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FIG. 2B
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FIG. 5A
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FIG. 5B
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FIG. 6
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FLOORPLAN EVALUATION, GLOBAL
ROUTING, AND BUFFER INSERTION FOR
INTEGRATED CIRCUITS

REFERENCE TO RELATED APPLICATION AND
PRIORITY CLAIM

This application is related to now abandoned provisional
application Ser. No. 60/413,096, filed on Sep. 24, 2002, and
claims priority from that provisional application under 35
U.S.C. § 119. Provisional application Ser. No. 60/413,096 is
incorporated herein by reference in its entirety.

FIELD OF THE INVENTION

The present invention relates generally to the design and
evaluation of integrated circuits (“ICs”).

BACKGROUND OF THE INVENTION

Early planning of buffer and wiring resources is a critical
aspect of every modern high-performance very large scale
integration (“VLSI”) implementation methodology. Today,
such planning is needed to evaluate the quality of register
transfer (“RT”) level partitioning and soft (pre-synthesis)
block placement/shaping, system-level timing constraints,
and pin definition and buffered routing of global intercon-
nects.

While the requirements for global wire planning as an
adjunct to floorplan definition (i.e., the floorplan definition
must take into account congestion, wire length, and timing,
among other things) and the need for simultaneous pin
assignment and global routing have not changed very much
in the past ten to twenty years, it is well-understood that
today’s context for floorplan definition and global wire
planning has evolved. Channel-less multilayer area routing
has replaced channel/switchbox routing; interconnect delays
are more balanced with appropriately sized gate delays, and
no longer dominated by gate delays; layer RC constants vary
by factors of up to 100, so that layer assignment must be
planned; global interconnects are buffered; and floorplan-
ning is at the RT-level (instead of physical floorplanning)
with soft blocks having uncertain area/delay envelopes. At
the same time, the underlying problem formulations and
algorithmic technologies have separately advanced in at
least three important ways: “buffer block” methodology,
optimizations for individual global nets, and provably good
global routing (i.e., global routing that reflects near-optimal
solutions, or solutions with a proven approximation ratio, to
problem formulations).

The “buffer block™ methodology, along with the associ-
ated planning problem (i.e., solving for locations and capaci-
ties of buffer blocks), has been proposed and further eluci-
dated. While the buffer block methodology has been used
recently in hierarchical structured-custom (high-end micro-
processor) methodologies, it may be less relevant to flat or
application-specific integrated circuit, or “ASIC”—like
regimes (where “ASIC” stands for “application-specific
integrated circuit”) due to issues of separate power distri-
bution, congestion, etc. To alleviate congestion problems
associated with the use of buffer blocks, a “buffer site”
methodology has been proposed which more uniformly
distributes buffers across the chip wherever possible. In the
buffer site methodology, block designers leave “holes” in
their designs that can be used to insert buffers during the
routing of global wires. The percentage of the block area left
unused depends on the criticality of the block, ranging from
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0% for high performance blocks, such as caches, up to a few
percent for lower performance blocks.

The increased impact of interconnects on system perfor-
mance in deep-submicron technologies has led to a large
amount of literature on performance-driven optimizations
for individual global nets. Such optimizations include buffer
insertion and sizing, wire sizing, and topology synthesis.

Provably good global routing has been developed based
on the primal dual framework, starting with “column-gen-
erating” analogies, then continuing with the exploitation of
recent fast approximations for multi-commodity flows.
More recently such provable approximations have been
applied to the problem of global routing with a prescribed
buffer block plan, taking into account signal parity, delay
upper/lower bounds, and other practical considerations.

SUMMARY OF THE INVENTION

The present invention includes a system and method for
evaluating a floorplan and for defining a global buffered
routing for an integrated circuit. A method embodiment of
the invention includes constructing a graphical representa-
tion of the integrated circuit floorplan, including wire capac-
ity and buffer capacity; formulating an integer linear pro-
gram from said graphical representation; finding a solution
to said integer linear program.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flowchart showing embodiments of the inven-
tion.

FIG. 2A is a tile diagram of an IC floorplan.

FIG. 2B is part of a gadget graph that corresponds to the
tile diagram of FIG. 2A.

FIG. 3 is an algorithm used in an embodiment of the
present invention.

FIG. 4 is a part of a gadget graph representing delay
constraints.

FIG. 5A is a part of a gadget graph representing different
buffer sizes.

FIG. 5B is a part of a gadget graph representing different
wire sizes.

FIG. 6 is a part of a gadget graph representing polarity
constraints.

FIG. 7 is a subroutine algorithm used with the algorithm
of FIG. 3 in an embodiment of the invention.

DETAILED DESCRIPTION

The present invention includes a method and system for
evaluating IC wire routing and buffer resources and for
constructing IC global buffered routings. The present inven-
tion may be used for IC floorplan evaluation, and for IC
construction of global routing and buffer insertion for ICs. A
method embodiment of the invention includes constructing
a graphical representation of the integrated circuit floorplan,
including wire capacity and buffer capacity; formulating an
integer linear program from said graphical representation;
finding a solution to said integer linear program. The present
invention allows floorplan evaluation, global routing, and
buffer insertion for ICs that takes into account effectively
and simultaneously buffer and wire congestion, buffer and
wire sizing, multiple global nets, pin assignments, and
timing constraints. Such floorplan evaluation, global rout-
ing, and buffer insertion are desirable in order to reduce the
design time and improve the performance of complex,
large-scale ICs.
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FIG. 1 is a flowchart showing preferred embodiment
methods of the invention. A graphical representation of the
floorplan, including wire capacity and buffer capacity, is
constructed (step 10). An integer linear program from the
graphical representation is then formulated (step 12). A
solution to the integer linear program is found (step 14). In
one embodiment of the invention, the solution found in step
14 is used to evaluate routing and buffer resources (step 16).
In another embodiment of the invention, the solution found
in step 14 is used to define one or more feasible buffered
routings (step 18).

FIGS. 2A and 2B show the two graphical stages of one
embodiment of the invention that are required to obtain the
graphical representation of step 12 of FIG. 1. For purposes
of simplifying the presentation, the following discussion of
FIGS. 2A and 2B is based on a number of assumptions that
are not intended to limit the scope of the invention in any
way. Skilled artisans will recognize the applicability of the
discussion to circumstances in which the assumptions do not
apply. This discussion of FIGS. 2A and 2B ignores pin
assignment flexibility; assumes that there is a single non-
inverting buffer type and a single wire width; assumes that
only buffer wireload constraints must be satisfied (i.e., that
delay upper bounds will be ignored); and assumes that each
net has only two pins.

FIG. 2A shows a tile graph 20. The tile graph 20 is a tile
graph G=(V, E, b, w), b—N, w: E—n, where V is the set of
tiles 22; each vertex 23 corresponds to a tile 22; E is the set
of edges 24 between any two adjacent tile 22; for each tile
22 veV, the buffer capacity b(v) is the number of buffer sites
26 located in v; and for each edge 24 e=(u, v)eE, the wire
capacity w(e) is the number of routing channels available
between tiles 22 u and v. We denote by N={N;, N,,, . .., N, }
the given netlist, where each net N, is specified by a source
28 s, and a sink 30 t,.

FIG. 2A shows the tile graph 20, including two exemplary
tiles 22, two exemplary vertices 23 corresponding to two
tiles 22, one exemplary edge 24, a buffer site 26, two sources
28, and two sinks 30. Two paths 31 are shown connecting
sources 28 and sinks 30 (see the emphasized lines connect-
ing source 28 s, to sink 30 t; and source 28 s, to sink 30 t,).

A feasible buffered solution to the floorplan evaluation
problem formulated from the tile graph 20 secks for each net
N, an st; path P, buffered using the available buffer sites 26
such that the source 28 and the buffers drive at most U units
of' wire, where U is a given upper-bound. In the tile graph 20
of FIG. 2A, U=5. Formally, a feasible buffered routing for
net N, is a path P=(v,, v, . . ., v;,) in the tile graph 20 G
together with a set of buffers B,= {v,, v,, .. ., v;} such that
vo=s,; and v,=t; wW(v,_;, v,)Z1 for every i=1, . . . 1; b(v))Z=1
for every v,eB,; and the length P, between v, and the first
buffer in B,, between consecutive buffers, and between the
last buffer and v, are each at most U.

The set of all feasible routings (P,, B,) for net N, is denoted
by Rr,. Given buffered routings (P,, B,)er, for each N, the
relative buffer congestion is

Hi:v e B}

M= max )

veV
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and the relative wire congestion is

Hize e P}
w(e)

¥ = max
ecE

The buffered paths (P, B,), i=1, . . ., k, are simultaneously
routable if and only if both p=1 and v=1. To leave resources
available for subsequent optimization of critical nets and
engineering change order (“ECO”) routing, simultaneous
buffered routings and wire congestion bounded away from 1
is generally sought.

Using the total wire and buffer areca as a measure of
floorplan quality, the tile graph yields this floorplan evalu-
ation problem:

Given:

tile graph G=(V, E, b, w), with buffer and wire capacities
b: V—n, respectively w: E—n;

set N={N,, ..., N} of 2-pin nets with unassigned source
and sink pins S, T,=V; and

wireload, buffer congestion, and wire congestion upper-
bounds U>0, py=1, and v,=1.

Find: feasible buffer routing (P,, B,) for each net N, with
relative buffer congestion L= 1, and relative wire congestion
vZv,, minimizing the total wire and buffer area, i.e.,

k k
@) 1B+ B P
i=1 i=1

where o, $ 20 are given constants.

FIG. 2B shows a part of a gadget graph 32 H. The part of
a gadget graph 32 H is based on a single edge 24 between
two tiles 22, tile 22 u and tile 22 v. (A complete gadget graph
would be based on all of the edges 24 of the tile graph 20.)
The part of gadget graph 32 H shown in FIG. 2B is referred
to hereafter in the discussion as “gadget graph 32 H.”

The gadget graph 32 H has U+l vertex copies v°,
vi, ... vY for each tile veV(G). Four exemplary vertex
copies 34 are indicated in FIG. 2B. The index of each vertex
copy 34 corresponds to the remaining wireload budget, i.e.,
the number of units of wire that can still be driven by the last
inserted buffer (or by a source 22). Buffer insertions are
represented in the gadget graph 32 H by directed arcs 36 of
the form (v, v¥). Following such a directed arc resets the
remaining wireload budget up to the maximum value of U.
Each edge 24 in the tile graph 20 G gives rise to directed arcs
38 (W, v and (V, W-1), j=1. ..U, in the gadget graph 32
H. The copy number decreases by one for each of these
directed arcs 38, i.e., j to j—1, corresponding to a decrease of
one unit in the remaining wireload budget. Individual ver-
tices s, S, t;, and t, (not shown) are added to the gadget
graph 32 H to represent sources 28 and sinks 30. Each source
vertex (not shown) is connected by a directed arc (not
shown) to the U-th vertex copy 34 representing the tile 22
that encloses the source 28 represented by the source vertex.
All vertex copies 34 representing enclosing tiles 22 are
connected by directed arcs (not shown) into the respective
sink vertices (not shown).

Formally, the gadget graph 32 H has vertex set

VIED={s; )l SiSEMU{vveH(G), 15U}
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and arc set

J

E(H) = Ege U Eqin U( E] U( 9 E]
(wVEE(G) veV(G)

where

E,~{(s; vI)vesS, 1=i<k}
Eui={(v;, t)veT}, 0S7SU, 1<i<k}
E, AV, (77 Wsisuy

E={(V, vWNg=0.

Each directed path in the gadget graph 32 H corresponds
to a buffered routing in the tile graph 20 G, obtained by
ignoring copy indices for the vertex copies 34 and replacing
each directed arc 36 (v, v¥) with a buffer inserted in the tile
22 v. The construction ensures that the wireload of each
buffer is at most U since a directed path in gadget graph 32
H can visit at most U vertex copies 34 before following a
directed buffer arc 36.

In FIG. 2B, b(u) and b(v) refer to the maximum number
of buffers tiles u and v are capable of holding. The expres-
sion w(u, v) refers to the maximum number of wires that
may cross the edge 24 (see FIG. 2A) between tile 22 u and
tile 22 v.

There is a one-to-one correspondence between the fea-
sible buffered routings for net N, in the tile graph 20 G and
the s,-t; paths in gadget graph 32 H (lemma 1).

In an embodiment of the invention, the correspondence
established in lemma 1 is used to give an integer linear
program (“ILP”) formulation for the floorplan evaluation
problem. Let », denote the set of all simple s,-t, paths in the
gadget graph 32 H. The 0/1 variable x,, is introduced for
every path per:=U*p,. The variable x, is set to 1 if the
buffered routing corresponding to peP, is used to connect net
N, and to 0 otherwise. With this notation, the floorplan
evaluation problem can be formulated as this ILP:

minZ [w S pNEILE Y, 1pN Eu,v|]xp
P veV(G)

= (,V)EE(G)
subject to

D P NERy spob),  ve V(G

peP

D 1P N Eylxy < voniu, v),

peP

(u, v) € E(G);

Solving the ILP is NP-hard (where “NP” means “nonde-
terministic polynomial time”). A preferred embodiment of
the invention solves exactly or approximately a fractional
relaxation of the ILP (obtained by replacing the constraints
x,€{0,1}, with x,>0) and then obtains near-optimal integer
solutions by randomized rounding.
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An embodiment of the invention uses an efficient approxi-
mation for solving the fractional relaxation of the ILP. An
upper bound D is introduced on the total wire and buffer area
and the following linear program (LP) is considered:

min A

subject to

Z[w S pNEE Y 1pn Eu,v|]xp <
= veV(G)

> (#,v)eE(G)

D Ip N Bk, < tgh(v), v e VI(G)

peP

1P N Eaybep = Avowtu, v),

peP

przl,

peP;

(u, v) € E(G);

Xp =0,

Let A* be the optimum objective value for the LP. Solving
the fractional relaxation of the ILP is equivalent to finding
the minimum D for which A*=1. This can be done in a
binary search that requires solving the LP for each probed
value of D. A lower bound on the optimal value of D can be
derived by ignoring all buffer and wire capacity constraints,
ie,, by computing for each net N, buffered paths pep,
minimizing

@Y IPNEI+B Y IpPNEl

veV(G) (#,v)EE(G)

A trivial upper bound is the total routing area available, i.e.,

Dpax = Qo Z b(v) + Bvo Z w(u, v).

veV(G) (#,v)€E(G)

Unfeasibility in the fractional relaxation of the ILP is
equivalent to A* being greater than 1 when D=D,,,, and can
therefore be detected using the algorithm described below.

FIG. 3 shows a preferred algorithm for approximating the
optimum solution for the LP. This algorithm uses a known
general framework for multicommodity flow approximation
combined with ideas similar to known ideas for efficiently
handing set capacity constraints, and relies on simulta-
neously approximating the dual linear program (“DLP”):

max » [;
=1

subject to

D0 byt D vowlu, Mz + Du=1;

veV(G) (#,V)€E(G)





















