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Abstract— I n this paper, we present a new cell model for over-
the-cell routing and a new over-the-cell multi-channel routing
method. In the proposed new cell model, terminals can be placed
arbitrarily on the second layer of a cell so that each cell doesn’t
requirethe extraroutingregion on thefirst layer of acell toalign
terminals. Unlike conventional cell models, some parts of the sec-
ond layer arealso utilized for theintra-cell routingin order tore-
ducethe chip area. Therefore the size of the proposed cell model
can be smaller than that of conventional cell model.

The proposed method consists of three phases. In order to uti-
lizethe proposed cell model, in phase 1, we simultaneously handle
all channelsto determinethe most effective routing patternsfrom
the set of possible routing patterns to minimize the chip area. In
phase 2, for the effective routing patter ns of netsselected in phase
1, over-the-cell routing nets are selected by a new greedy algo-
rithm considering obstacles on over-the-cells. Finally, the conven-
tional channel routing algorithm is applied for netsunrouted on
over-the-cell. From the experimental results with MCNC bench-
marks, the proposed cell model and algorithm produce smaller
height of layouts as compared to those produced by conventional
cell modelsand algorithms, and the effectiveness of the proposed
method and cell model was shown.

I INTRODUCTION

Over-the-cell channel routing is one of the most effective
methods in standard cell layout design to minimize the chip
area, and many heuristic algorithms have been developed [8,
10, 11, 12, 14]. The basic idea of over-the-cell (in short, OTC)
routing is to use the region over the cells for routing some nets.
Since the number of nets to be routed in the channel isreduced
by routing some nets over the cells, the number of tracksin the
channel isalso reduced, resulting the reduction of the chip area.

Efficient utilization of over-the-cell routing regions mainly
depends on arouting model [1]. A cell model specifies the lo-
cations of terminals and VVdd/Gnd busses, the number of metal
layers, and permissibility of vias on OTC regions. Normally,
either two metal layers (M1, M2) or three metal layers (M1,
M2, M3) are available for routing. Vdd/Gnd busses are lo-
cated either in M1 or M2, either inside or outside of a cell.
Usually, the cell models can be classified by the terminal loca
tion. Based on the terminal location five classes of cell models
have been proposed and associated OTC routers have been de-
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TABLEI
CHARACTERISTICS OF CELL MODELS.
Model Termina Vdd/Gnd Feedthrough
BTM boundary(M2) | center(M2) M1
CT™M center(M2) boundary(M1) M2
MTM middie(M2) boundary(M1) M2
TBC middie(M2) boundary(M1) M2
CCM boundary(M2) | center(M1) M2
Model Termina Obstacles | Viason Routing
aignment on cells cells agorithm

BTM O X X [7,9]
CTM O X X [21]
MTM O X X 3

TBC X O O 4
CCM O O O 1

veloped [3, 4, 7, 9, 16, 17, 19, 20, 21]. Those five classes of
cell models are: the Boundary Terminal Models (BTM) [7, 9],
the Center Terminal Models (CTM) [21], the Middle Terminal
Models (MTM) [3], the Target Based Cells (TBC) [4], and the
cell model that we have proposed in Ref. [16] (we call this
model the Column-dependent Capacity Model (CCM)). Table
| shows characteristics of cell models and examples of OTC
routing of these cell models, respectively.

In most cell models except the TBC, terminals on the sec-
ond layer of acell row need to be assigned in line either at the
boundary or the center of a cell row. Then, an extra routing
region on thefirst layer is generally needed to align terminals.
The extra routing region hinders the minimization of the chip
area. Cell regionswith multi-layers have been availablefor the
OTC routing by the advance of semiconductor technology. It
is desirable to increase the number of intra-cell routing layers
without extending the cell area. Thismeansthat we needto use
apart of the second layer as well as on the first layer for intra-
cell routing. In the TBC, although terminals are placed on the
second layer of acell row arbitrarily, no part of the second layer
isallowed to be used for intra-cell routing.

In this paper, we introduce a new cell model in which ter-
minals are placed on the second layer of acell row arbitrarily
and a part of the second layer of acell row isalso used for the
intra-cell routing. Since terminals are placed arbitrarily on the
second layer of a cell row, no extra routing region is needed
to align terminas on the first layer for the intra-cell routing.
Since conventional routing algorithms are developed for the
cell modelsin which terminals are aligned either at the bound-



ary or the center of the second layer, those algorithms can’t be
applied effectively for anew cell model.

In order to utilize the proposed cell model, we develop anew
OTC routing algorithm for the new cell model. The proposed
routing algorithm consists of three phases: (1) Multi-Channel
Net Assignment, (2) Over-the-Cell Routing Considering Ob-
stacles, and (3) Terminal Reassignment and Channel Routing.
In phase 1, we simultaneously handle all channelsto determine
the most effectiverouting patternsfrom the set of possible rout-
ing patternsto minimize the chip area. We formulate the prob-
lem as the 0-1 integer programming problem and solve it. In
phase 2, for the effective routing patterns selected in phase 1,
OTC routing nets are greedily selected for each track of OTC.
Since the new routing a gorithm performs not only routing for
an entire net but also routing for a part of a net, the OTC re-
gion isutilized effectively. In phase 3, aset of nets that aren’t
selected for OTC routing netsin phase 2 isrouted in a channel
by using the conventional channel routing method [5].

The proposed agorithm has been implemented in C lan-
guage onaSPARC server 1000 (135MIPS), and has been tested
with several benchmarks. Experimental results show that the
proposed algorithm can achieve results which are in a number
of tracksof 55.1% better thanan OTC H-V routing method with
the BTM, 20.2% better than the conventional routing method
in Ref. [21] with the CTM.

Therest of this paper is organized as follows. In Section |1,
we introduce anew cell model and formulate the OTC channel
routing problem. In the Section 111, we present a new OTC
algorithm and show experimental resultsin Section|V. Finally,
in Section V, we conclude this paper.

II OVER-THE-CELL CHANNEL ROUTING

A. A NewCel Modéel

In conventional cell models, since terminals are aligned ei-
ther at theboundary or at the center of the cell row, anintra-cell
routing region on M1 layer is needed as the extrarouting region
to aignterminals.

In order to eliminate this extra routing region, we propose a
new cell model. Figure 1 shows anew cell model and an asso-
ciated OTC routing, respectively. Inthe proposed cell model, it
is assumed that three metal layers are available for routing and
that there is a grid for each layer. A column and a track rep-
resent a vertical and a horizontal lines on a grid, respectively.
Theroutingisperformed onagrid. The connection of thesame
nets between adjacent layers can be realized by using vias that
can beinserted at any grid point. As therouting model, we as-
sume H-V-H routing in a channel and V-H routing in an OTC
region. Inthe OTC region, it is assumed that vias are avail-
able. Vdd/Gnd busses are placed in the boundary of M1 layer
of the OTC region. Feedthroughs are placed in M2 layer of
the OTC region. In the conventional cell models, only the M1
layer is used for intra-cell routing. In our model, however, in
order to reduce the chip area further, some parts of M2 layer
are allowed to be used for intra-cell routing. A routing pattern
for intra-cell routing on M2 layer isrepresented by arectilinear
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Fig. 1. The new cell model and associated OTC routes.

polygon. Such arectilinear polygon isregarded as obstaclesfor
the OTC routing.

Terminals can be basically placed arbitrarily on M2 layer of
an OTC. We assume that there exists at most one termina for
each column and a terminal can be routed vertically by using
the column in which no obstacles exist from the terminal po-
sition to at least one side of boundaries of the cell row. Since
the proposed cell model doesn’t place Vdd/Gnd busses at the
middle of the cell row in M2 layer, anet can crossthe OTC re-
gionsand can be routed adjacent cell rows. Therefore thereare
much degree of the OTC routability in the proposed cell model
than conventional cell models. In other words, since a net has
many OTC routing patterns, we can route a net effectively by
utilizing OTC of the adjacent cell rows in the new cell model.

B. Problem Formulation

We define some terminol ogies to explain the proposed algo-
rithm. A set of cellsformsacell row in achip. A set of cell
rows, denoted as R = {ry, 7o, -, 7z}, iS numbered from the
bottom to the top cell rows. Similarly, a channel is aregion
between adjacent cell rows, denoted by C' = {cg,c1, -, ¢k },
which is numbered from bottom to top of a chip. Let the ex-
tended channel ec; € EC be the routing region extended
from channel ¢; to obstacles and/or terminals on the OTCs
of cell rows r; and r;+1. Tracks on a cell row r; are num-
bered from 1 to H according to track by track starting from
the bottommost track, and isdenoted by 7 = {¢1, 2, -- -, tu }.
Columns on acell row r; are numbered from 1 to L; accord-
ing to column by column starting from the leftmost column.
Then L, isthe maximum column number of cell rows, that
iS, Lipas = mal‘lstkL]’.

It isassumed that a multi-terminal net is decomposed into a
set of two terminal nets during global routing and a net already
has the channel number to be routed with a conventional chan-



nel routing. The netlistis defined as N = {ny,n,---,nyn|}.
A set of nets to be routed in a channel ¢; is defined as V; =
{n1,n2,---,ny; }. The location of a termina p; € P ona
cell row r; is denoted by triple (x;,1;, j) where x;, ¢;, and
j are the column, the track, and the row numbers, respec-
tively. A net n; can be denoted by a pair of terminals. The
interval between the left and right terminal column positions
of each net is defined as the segment seg; € Seg, and the
segment list corresponding to the netlist is defined as Seg =
{seg1,sego, - -, seg|n| }. Thehorizontal length of the segment
seg; isdefined as, x length(seg;) = r(seg;) — l(seg;), where
l(seg;) and r(seg;) arethe column numbers of theleft and right
terminals of a segment seg;, respectively.

Let the top (resp. bottom) OTC routing capacity at the col-
umn z in the cell row r;, denoted as cap(«) (resp. cap(x)),
be the number of routable tracks between the top channel
boundary ¢; and a terminal/obstacle that exist at the column
z. If no terminals or obstacles exist at the column z in the
cell row r;, cap} (x) and capj? () are the half height of the
cell, that is, capl(x) = [H/2], cap;?(x) = [H/2]. Let
cross_net(x) be the number of segments crossing the column
x. Then, the local extended channel density d;(x) at the col-
umn « of of alocal extended channel ec; isdefined as, d;(x) =
maz{0, cross net(r) — (cap}(x)+ cap;?ﬂ(x))}. The extended
channel density D; is defined as, D; = maxi<.<r, d;(x).
The total extended channel density AD in a chipis defined as,
AD = Zf:o D;. Now, weformulate of the OTC multi-channel
routing problem as follows.

[ The Over-the-Cell Multi-Channel Routing Problem ]

Inputs: (1)A netlist N, (2)Obstacleson OTCs, (3)A set of ex-
tended channels £C

Outputs: Routing patterns on the channels and the OTCs

Objective: Minimization of thetotal number of tracks used for
channel routing

Constraints: Do not violate the layout constraints a

IIT AN OVER-THE-CELL MULTI-CHANNEL ROUTING
ALGORITHM

A. Outlineof the Algorithm

The proposed OTC multi-channel routing algorithm consists
of three phases as shown below.

Phase 1: Multi-Channel Net Assignment: Since aterminal
can be located arbitrarily on a cell, the OTC routing capacity
at each column, which is derived from termina positions, is
not always uniform. In order to utilize all OTC regions of all
cell rowseffectively, we perform the multi-channel net assign-
ment that selects the most effective routing pattern from pos-
sible routing patterns utilizing vacant columns, on which there
exist no obstacles/terminals. Since the algorithm takes not only
one routing patterns obtained from aresult of global routing but
also some routing pattern obtained by utilizing some channels
(multi-channel) into consideration, whole OTC of al cell rows
can be used effectively. We formulate the problem as the 0-1

integer programming problem and find the most effective rout-
ing patterns of nets with the minimum total extended channel
density.

Phase 2: Over-the-Cell Routing Considering Obstacles:
After phase 1, we obtained a net set V; to be routed in an ex-
tended channel ec;. The OTC routing algorithm is performed
for each set of nets /V; independently. Thealgorithm constructs
horizontal constraint graphs, and then performs selections of
OTC routing nets greedily for each track ¢; of an extended
channel ec;. Since the objective of OTC routing is the min-
imization of the extended channel density D;, it is preferable
to select nets as OTC routing nets such that the extended chan-
nel density D; isreduced as much as possible.

Phase 3: Terminal Reassignment and Channel Routing:
Phase 3 is performed for netsthat have not been routed asOTC
routing netsin phase 2. Firstly, terminals of unrouted nets are
routed to the boundary of a cell row with vertical segments.
Then, since al terminas of unrouted nets are located at the
boundary of a cell row, we can assume that this model is like
the BTM. Next, we apply the conventional greedy three layer
channel routing method[5]. After we have performed the pro-
posed algorithm from phases 1 to 3, OTC channel routing has
been finished. In the following subsections, we describe each
phasein detail.

B. Multi-Channel Net Assignment (Phase 1)

1. TheMulti-Channel Net Assignment Problem

We proposed a new cell model in the previous section. If
either terminals or obstacles don’t exist at a column « of acell
row r;, anet n; can berouted at the adjacent extended channel
ec; Or ecj_1 by passing the column « of the cell row r;. In
other word, a net can have another routing patternsin addition
to therouting pattern to berouted in ec; which isdetermined by
global routing. Although anet can be routed several extended
channelsfar from ec;, it may make the total wire length of the
net longer. Therefore, if terminals of anet exist in the adjacent
cell rows r; and r;4q, it is assumed that the three routing pat-
terns (withinec; _1, ec;, and ec;41) are available for the net n;
in maximum (Figure 2 (a)). On the other hand, if terminals of
anet existin thesame cell row r;, it isassumed that the net can
have the four routing patterns (within ec;_»,ec;_1, ec;, and
ec¢;+1) in maximum (Figure 2 (b)). We should select the most
effective routing pattern to minimize thetotal extended channel
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density AD = Z?:o D;. Wedefinethe sel ection of themost ef-
fectiverouting patternsin given possiblerouting patternsasthe
Multi-Channel Net Assignment Problem (MCNAP). In phase 1,
the routing pattern of anet »; for the MCNAP is determined so
as to minimize the total extended channel density AD.

The MCNAP has been shown NP-hard [9]. Therefore, inthe
proposed algorithm, the MCNAP is solved by applying the O-
1 integer linear programming(ILP). In order to formulate the
MCNAP as the 0-1 ILP problem, we need to generate con-
straints concerning with an extended channel density D; for
each column z of a cell row r;. However, in this case, the
number of constraints will become large. Therefore, in order
to figure out the critical area of an extended channel, we bor-
row an idea of the zone representation [22]. An advantage of
the zone representation is that the number of constraints and
variables of the 0-1 ILP can be reduced.

2. 0-1integer Programming Problem Formulation

In the MCNAP, we generate the following three constraints,
(2) the pattern incompatible constraint, (2) the vacant column
constraint, and (3) the zone density constraint.

(1) ThePattern Incompatible Constraint: First, we explain
the pattern incompatible constraint. Figure 3 (a) shows an ex-
ampl e of the pattern incompatible constraint. It is assumed that
anet n; hasm; (in our assumption, m; < 4) routing patterns
denoted by PT; = {pt;1, ptiz, -, Ptim, - TOroute anet with-
out having inconsistency, for each net »; only one routing pat-
tern pt;, € PT; should be selected. We call this constraint
as the pattern incompatible constraint. It is assumed that a
routing pattern pt;; of anet n; corresponds to a variable y;
(yix € {0,1}). If y;1, = 1, the net n; is routed by the routing
pattern pt;,. Otherwise, i.e., y;; = 0, the net n; isn’t routed
by the routing pattern pt;;. Then the pattern incompatible con-
straint is denoted by,

m;
Zyik=l, Yn; € N. (1)
k=1
(2) The Vacant Column Constraint: Next, we explain the
vacant column constraint. We define a column 7 of cell row
r; with no obstacles/terminals as a vacant column v/ of acell
row ;. Now, we introduce a constraint for the vacant column
vx{ . AsshowninFigure3 (b), if morethan onerouting patterns
of nets can be considered at the vacant column v/, we must
select one of these patterns to route without causing a wire-

short. We call this constraint the vacant column constraint and
denoted by,

IO

7i€N pt,, which passes var!

yir < 1, Vr;Yor . )

This constraint allows only one net to pass through a vacant
column vz . Otherwise, more than one net are routed, making
awire-short.

(3) The Zone Density Constraint:  Finally, we explain the
zone density constraint (Figure 3 (¢)). Considering the OTC

a vacant column
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Fig. 3. Constraint of 0-1 ILP.

routing capacitieScap} (x) and capj? (x) of acell row r; by ater-
minal at acolumn z of acell row r;, we want to select the most
effective OTC routing patterns so as to minimize the the ex-
tended channel density D; . To formulate the degree of the con-
tribution of arouting pattern to minimize the extended channel
density D;, we consider the zone density constraint for each
zonez] € Z;j ineachec;. Let I bethe number of trackson an
OTCregion. Let PT;(z]) C PT; bethe set of routing patterns
of anet n; inazonez; € Z; of aec;. Let Cap:(2]) (resp.
Capy(2)) be the maximum of cap! (z) (resp. cap!(z)) in the
zonez] of theec;. Wehavealready discussedin Section |1 that
the OTC routing capacity at a column z of ec; is determined
from cap} (z) and capj? (x). The OTC routing capacity of the
zone z] is determined by C'ap;(z]) and C'aps (=] ). Therefore,
the zone density constraint is denoted by,

)IEEDY

€N pt PT(2])

yir +(H — Capt(z{)) +(H - Capb(z{))

< Dy, Vec; € EC, Vz{ €Z;. 3

The reason of subtraction C'ap;, (z{ ) from H isto prevent that
the left hand side of the inequality becomes negative. Conse-
quently, the MCNAP is formulated with the 0-1 ILP as shown
bel ow.

[ TheO-11LP Formulation of the MCNAP |

minimize : AD =) D;
i1
subject to Zy]’ik =1 VYn;, €N

k=1
Z Z Yik S 1, Vrﬂvx{

ni€N pt, which passes v



yir +(H — Capt(zf))

2. X

n’ENszkEPTz(le)
+(H — Capy(+])) < D;,
Vec; € EC, Vz{ € Z;,

C. Over-the-Cell Routing Considering Obstacles (Phase 2)

In phase 2, we update aset N; = {ny, na, ---,n,y,} of nets
for the OTC routing from the net set of the extended channel
ec;. We can solve the OTC routing problem, which generates
over-the-cell routing patterns to minimize the extended chan-
nel density D;, by treating independently each extended chan-
nel ec;. Therefore, we only discuss the OTC routing of an ex-
tended channel ec; in the following.

1. TheHorizontal Constraint Graphs (HCGs)

Before describing the details of the phase 2, we de
fine the Horizontal Constraint Graphs (HCGs) Gj(ix) =
(Vi (tx), E5(x)) (s = t,b) used in the agorithm. Given a
net set of aec;, N; = {ny,nz,---,ny, }, and the corresponad-
ing segment set Seg; = {seg1, sega, - - -, seg,, }, the horizon-
tal constraint graphs are constructed at each track ¢; of atop
and bottom cell rows in an extended channel ec; and is de-
fined G} (tx) and Gj? (&), respectively. The horizontal con-
straint graphs G5 (¢x)(s = ¢,b) for atrack ¢, € T onan OTC
region are directed weighted graphs. Vertices v; € V]f (tg) in
G (tr) (resp. vi € V' (tx) in G%(t2)) consist of a segment set
Segj(ty) C Seg; where asegment in Seg;(t;) can be H-V
routable at the track ¢;, on an OTC region of the cell row r;.1
(resp. r;). A directed edge e;,, = (vi,vm) € E5 (tx)(s = ¢,0)
is inserted from a vertex v; to a vertex v, iff the two ver-
tices v;, v, € V/'(ty) corresponding to the segments seg;,
segm € Seg;(ty) satisfy the conditions that horizontal seg-
ments seg; and seg,,, don’'t overlap each other and satisfy the
condition r(seg;) < l(seg.,). Figure 4 shows an example of
G (tx). The horizontal constraint graph G/ (t1) in Figure 4 is
constructed for a track ¢; on the upper cell row ;4. Since
the set of vertices Vj*(t) in G(t1) consists of the nets that
can be routed at the track #; on the OTC region of the cell row
;+1, that is, the segments segy, segz, - - -, sege are selected in
the example. For the directed edge, since the segments seg1
and seg, overlap each other, the directed edge e, = (v, v2)
is not inserted between v, and v,. On the other hand, the
segments segy and segz do not overlap each other and satisfy
r(seg1) < lI(segs), then the directed edge e13 = (vy,v3) is
inserted from v to vs.

Next, we definethe weights of the vertex v; for the horizontal
constraint graph G (¢4)(s = ¢,b). The phase 2 consists of two
stages, and the horizontal constraint graph G (t1,) is employed
for each stage. We define the weight of avertex v; in stages 1
and 2 asw(v;). Theweight w(v;) corresponding to the segment
seg; isdefined in the following expression.

d; ()
Wseg<w<r(seq) Dj
+xz_length(seg;), 4

o X
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Fig. 4. The horizontal constraint graph G; (tg).
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where «v isaconstant. In our experiment, we set o = 30. From
thedefinition of thisweight, asegment seg; with abigger value
w(v;) ismore effective to reduce the extended channel density
D; and easier to be selected as an OTC routing net.

2. An Over-the-Cell Routing Algorithm

The proposed algorithm consists of two stages. In stage 1,
asegment seg; of anet n; € N;, which contributes to reduce
the extended channel density D;, isrouted onthe OTC region.
In order to utilize the OTC regions which are not used for rout-
ing of stage 1, in stage 2, a segment seg, of anet ny € N;
which could not be routed in stage 1 is divided into subseg-
ments. And then the subsegments are routed in unrouted in-
terval on the OTC region. An unrouted interval is an interval
that is not be used for routing at atrack ¢, on an OTC region
(Figure 5). For example in Figure 5, the segment seg; and the
segment seg, are routed at thetrack ¢, but the center region of
thetrack ¢, isn't used for routing. But the segment seg3 can not
be routed in the unrouted interval without dividing it. Dividing
the segment segs to two sub-segments, the right subsegment
can beroutable at the track ¢. Thisdividing procedure can be
applied to the segment satisfying the condition that a subseg-
ment can be routed at the track ¢; on the OTC region.

The proposed a gorithm selects OTC routing nets from find-
ing the path path(t;) that has the maximum total weight on
G5 (tx)(s =t,b) for stages 1 and 2. Thetotal weight of vertices



inapath path(ty) on G ({x) is denoted by,
wipath(ty)) = Y w(v;). (5)

v;Epath(ty)
Finding the path path(t;) with the maximum total weights on
G (tx) meansto find aset of netsthat do not overlap each other
and that reduce an extended channel density D;. The detailed
description of the proposed algorithm of phase 2 is as follows.

[ Phase 2: Over-the-Cell Routing Algorithm ]

(Stage 1)

Stepl: Set the starting tracks, 6t; and t¢; at cell rows r;
and rj+1 t0 bt]' = H — MmaXi<qy; <L Cap}(l‘j), ttje =
MaX1< <L Cap]41(2+1), respectively;

Step2: Calculatetheweight w(v;) of G} (tt;41) and Gj? (bt;) for
asegment seg; € Seg; of net set N;, which can berouted
at atrack b¢; and ¢¢;+1 on an OTC region, respectively;

Step3: Construct graphs Gj? (bt;) and G (tt;+1), and find the
paths path(bt;) and path(tt;+1) that have the maximum
total weights, respectively;

Step4: If w(path(bt;)) > w(path(tt;.1)), then assign a set
of segments on path(bt;) at the track bt;;

Otherwise, assign a set of segments on path(tt;+1) at the

track ttj+1;

(Stage 2)

Step5: Perform thefollowing Stepss.1 - 5.4 to unrouted inter-
vals at the track st = {bt; or tt;41} on the selected cell
row from the leftmost positioned unrouted interval to the
rightmost positioned unrouted interval;

Step5.1: Divide segments into subsegments to be routed
on the current track st of the OTC region and calcu-
latethe weight w(v;) for a subsegment seg; that can
be routed within an unrouted interval;

Step5.2: Construct the graphs G (st)(s = ¢,b) and find
the path pat h(st) with the maximum total weight;

Step5.3: Route subsegments of netsin the path path(st)
on the OTC region within the unrouted interval;

Step5.4: If this process has been performed for all un-
routed intervals at the track st, then go to Step6;
Otherwise, go to Step5.1 to perform the next un-
routed intervals;

Step6: If bt; = I, tt;4q = 0, then terminate;

Otherwise, if acell row r; was selected in Step4, then

bt; — bt; — 1 and go to Step2, elsett]u,l — Ut — 1

and go to Step2; a

Next, we analyze the time complexity of the OTC routing al-
gorithm described above. Let |V, | bethe number of netsrouted
within the channel and H be the height of the cell row. Inthe
OTC routing algorithm, the time complexity to construct the
HCG and to find a path for each track is O(|N;|?). This pro-
cess is performed for the H tracks of the cell row. Therefore,
the time complexity is O(H - |N; |?).

Figure6 shows an examplefor an execution of the OTC rout-
ing algorithm. In this example, the OTC routing pattern of a
cell row r; is considered. Segments under the cell row in Fig-
ure 6 show the net set V;. Figure 6 (8) shows an input of the
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2 4. 1. 2 4. l.
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Fig. 6. An example of the OTC routing agorithm.
TABLEII
EXPERIMENTAL DATA.
\ Data || #Nets | #Columns | #Rows |

PRIMARY 1266 477 19
multlo 1920 2086 14

struct 1920 1270 22
primarySC1 1266 646 28

OTC routing. It is assumed that the location with a column «
and atrack ¢ is denoted by (x,¢) and that a horizontal interval
between (z,t) and (¢, t) is denoted by [z, =’];. The algorithm
is performed from the track 4 far from the channel. In Figure 6
(b), the segments seg, and segz are selected as the candidates
for the OTC routing net. In this example, the segment seg,
is selected as an OTC routing net and routed by using on M3
layer of the OTC. Furthermore, since the right terminal of the
segment segg iswithin the unrouted interval [8,11]4. The seg-
ment segs isdivided into sub-segments segs, segj on thetrack
4. Then the segment segj is routed from the right terminal to
the point (8, 4) where the segment segj doesn’t intersect the
segment seg, within the unrouted interval [8,11]4. The right
terminal position of the segment seg3 isnewly defined as (8, 4),
which is the location of the column at which no termina ex-
ist. From this operation, the horizontal length of the segment
segs, x_length(segs) ischanged from x_length(segs) = 5into
z_length(segs) = 2. Similarly, in Figure 6(c), the algorithm is
performed for the next track 3. However, in this case, since no
net is selected in stage 2, only stage 1 is performed. Note that
the candidates to be routed at this track 3 for the OTC routing
net are not only the the segments seg, and seg,4 but also the seg-
ment seg3. Similarly, the algorithm is performed as shown in
Figures 6(d) and (e). When the algorithm has been performed
for all tracks on the OTC region, the OTC routing algorithm
has been finished.



TABLEIII
EXPERIMENTAL RESULTS FOR CONVENTIONAL METHODS.

#Tracks

Data D | > Ter | 2 Tpro | > Tpr [ %Ry [ > Tav | %Ry [ Toc | PRy,

mult16 183 99 20 52 231 58 31.0 53 245

Struct 284 153 66 9D 30.2 88 25.0 89 25.8

primarySC1 || 419 221 4 127 41.7 107 15.7 120 38.3

IV EXPERIMENTAL RESULTS TABLE IV
EXPERIMENTAL RESULT FOR PRIMARYSC1 WITH H-V ROUTING
We have implemented the proposed algorithm described in METHOD.

Section 111 on a SUN SPARCserver 1000 (135MIPS) in C pro- Lchannd || D | Tor | Tav | Tpro. | AT ]
gramming language. Table Il shows experimental data. We % iS 2 2 é ;’
used the PRIMARY benchmark in Ref. [21], and the MCNC i 1? g g 2 g
benchmarks of multl6, struct, and primarySC1. The place- 5 9 5 2 1 1
ment and the global routing of the MCNC benchmarks were ° 0 e 5 711
obtained from TimberWolfSC4.2¢ [18] and GLORIA [15], re- 8 14 7 3 2 1
spectively. In benchmarks shown in Table 11, terminals are o 1 5 S = 4
placed at the boundary of a cell row and equi-potential ter- I 23 12 8 31 5
minals are on the vertical column, and hence the cell model ig ig ig g 3 5
is different from the proposed cell model. For the proposed 14 22 1 5 41 1
algorithm, we transformed these data of the conventiona cell 12 ils % 2 § ‘2‘
model to the proposed cell model by randomly assigning track g %I 1? ? % i
numbers of terminals and placing obstacles without changing 19 16 8 4 2 2
column numbers of terminals(Figure 7). For the benchmark gg %? }(1’ g g g
in Ref. [21], track numbers of terminals are randomly gener- 22 12 7 3 2| 1
ated from the track ¢, to the track ¢g without changing original = 1 2 3 o3
column number of terminals Capacities on the OTC region set 25 14 7 2 1 1
to 6. Obstacles are placed at positions satisfying the condition > H 5 5 ol &

that terminals can be routed by the routi ng patterns obtained [ Total [ 419 [ 221 [ 107 | 48 [ 59 |

from the global routing. For these experimental data, we have
performed various experiments to make sure of the effective-
ness of the proposed cell model and method. For phase 1 of the
proposed algorithm, we have used the lp_solvel.5 [2] asthe0-1
ILP package.

Inorder to show the effectiveness of the proposed cell model,
we firstly have compared four conventional methods with the
proposed method, in which the multi-channel net assignment
of phase 1 does not not apply. The four conventional meth-
ods are (1) channel routing method for the BTM (CR) [5], (2)
planar routing method for the BTM (PR) [7], (3) H-V rout-
ing method for the BTM (HV) [19] and (4) Ref.[16]’s routing
method for the CCM (CC) [16]. Table I1l shows the compara-
tive results for conventional routing methods. In Table Ill, D
denotes the original channel density with two layers. >~ 7},
denotes the total number of tracks in the proposed method.
Sumllarly, Z TCR, Z TPR, Z THV, and Z Too are defined
as the total number of tracks for each routing method, respec-

1 2 3 45
tx
cell > ! L |@% e e
row 20 4@ 4:
to
1 2 3 45

Fig. 7. Transformation of terminal positions.

tively. %Rr,.,., %Rz, , and %Ry, denotetheimprovement
ratio of the proposed method to each routing method, respec-
tively. From the results of Table I1, the proposed method can
route nets in a number of tracks of 41.7% in maximum better
than the PR for the BTM, and we can show the effectiveness of
the proposed cell model and routing method.

Next, in order to show the effectiveness of the proposed
method, we compared the proposed method with the H-V rout-
ing method for the BTM. In this case, we apply the multi-
channel net assignment of phase 1. Table IV shows the exper-
imental results. In Table IV, diff denotes diff = Txv — 1}0..
The conventional routing method in Table IV isto perform H-
V routing on the OTC region with allowing vias for the BTM.
Then, the OTC routing capacitieson M2 and M 3 layersare uni-
form,i.e., 6. Fromtheresultsof Table |V, the proposed method
can route netsin atotal number of tracks of 55.1% better than
the HV for the BTM.

Finally, we have compared the proposed method with the
CTM routing method (CTMR) for the CTM in Ref. [21]. Table
V shows the experimental results after the OTC routing. The
experimental results of the CTM routing method are referred
from Ref. [21]. We also compared with the planar and H-V
routings. From the results of Table V, the number of tracks
of the proposed method are locally bigger than the number of
tracks of the CTM routing method. For example, in the channel



TABLEV
EXPERIMENTAL RESULTS FOR PRIMARY WITH CONVENTIONAL
METHODS.
[channel | D [Tcpr [ Tpr [ Tuv [ Tecrmr | Tpro. |
1 11 6 3 0 3 14
2 16 9 6 4 6 4
3 21 11 7 7 8 5
4 24 15 9 9 10 9
5 20 11 9 8 8 6
6 23 12 8 8 10 9
7 22 14 7 6 7 7
8 21 16 8 7 9 7
9 21 13 5 6 7 7
10 14 8 6 6 7 5
ik} 16 12 4 4 6 4
12 14 8 5 4 5 3
13 13 8 4 4 4 2
14 13 7 4 3 4 3
15 10 6 3 3 3 2
16 11 6 3 2 3 2
17 13 7 4 3 3 3
18 6 3 1 0 1 1
[ Totd [ 2891 I72 1T 95 [ 84 ] 104 [ 83 ]
TABLE VI

IMPROVEMENT RATIO OF THE PROPOSED METHOD TO
CONVENTIONAL METHODS.

[ WRcr | WErpy | %Bry, | BRroryp |
[5L7 | 126 1 12 | 262

number 1, the number of tracks of the proposed method are one
more than the number of tracks of the CTM routing method.
However, when we consider the total number of tracks in all
channels, the total number of tracks of the proposed method
are much smaller than the total number of tracks of the CTM
routing method. Therefore, the proposed method utilizesOTCs
of al cell rows more effectively than the CTM routing method.
Table VI shows improvement ratio of the proposed method to
the conventional methods. The proposed method can route nets
inanumber of tracks of 51.7% better than the CR for the BTM,
12.6% better than the PR for the BTM, 1.2% better than the
HV for the BTM, and 20.2% better than the CCMR for the
CTM, respectively. Therefore, we can conclude that the pro-
posed method is effective in reducing the chip area.

V  CONCLUSIONS

In this paper, we have introduced anew three-layer standard
cell model in which terminals and obstacles are placed arbi-
trarily on M2 layer, and proposed an associated over-the-cell
multi-channel routing algorithm considering terminal positions
and vacant columns. In the proposed cell model, since termi-
nals need not to be aligned and obstacles can be placed arbi-
trarily on M2 layer of acell row, arouting region on M1 layer
for anintra-cell connection isreduced. Therefore, the chip size
with the proposed cell model has decreased. The proposed al-
gorithm selects the most effective routing pattern from some
routing patterns obtained by utilizing a vacant column of acell
row. Since the routing pattern is routed with not only an en-
tire segment but also a part of a segment, the proposed algo-
rithm can utilize an over-the-cell region effectively. We have
performed experiments on benchmarksfor this cell model. Ex-
perimental results show that the proposed cell model and algo-
rithm are both effective in reducing the chip area.
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