown in Figures 19-21, the via count is found to be
significantly smaller; the draular vias, in the figures depid the recommended
octagonal vias, and these account for less than 10% of the total via count.

Algorithm MD-L is easy to implement and terminates very quickly In ad-
dition to routing several L-channels, an instance of a nonslidble floorplan
(Example 7, Figure 21} has been constructed, which has one L-channda and
three straight channels. Of these three, oneis an instance of Burstein's diffi-
cult channel [) cobani 1986] and another of YK 1 [Yoshimura and Kuh 1982].
The L-channel has been routed with the proposed MD-L, Burstein’s channel
with the M D unreserved layer channel router, and the remaining two straight
channels indudingY K 1 by a standard Manhattan router [Y oshimura and K uh
1982]. This demonstrates an effid ent routing with minimum area for an entire
floorpl an.
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Fig 21. Example7 routed by MD-L.

Table IV, Performance of the Proposed MD-L Router

Diagonal wirelength #tracks #vias
Example Chen [1987] | MD-L | Chen [1987] | MD-L | Chen [1987] | MD-L
Ex. 2 (Figure 19) * 9.2 * 4 * 7
Ex. 3 (Figure 20(a)) ® 19./2 * a8 * 32
Ex. 4 (Figure 20(b)) 22042 0 10 7 B2 29
Ex. 5 (Figure 20(c)) 112 4.2 8 5 36 18
Ex. 6 (Figure 20(d)) 13042 22 11 g 51 31
Ex. 7 (Figure 21) * 232 . i * 28

«—not available; {—not applicable.

7. ROUTING IN SWITCHBOXES AND STAIRCASES

A placement may have aross-jundtions (Figure 23(a)) where four channd s meet.
The routing in this jundiion region can be carried out by redefining the aross-
junction as onelL-channe and two straight channels. H owever, there may still
be the need for handing switchboxes (Figure 22(a)) by themsd ves.

7.1 Switchbox Routing

Given an instance S of switchbox routing with k rows and m columns, let
< lylz, ...,k = and = ry,r3,...,re = be the sequence of nets from top to
bottormn on the left and right sides, respectively, and < ti,t5, ...ty = and
= by, bg, ..., by = be the sequence of nets from left to right on the top and
bottom sides, respectivel v Wedefine a switchbox constraint graph, SCG as asu-
pergraph of theVCG, asillustrated in Figure 22. TheVCG is first formed using
the terminals on thetop and bottom sides(Figure22{b)), and then for each of the
two sequences on the left and right sides, the VCG, which is a chain of directed
arcs (Figures 22(c) and (d)), is added toobtain the SCG (Figure 22(e}). TheSCG
corresponds to an instance of an equival ent two-sided channel C (Figure 22(f)).
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Fig 23. (a) Cross junction; (b) swap routing, (c) rerouting.

For a given switchbox 5, we construct a straight channd Cs as follows :
TOP: {I].iIz#---iIk—litlitzi---itmlrlirzi---irk—l:'il

BOT = < I2il3i---ilki bli ﬁu---;bmprziﬁa---nrk B

A routing solution of Cs is called satisfactory if k — 1 columns from the left and
k — 1 from theright are dogleg free.

Tueorem 3. (i) If a switchbox S has a sol ution with h rows, then thechannel

Cs has a satisfactory solution of height h.
(ii) If Cs has a satisfactory solution with h tracks, then the switchbox S has

a solution with max(h, k) rows.
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Proor. Follows from the construction of Cs. O

If the SCG is acydic, an ordered sequence of nets for assigning tracks is
deter mined based onits equivalent channel Cs. For oyclic SCG, twones or ter-
minals with conflicting or der can behandled by swap (Figure 23(b)) or X-routing
[Chaudhary and Robinson 1991]. We now present the algaorithms MD-5R and
MD-5U for routing a switchbox using the reserved and unreserved layer MD
model, respectively.

7.2 Algorithm 5: MD-SR (for Acyclic SCG)

Input: A switchbox 5 of size (k « m), a netlist of n nets, and two routing layers.
Qutput: Reserved layer MD routing (horizental and £45 wires in one layer
and vertical with £45° wires in other layer).
begin

Step 1. Construd the equivalent straight channel Cs;

Step 2. RouteCs by reserved layer MD channel routing algorithm;

Step 3. Extract the portion of the channel bounded within column i

and column {i + m — 1) for routing of 5;

end;

Remark. Ifthe height h of Cs is greater than k, then the algorithm MD-5SR
needs (h — k) extra tracks for routing the switchbox 5. This may be improved
by using a channel router in the unreserved layer MD model, as described
next.

7.3 Algorithm 6: MD-SU (for General SCG)

Input: A switchbox S of size (k = m), a netlist of n nets, and two routing layers.
Output: Unreserved layer MD routing.
begin
Step 1 Construd 5CG and remove minimum number of edges to makeit acydic
iminimum feedbads arc set problem) by a simple greedy heuristic
Topologically sort the nodes of the acyclic SCG obtained;
Construd: a linearly ordered sequenceof nets o = < a;, 8z, ..., 8, >;
Step 2. From left to right of S, assign nets in o to horizontal tracks in layer 1;
update the count of unused horizontal tradks;
=1
Step 3. Repeat
fa)if twonets arein conflicting order at column ¢ then re-adjust net
assignment on tracks by swapping them in adjacent tracks
(Figure 23(b)) [Chaudhary and Robinson 1991];
(b) if a net terminates in column ¢
then mark therespective horizontal track free,
and update the count of unused tracks accordingly;
ic) if new nets appear at column ¢ then freethetrade according to e,
by shifting nets onto adjacent tracks by 45 routing as in Algorithm 2;
insert an extra tradk if needed;
(d)ii) Routetop and bottom terminals in vertical columns on layer 2;
failing which both layers and vias are used
else check whether re-routing is possible (F igure 23c);
iii) elsecall maze router within sub-grid bounded by c, and ¢
(usehorizontal, vertical and diagonal wires on both layers);
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Fig. 24. Routing of (&) Burstein's difficult switchbosx (M D-5U ), (b) dense switchbox (MD-5R.).

TableV. Performance of the Manhattan-Diagonal Switchbox Router

# # (#extra rows, #extra cdumns)
Switchbox exarmple rows | columns [ In® In® | proposed method
Burstein's (Figure Zdia)) | 15 22 (1,00 | (00 (0,0)
| Dense (Figure 24(bj) 17 15 0,1) | (0,1) (0,0

3] pobani [1986).
“Shin and Sangiovanni -Vinoentdli [1986]; Tzeng and Sequin [1988],

f* ¢y is the column where maze router was called last; initially u = 1. %/
{iii )} if maze router fails then add an extra tradk or column accordingly;
ei=i+1;
until i == m;
Step 4. if morethan oneterminal of a net appear on left (right) boundary of 5,
then use diagonal moves to re-route
and push the existing vertical segments towards right {left)
till leftmost (rightmost) column is available;
if the above fails then insert an extra column
at theleftmost (rightmaost) position;
end;

Time Complexity: The time complexity of routing a switchbax with k rows
and moolumnsis Ok - m). Although a maze router may be called, each call is
rmade on a distinct and disjoint subgrid.

7.4 Experimental Results

Theproposed algorithm routes Burstein's difficult switchbox and Dense switch-
box [ cobani 1986] without inserting any blank row or column (Figures 24(a)
and 24(b)}. As the complexity is linear in the area, the algorithm terminates
very fast. For both these benchmark examples, nocall tothemaze router (asin
Step 3(d)(iii) of Algorithm MD-5U ) is necessary. The results are summarized
in Tables V and V1. These results show significantly low via count and reduced
wire length, thus establishing the superiority of the proposed router to others
based on dassical strategies.
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Table VI. Comparison of the Mumber of Vias and Wire Length

Mumber of vias Wire length
| Switchbox example In® | MD methods | In® | In* | MD methods
Burstein's (Figure 24ia)) | 39 31 541 | 545 540,11
Dense (Figure 24(b)) 29 26 510 | 510 494,66

2Shinand Sang ovanni-vincentel | [1986].
5T zeng and Seguin [ 1988],

" channels

L{ha']{r.-l' i
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Fig. 25. Routing a staircase channd.

7.5 Staircase Routing

A staircase channd is an isathetic rectilinear region monotonically increasing
from one side of the floorplan to another side (Figure 25), with terminals along
the tworedtilinear boundaries except on the top and bottom sides. |t was proven
[Dai et al. 1985; Sur-K day and Bhattacharya 1991] that for any floorplan, there
exists a channel definition which induces acydicordering of the staircase chan-
nels, thereby enabling addition of extra tracks if required, without rerouting
the previously routed channels. A monotone staircase routing region is a gener-
alization of L-channels, that is, a concatenation of L-channels. The algorithmto
route such a staircase channél is similar toM D-L where the entire staircase is
straightened and terminal alignment for each subchannel done to obtain min-
imumn density over the entire channel. However, if the density varies widely
along the staircase, it should be subdivided into a series of smaller staircases
where for each smaller staircase the densities of the subchannels are more or
less uniform. There is scope for minor refinement of routing at a bend where
the two subchannels have unequal densities. At thebend (jundtion) wheretwo
consecutive smaller staircases with different densities meet, an instance of
switchbox routing is areated. This switchbox can then be routed by one of the
routers proposed in Section 7.1.

8. CONCLUSION

A unified routing scheme based on the Manhattan-diagonal model is reported
for routing regions such as straight channels, L-channels, switchboxes, and
staircases. These regions may appear especially in nonslidng floorplans. The
scheme is also useful for general non-Manhattan area routing and multichip
modules (MCM). The proposed algorithms aresimple terminate in timelinear
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in theroutingarea, and provi de elegant sd utions to complex routing problems.
As the MD model has an extended set of design rules, the implications of a
gridiess routing approach for this model need to be addressed.
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