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Fast and Effective Congestion Prediction Methods for
ILP-based Global Routing”

ABSTRACT

Global routing is a fundamental step in physical design that
determines the approximate pathways for circuit intercon-
nect. Routing in nanometer nodes creates an elevated level
of importance for low congestion routing. This paper presents
several innovative methods for quickly predicting conges-
tion in integer linear programaning (ILP}-based global rout-
ing. Accurate congestion prediction before global routing
can save valuable time in later stages. In this work, a new
tree selection score, a new tree congestion measure, and a
fast congestion map production method are presented for
ILP-based routing. Results...
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1. INTRODUCTION

The routing phase of physical design decides exactly where
the intercomnect of a circuit will be located. This task is
usually performed by a two phase flow consisting of a global
routing phase followed by & detafled routing phase. The
global routing phase of physical design determines the ap-
proximate pathways of the interconnect in a layout. As pro-
cess technologies scale downward, the interconnect plays a
raore significant role in determining the performance of a
circuit [11]. The particular importance of global routing
has been acknowledged by the highly successful ISPD global
routing contests in the past two years [1,2].

Global routing is performed by overlaying a grid on the
placement solution. From here, a graph abstraction is typi-
cally used, in which each grid cell becomes a vertex and each
boundary between grid cells becomes an edge. The number
of routing tracks that a grid cell encompasses determines
the capacity of an edge. In modern designs, this capacity
is further reduced by the presence of blockages, such as TP
blocks. An approximate route for a net in global routing
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is a set of edges in the graph, or a tree, that forms a path
between vertices containing pins in the net. If the number
of trees using an edge, the demand for that edge, is near or
above its capacity, it is said to be congested. An edge with
demand in excess of 1is capacity is said to be overflowing.
A routing solution is legal if all of the nets have a tree and
none of the edges are overflowing.

Being able to relieve congestion is paramournt in giobal
routing. When edges are overflowing the layout cannot be
fabricated. In addition, even if a solution is legal, conges-
tion deteriorates signal quality and increases delay uncer-
tainty [23]). A considerable amount of work has been done on
avoiding congestion in global routing, such as [7,15,22,29],
and several methods exist for predicting congestion before
beginning global routing [4,9,30,31,33]. Itis a worthy goal to
create congestion avoiding routes initially so that less routes
require post-processing through rip-up and reroute or some
other improvement scheme.

The first contribution presented in this paper is a new
tree selection score calculation for ILP-based routing that
behaves like & probability function. This prediction is used
{0 propose a new edge demand prediction method for es-
timating congestion. The congestion estiration fechnique
is used in a framework to drive additional tree generation
for ILP-based routing. Then, a new quantify coined the
routing supply is presented and shown to be superior to the
routing demand guantity for aveiding overflow. In addition,
a model for the global routing problem through ILPs that
can be solved quickly and obtain 0-1 solutions is developed.
The new model developed is then used as & way of quickly
creating a congestion map for an entire circuit.

The rest of this paper is organized as follow. Relevant
background information and motivating factors for this work
are given in Section 2. In Section 3, score-based conges-
tion prediction methods are proposed. In addition, a new
ILP-based global routing tree selection prediction technigue
is proposed and used in an additional tree generation al-
gorithm. In Section 4, a deterministic congestion map is
proposed based on infeger relaxation models which can be
solved quickly by exploiting unimodularity. The effective-
ness of the congestion maps is validated in this section. Fi-
nally, conclusions and future work are presented in Section
5.

2. BACKGROUND AND MOTIVATION
2.1 Global Routing

Sequential routing is a conventional method for perform-



ing global routing. In this method, each net is routed one-by-
one and is usually followed by an improvement scheme. The
initial routes can be generated by any of a variety of meth-
ods, including pattern and maze routing. The quality of the
initial solution is heavily dependent on the order in which
the nets are routed so post-processing is required to remove
that dependence. Rip-up and reroute is a popular scheme
identifies problematic routes, removes them and attempts to
reroute them in a better order. An iterative scheme, known
as negotiation [24], provides a congestion-alleviation frame-
work for performing rip-up and reroute. Negotiation is a
part of several successful academic routers (8,13, 25,28].

Concurrent routing avoids the net ordering problem by
routing all nets simultancously using mathematical program-
ming. ILP-based global routing is a classic exarmple of con-
current routing that has been in existence for over two decades
when the seminal work was performed by Burstein and Pelavin
[5]. ILP-besed global routers first generate a set of trees for
gach net that are candidates for the final route. A linear
objective function is then selected based upon the desired
goals for the routing sclution. Then an ILP solver is used
1o determine which trees should be selected according to
the objective while maintaining that the edge capacity con-
straints are not violated.

A technique that models the global routing as a multi-
cormmodity fiow problem allowing more than one tree io
be fractionally selected for a net. The resulting problem
is solved as a linear program {LP} followed by a rounding
scheme to obtain an integer solution [3]. LPs can be solved
more quickly than ILPs but the rounding causes the soiu-
tion to be suboptimal. The historical criticism about ILP-
based global routers being slow is becoming less valid as
ILP solvers have improved. Because of these advances, sev.
eral TLP-based global routers have been proposed recently.

- BoxRouter [8] is an ILP-based router that uses progressive
box expansion to formulate a sequence of ILPs that incre-
mentally route the circuit. BoxRouter was competitive in
both the 2007 and 2008 ISPD routing contests. Another re-
cent ILP-based global router is Sidewinder [19]. Sidewinder
is a flat router that moderates size of the ILF by only select-
ing two candidate trees from a potentially very large group
of initial candidates. ILP preprocessing techniques have also
been shown to be effective at reducing runtimes without af-
fecting solution quality [16].

2.2 Congestion Map Generation

Congestion maps are an important tool in guiding global
routing. With an accurate congestion map, the giobal rout-
ing problem can be solved more intelligently because & priori
knowledge of where overflow is most likely to occur is avail-
able. It is important for the congestion maps to be obtained
quickly so that the entire process of global routing with a
congestion map can be performed in a comparable amount
of time to when no map is used. Several previous conges-
tion map models in [21,23,31] relied entirely on probabilistic
analysis. The method presented in [23] considers all detour-
free routes assigning each an egual probability. Based on
an observation tha$ most routes are L- or Z-shaped, the
method in [31] considers only these shapes for routes. The
wire density estimation described in [21] uses detour-free
one- to four-bend routes and an empirical formula for higher
bend routes to approximate congestion with probabilities.
The method also allows for detouring if detour-free regions

are highly congested. These methods deal with blockages
but probabilistic congestion is not the way to go for designs
with many obstacles {31]. The underlying assumption of
methods that assume equal probability has been noted as
unrealistic when analyzing results of commercial routers on
realistic circuits [28].

The main advantage of probabilistic methods for estimat-
ing congestion is that they are faster than performing global
routing to get more accurate results. After calling the ac-
caracy of probability-based methods into question in [32],
a degenerate router, called FaDGIloR, that quickly solves
the global routing problem is proposed. This router uses
A*.gearch to sequentially route the nets without performing
rip-up and reroute. The algorithm is comparable in runtime
to probabilistic methods. FastRoute 1.0 [26] provides less
overflow in less time than FaDGloR by using edge shifting
and a logistic cost maze routing.

The congestion map strategy that BoxRouter [B] uses is to
first decompose each net into two-pin subnets using a Steiner
tree generated by FLUTE [10]. Next it solves an ILP that
has only L-shaped routes for each net with the objective of
maximizing the number of nets routed. This L-shaped only
ILP is the same initial congestion map strategy that is used
in Sidewinder [19]. However, the congestion map is dynami-
cally updated between ILP iterations es new candidate trees
are selected. This updating is probability-based and con-
tributes to Sidewinder’s significant runéime. FastRoute [27)]
also uses an L-shaped only initial congestion map formula-
tion but rather than solving an ILP, it routes sequentially.
Maizerouter [25] uses the same method, NTHU-Route [15]
generates a congestion map by with L-shapes as well but
uses a probabilistic argument initially. Each tree is selected
and has a demand of 0.5 for each of its edges, unless the
twa pins were collinear and only a straight, no-bend tree
is produced and has a demand of I for each edge. It then
performs edge shifting to improve the tree topology based
on the initial map. The double-via insertion router pre-
sented in [6] uses a probabilistic congestion model to map
the congestion. It generates all possible L~ and Z-shaped
tree for two-pin subnets produced by a minimum spanning
tree (MST) and assumes each has an equal probability of
being selected. Each tree contributes a demand equal to the
inverse of the total number of L- and Z-shaped trees to the
edges in the tree. FGR |28 decomposes nets with FLUTE
or via an MST method and then sequentially performs an
initial routing with an exponentisl overfiow penalty rather
than using only minimum length routes.

These probability-based methods, as well as other tech-
niques [9}, require the nets to be broken into two-pin sub-
nets to reduce complexity in order to reduce runtime. This
may result in inaccuracies if the global router using the map
does not use the same subnet decomposition or does not
decompose the nets at all.

can handle obstacles by adjusting dgrmig 4] put in routers
part could be used for non-ILP-based routers since ne solver
is required

However, most of these algorithms focus exclusively on
two-pin subnets and the small region within the bound-
ing box of the two pins. This strategy is not suitable for
ILP-based global routing because only a small amount of
trees are generated for each net and not every possible tree
needs to be considered. The existing method that considers
full nets and not two-pin subnets for congestion prediction



uses a simple probability argument to estimate the conges-
tion {4]. Probability-based congestion technigues have been
criticized because of their inaccuracy [32]. This paper de-
velops fast and accurate methods for estimating congestion
in ILP-based routing.

The importance of removing overflow in global routing is
paramount. Being able to predict where congested areas are
likely to occur before performing routing allows a router to
attempt to detour routes around areas. This can allow the
router to avoid overflowing edges sarly on in the routing and
converge to an overflow-free solution more quickly. For ILF-
baged routing, this can reduce the number of trees that need
1o be generated. Reducing the number of trees generated
is beneficial because they are time consuming to generate
and also increase the time required to solve the ILP. The
technigques proposed in this paper are able to:

« Provide accurate congestion information

+ Have minimal impact on total runtime

3. SCORE-BASED CONGESTION PREDIC-
TION METHODS

3.1 A New Tree Selection Score Calcnlation

This section develops a congestion-based score caleulation
to express the likelihood that a tree will be selected by an
ILP-based global router. These scores are used to predict
edge demands or edge supplies later in the routing demand
prediction method or routing supply quantity technique, so
that additional trees can be constructed for congested edges.
The tree construction algorithm used in this paper is based
on the algorithm in [33] which uses the congestion prediction
technique in [4). In this section, an important improvement
in the congestion prediction methed in [4] is proposed. The
flaw in the previous approach for a tree generation appli-
cation did not consider a net with only one tree generated
for itself. In the previous approach, the probability of each
tree of a net to be chosen is assigned equally. In some case,
the predicted demand for a edge is equal to one because of
the sum of probability for some trees, but the edge is not
certainly taken by a tree. A new tree selection score, which
acts like a probability, proposed here is to remedy this prob-
lem by explicitly recognizing when a net has only one tree
generated for itself,

To appreciate the amount of situations stated previously,
placement date for the ISPDO8 benchmarks is presented in
Table 1. In Column 3 of this table reports the number of
coliinear, degree two nets in each circuit is reported. The
percentage of two-pin mets that are collinear is tabulated
in Column 4. On average, 26% of the nets in the ISPD8
benchmarks are collinear nets of degree two and therefore
only have one route. The number of nets that receive only
one tree using [33} will be higher than this. This is because
nets with degree higher than three only receive one tree.
The vast majority of nets in the benchmarks are of degree
two or three but higher degree nets tend to need more rout-
ing resources as they have more pins to connect., Columns
5 and 6 contain data for the average amount of guaranteed
edge demand per edge and the percentage of the edge capac-
ity that is used up by guaranieed demand. Nets with only
one tree account for 46.6% of the edge capacity on average
cutting down scarce resources by atmost half.

Table 1: Percentage of degree two collinear nets and
nets with only one tree using in the ISPD98 global
routing benchmark suite

Circuit || Nets [Collinear| % nets | Average|% capacity
nets  |collinearidymia(-) |guaranteed

om0l [ 11507] 2066 | 25.8 7.2 517
ibm02 {|19201] 4691 243 | 160 47.1
bmo3 ||21621| 5644 | 26.1 14.0 46.8
ibme4 |[26163| 7330 | 280 18.1 56.9
ibm05 [[27777] 8001 28.8 | 247 39.3
ibm06 ||33354] 9456 | 28.4 16.7 50.5
ibmO7 {44304} 11032 | 249 | 146 407
ibm08 ||47944| 11556 | 24.1 16.3 50.8
ibm09 ||50393| 14227 | 28.2 12.4 444
fbmi0 {|64227] 14071 | 219 17.4 434
Ave. |- - 96.3 - | 466

To remedy the tree selection prediction faw it is proposed
to first generate the trees for ali of the nets known to only
produce one route, which in the algorithm used in this pa-
per are coliinear two-pin nets and nets of degree four and
higher. A minimum length tree for a collinear, two-pin net
has zero bends, whereas any alternate tree has at least two,
The reason for generating only the minimum length tree for
collinear, two-pin nets is to promote reduction in the total
nunber of bends and total wirelength in the solution. Nets
of degree four or higher may require much more computation
to determine high quality trees than a degree two or three
net. To promote fast solutions, only one tree is generated
for nets of degree four or higher.

Once these trees have been routed the predicted conges-
tions of the routing grid edges are incremented by one for
esch tree that passes through them since the trees routed
are guaranteed to be using those edge resources. The to-
tal guaranteed demand for an edge is given by the dyryial’)-
‘With the deterministic routes factored in, trees for the re-
maining nets are generated and a new technigue to calculate
the tree selection score is proposed. Since it is preferable for
a route fto avoid congested areas, the new score calculation
is constructed in a way that reflects this notion. So instead
of the simplistic equal probability underlying the method
in {33}, the score for choosing a tree t;,5 for a net n; with T
total trees is proposed to be calculated as:

i
max (dgrntd(@k)) + %{

ek_ét;_j
=1 \ entar (dgrntaler)) + iy

score(ts 5) =

ey

To explain the equation, first consider the terms in the de-
nominator of the numerator: max {dgemal(er)) + iy - The
epEli g

frst term is the maximum guaranteed demand for an edge
in a tree. The maximum guaranteed demand is the best
congestion that a tree can hope for since it is guaranteed to
be at least this kigh. The second term is the probability of
selecting a tree when each tree is equally likely to be chosen.
Tt is the same for all trees generated for a net. The higher
the maximum guaranteed demand is for a tree the higher



the chance that it will contain a heavily congested edge in
the final solution since at least one edge has high demand
before routing even begins. To account for this undesirabil-
ity in the probability function, the inverse of the sum of the
two terms is taken. This makes trees with higher maximum
guaranteed demand have a smaller probability of being cho-
sen. The second term ensures that division by zero never
occurs. This inverted term is divided by the sum of all of
the inverted terms for the trees generated for a net to make
the scores sum up to ome. It should be noted that the tree
selection probability function used in [33) is a special case of
(1) when all trees have a maximum guaranteed demand of
ZEro.

An example of how the new ftree selection score is cak-
culated is shown in Figure 1. In this example there are

) tia
¢ B
R B .
:
o] e by
I ; I
4 Py
e
cler) = dyrmealer) =1

cle) = dgrn:d(@) =0
dgmtd(eli) =0
cles) =4 dgrmialea) = 3

mMaXey €ty 1 Edgrntd(ek)g = dgrntd (e2) =1

ID8Xe, €ty o dgmtd{ek) b dgmtd {es) =3
Figure 1: An example for calculating the new tree
selection score. Each solid lines in the left diagram
represents one unit of guaranteed demand for the
edge it runs parallel to.

two trees for net m1 = {p:1,ps} on the right routing grid,
t11 = {e1,e2} and 1,2 = {es,ea} where the edges are la-
beled on the left routing grid. The capacity of all of the
edges is assumed to be 4 and the guaranteed demands for
each are fabulated below the diagrams in the figure. The
guaranteed demand for each edge is calcuiated by summing
the number of trees that are guaranteed to contain an edge.
Fach unit of guaranteed demand is shown as a solid line
parallel to an edge in the left diagram in 1. The maximum
guaranteed demsnd for an edge in each tree is also tabu-
lated. By looking at these guaranteed demands, it can be
seen that eq is very close to its capacity, making t1,2 less
favorable for n1. Using (1) to find the score for 11,1 being
selected yields score(fy,;) = 75. The score for 12 is simi-
larly found to be 1—30. These tree selection scores reflect the
preference of a router to choose a route that is less likely to
create overfiow.

3.1.1 A New Congestion Prediction Tree Generation
with Routing Demand Quantity

this subsection might be taken out. Or just routing de-
mand quantity can be token out. With these enhanced free
selection scores calculated, the predicted demand for an edge
i3 calculated by summing the guaranteed demand pius all of

the iree selection scores for trees containing the edge as in

dpre(ex)} = dgentaler) + Z

b i €eq, 1Ti|>1

SCOT'(’;(ti,j). (2)

This formula is used for forecasting which edges will be over-
fiowing or with demands near their capacily so new trees can
be generated if necessary.

The accuracy of the new predicted edge demands is ver-
ified in Table 2. The setup for this experiment was to per-
form global routing of the ISPD98 benchmarks using the
edge capacity model (ECM) in {33] with one iteration of ad-
ditional tree generation. This model is made to minimize the
maximum edge demand and is a standard way to perform
routing to reduce congestion. Then the actual edge demand
and predicted edge demand using the method in [4] and the
proposed method are calculated. The second column in Ta-
ble 2 shows the actual average edge demand in the solution.
The third and fourth columns list the average and standard
deviation in the absolute value of the error from using the
method in [4]. The average is reported as a percentage of
the actual demand. The average and standard deviation
of the error from using the proposed method are shown in
Columns 5 and 6. The proposed method provides a more

Table 2: The proposed edge demand prediction re-
sults on the ISPDY8 benchmark suite compared to
the method in [1].

Circuttil Avgi dpre{) |dpre(-)|Proposed [Proposed
d(-)| by 4] |by []| dpre() | dpre(?)
avg % err|stddev|avg % err| stddev
ibm01 || 7.5 15.2 1.3 11.9 1.0
ibm02 116.6] 14.0 2.5 11.4 2.1
ibm03 14.6 16.7 2.7 15.3 2.5
ibm04 111351 19.5 2.7 16.9 2.4
ibm05 [125.5| 114 3.0 8.7 2.3
ibm06 |[17.2 11.5 2.1 8.8 1.6
ibm07 ||15.8] 161 2.7 14.2 2.4
ibm08 |[16.7 12.9 2.2 10.2 17
ibm09 §12.81 162 2.5 15.2 2.3
ibmi0 §17.8 149 2.9 13.2 2.5
Avg. | - 14.8 2.5 126 2.1

accurate and precise estimate of the actual demand. The es-
timates appear to be quite accurate, 14.8% average error for
the method in [4] on average for all of the benchmarks and
12.6% for the proposed method. The 2.2% improvement is
more significant when it is considered that nearly 50% of the
nets in this experiment have only one tree and their demand
would be predicted exactiy.

Based on the proposed predicted demand, dpze(-), in {2}
a new framework for additional tree generation with new
objective in ILP based global routing is proposed. In tradi-
tional ILP formulation of global routing, the objective has
been to minimize the total wirelength or the maximum edge
demand. In [4], a novel TLP objective is proposed. In this
model, each tree in & global routing problem is associated
with a routing demand, rd(-), value that is related to the
total congestion encouniered by this tree. The routing de-
mand for a tree t;,; is calculated as the sum of the predicted
edge demands of the edges that the tree contains [4]. In this



maodel

rd(ti ;) = Z dpre(€x).

R €li,;

This calculation tries to foreteli the amount of congestion
that the tree will be a part of. In addition, the enhanced
edge demand prediction method is able to more accurately
guide the decision of where additional trees need to be con-
structed. The entire edge congestion prediction tree gener-
ation algorithm with ILP is summarized in Figure 2.

. Generate the initiel set of trees as in |33]

. Calculate guaranteed demands for edges

. Caleulate tree selection scores with (1)

. Determine the predicted edge demands using {2)

. Generate additiona! trees for nets with trees
containing edges predicted to be highly congested

6. Solving ILP problem with the objective of

minimizing routing demand

[

Figure 2: The proposed congestion prediction-based
tree generation framework.

3.2 The Routing Supply Quantity

In the previous routing demand quantity, even with an
accurate edge demand prediction there is a problem.This can
be seen in the example provided in Figure 8. The capacity

e Y2
3 P i
‘r___L__: O
clm'*i ed-—*i [
R X
; -
2
cles) =4 dpre{e1) = 1 _
oleg) =4 dpre(ez) =5 rd(ti) =6
cles)=4  dproles) =4 _
cles) = 4 doreled) = 3 rd(tiz) =7

Figure 3: An example depicting the problem with
the routing demand metric for use in an objective
function.

of all of the edges is 4 and the predicted demand for each is
given in the figure along with the routing demand for each
tree. On the right, there are two trees for the net and the
routed demand for each is tabulated. £1,; has a lower routing
demand of 6§ compared to t1,2 which has a routing demand
of 7. At first glance it may appear that t1,1 is better suited
for reducing cireuit congestion. This may be frue in some
instances but not here because ez is actually predicted to
be overflowing. The goal of minimizing overflow should take
priority over all other objectives.

To avoid this shorteoming the converse of the routing de-
mand calculation that will be referred to as the routing sup-
ply, rs(-), is proposed. The routing supply measures how
much available capacity is in the edges of a tree based on
the predicted edge demand. If there is an edge that is pre-
dicted to have no available capacity, a penaliy is incurred.
The routing supply for a tree £ ; is caleufated through the

use of the following formula

r8(tig) = 3 e, et , ((cler) — dpre(ex)) *
(1 [elex) — dprelex) = Ul + Vpnisy jcler} — dpre{er) < O])) )
3
where c(ex) is the capacity of edge ek, dpredictealer) is edge
er’s predicted demand, ypniy > 1 is a shortage penalty for
when the predicted demand exceeds the capacity, or “sup-
ply”, and the brackets are a notational convenience adopted
from [14]. The notation convention works as follows

{true or false condition] = 1 if condition is frue
0 if condition is false

The two conditions in (3} are efex) — dpre{ex) > 0, which is
true if there is capacity available, and clex) — dpre{er) < 0,
which is true when there is no capacity available. Note that
the conditions are mutually exclusive so one will always eval-
uate to 1 and the other will evaluate to 0. These two condi-
tions determine the coefficient multiplying the supply term
cler) — dpre(ex). If there is available supply, the coefficient
is unity, and if there is no supply, the shortage penalty will
maltiply the demand in excess of the capacity. The shortage
penalty should be large and comparable to the edge capacity
to significantly amplify the edges with overfiow. An example
of the routing supply of an edge is given in Figure 4. The

T
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1

slope = aly

~5F

Edge rouling supply

7
i
i
i
1
i
i
1
-10 i
i . . .
0 4 5 8 10

-2 2
Avaitable edge resources

Figure 4: The routing supply of an edge. The rout-
ing supply for a tree is the sum of the routing sup-
plies for the edges in the tree.

largest routing supply amount is when there is no demand
for the edge, or when all of the edge resources are available.
The slope in the region where there are routing resources
available is one. When there is an excess of demand, mean-
ing there is a shortage of available resources, the slope is
“Ypnlty+ LThe shortage penalty is markedly steeper since it is
preferable to use several at or near capacity edges versus an
edge that has an overflow of even just one.

By using the Figure 3 again, an example showing how
the routing supply calculation works to aveid overflow where
routing demand did not is illustrated. To calculate the rout-



ing supply for each tree (3) is used.

f‘s(t:l,l}

= (eles) ~ dpre(es)) (1 lcfer) — dprele) 2 0] +
Ypnity [c(e1) — dpre(e) <O} +

{elez) — dprefe2)) (1 [e(e2) — dprelez) = 0]+
Ypnlty [c(e2) — dpre(ez) < 0])

A-DAE-120+vpney [4— 1 <0} +

{4—5}(1[4""5 20] “'I“")'pnlzy [4"‘ 5(0])
= 3 - Fordty

Through a similar calculation rs(ty2) is found to be egual
to 1. In this example, if the shorfage penalty is greater
than 2 then the preference towards the tree not involved in
overflow, 1,2, is reflected in the calculations.

3.2.1 Comparison between Routing Supply and Rout-
ing Demand

To provide validation to the new routing supply quantity
this section compares two global routing formulations: one
with the routing demand objective and the other with the
routing supply. The routing demand model formulation is
as follows

minimize Doy Tt )T

subject to 37, et Fai = 1, Vg € N

{iglen €ty 3 Fiad < caplex), Yex € E
0<my <1, Yo & N, Yi; € Th

4)

Since the routing supply increases if the tree contains pre-
dictably uncongested edges and reduces when it contains
edges predicted to be overflowing, the negative of routing
supply is suitable for the routing supply model minimiza-
tion. Therefore, the routing supply model is as follows

Zw,j —78(teg)is
Sti,jETi Tiyj = 11 ' Y€ N
E:{i-njicketi,j} Tig < capler), Yere B
0<my < Vo, € N, Vi, eTi
(5)
In Table 3 the data for each model solved by using a lin-
ear relaxation and post-processed with a greedy round-up-
the-largest scheme to obtain integer solutions is presented.
The capacity constraints are relaxed enough to allow all of
the nets to be routed so there is some overflow. In Table 3,
Columns 2-5 report results from solving the routing demand
(RD) model in (4) and Colummns 6-9 report the percentage
difference between the routing supply (RS) model in {5) and
the routing demand model. The percentage difference val-
ues for the routing supply results are calculated using the
following equation

Ao = ({RS value} — {RD value)

minimize
subject to

RD value

where Ag is the percentage change. The second column,
labeled “WL”, lists the wirelength. In Column 3 and 4 the
total number of bends in the routes and the total overflow
are tabulated. Column 5 displays the total time faken to
solve the problem. The last four columns report the same
regults for the RS model but in percentage compared to the
RD model. The average percentage changes are shown in
bottom row. The wirelength and number of bends increase
by 0.7% and 3.4%, respectively, for the RS model but the
total overfiow decreases 13.7% on average. This verifies that

) x 100%

Table 3: Percentage comparison between the rout-
ing supply and routing demand models using the
ISPDY8 global routing benchmark suite

RD Model RS Model % Comparison
Circuit| WL [Bends{Total] Total [WL|Bends| Total | Total
OV [TM(s)|(%)i (%) [OV (%) TM(%)
ibm{1 [ 60415 112962|12372( 8 [|2.31 96 1.9 12.5
ibm(2 [166347|28039[5535| 238 [0.5F 2.5 | 6.7 0.0
ibm03 1145927|22536|3193| 23 (0.7, 3.6 1.8 0.0
ibm04 116306926249 5623| 40 (0.9 4.4 ~5.8 0.0
ibmO5 [41G085|50767] 133 | 33 (003 0.2 | -88.0( 3.0
ibmO6 [276473/41533151941 48 |0.8| 4.7 | -4.8 0.0
ihm0Q7 36383654675 51701 100 (0.2 1.2 -34 1.6
ibm0R [403883168447 5417 127 (05| 2.6 @ -5.0 7.9
ibm00 (4121571627351 78401 219 |0.7| 3.9 | -10.8 | 2.7
ibml( 575044926201 85821 237 (0.3 1.3 i -16.0 4.6

(Ave. | - | - | - ] - |07] 34 |-137

the routing supply model is better able to reduce the amount
of overfiow given the same set of trees as the routing demand
model. About 50% of the nets in the benchmarks only have
one tree generated and would be chosen by both models.
This means that the reduction in overflow is quite good given
that many of the nets only have one tree to choose from.

4. INTEGER RELAXATION CONGESTION
MAPS

The proposed strategy for producing a congestion map in
this section is to use an ILP to obiain & solution with or with-
out decomposing nets into subnets. If the router intending
to use the congestion maps decomposes nets then the nets
should be decormposed before generating the map. However,
unlike other methods, if the router does not decompose nets
the developed model will work just as weli for it since it can
handle either case. In order to avoid runtimes significantly
higher than previous methods, the models are formulated as
integer relaxations. This allows for entire nets to be routed
instead of only two-pin subnets which is more suitable for
routers that do not use two-pin subnet decompositions.

4.1 Proposed Integer Relaxation Model

In this section, developed integer relaxation model is for
quick production of accurate congestion maps. The class of
problems proposed will be used in following sections where
their favorable characteristics are applied in a congestion-
related application.

4.1.1 Unimodular Integer Linear Programs

An important property of linear programs is that a vertex
in the constraint polyhedron will yield the optimal value.
This was the fundamental cbservation that lead to the de-
velopment of the Simplex algorithm for solving LPs. This
idea has further ramifications for ILPs and will be applied
to global routing ILP formulations in the following section.

Definition 4.1. Unimodularity - A square matrix with in-
teger entries is unimodular if #s determinant is 1, -1, or O

An immediate consequence of this is that for systems
Ux = b with b made up of integers and U is unimodu~



lar then if det(U) 5 0 the solution for x will also be integer.
This follows from Cramer’s Rule for obtaining the solution
10 linear systems using determinants [12].

Definition 4.2. Total unimodularity - A rectangular ma-
frix with integer entries is called totally unimodular if all of
its square submatrices are unimodular.

Theorem 4.3. (A class of unimodular matrices) Suppose a
matriz has only 1, -1, or 0 for any of its entries and each
column has at most two non-zero entries. The matriz is
totally unimodular if and only if the rows can be partitioned
into two sets such that if o column has two non-zero elements
with different signs their rows are in the same subset and if
they have the same sign they are in different subsets [17].

Congsider a general LP where the variables are bounded
by integers w, v and b € 2%
mirimize ¢'x
subject to Ux=bh {6)

WK<,

The matrix U has the properties of a totally unimodular
matrix so the optimai solution is guaranteed to be made up
entirely of integers. In fact, this is the only case when the
solution of the LP problem will be integer as proven in a
famous theorem by Hoffman and Kruskal [18],

4.1.2  Integer Relaxation Model

A global routing model proposed in this section uses uni-
modularity to solve the global routing problermn. The main
idea is to formulate the TLP such that the constraint ma-
trix is totally unimodular, This modeling will result in the
optimal LP sclution, x*, of the relaxed unimodular ILP to
contain only zeros and ones. This eliminates the need to use
B&B or rounding to obtain integer solutions.

In this section, the edge capacity constraints is relaxed
10 obtain what will be called the integer relaxation. When
the edge capacity constraints are removed the remaining ex-
clusivity constraints (Et:‘,j e, g = 1, Vg € N) give the
constraint matrix as the totally unimodular matrix, which
con be verified by using Theorem 4.3 which holds since each
column has only a single non-zero entry, Being totally uni-
modular means that the integrality constraints can be re-
laxed without any conseguerce.

This gives rige to the proposed integer relaxation of the
global routing problem

(Integer Relaxation) minimize ¢'x
subject to Ux =1, (M
< x

The x < 1 constraint can be removed because it is implied

by the two remaining constraints. In addition to providing

binary solutions, this model can be evaluated more quickly
than other models because of the reduced number of con-
straints. The drawback is that the capacity constraints are
not considered and overflow can occur. In Section 4 an ap-
plication of how the lack of capacity constraints can be ad-
vantageous is presented. It should be mentioned that the
proposed integer relaxed model is selved by using Shnpiex
in CPLEX. 9.0 library {20].

4.1.3  Wirelength Integer Relaxation Congestion Maps

The first proposed integer relaxation model is a wirelength-
based model known as the wirelength integer relaxation (WIR):

(WIR) minimize Ix
subject to  Ux =1, (8
0 < x,

where 1 € RN s a vector of tree lengths where each en-
fry is equal to the number of edges in the tree. By using a
wirelength objective with the edge capacity constraints re-
laxed the solutions obtained from this model represent an
abzolute lower bound on the wirelength for a solution. This
lower bound is not only the minimum for the given set of
trees but also the minimum possible wirelength since each
net has at least one minimum length tree produced from
FLUTE.

The results for the WIR model are tabulated in Table 4.
The experiments are performed using one additional itera-
tion of tree generation using the tree generation framework
proposed in Section 3. In Column 2, the maximum demand

Table 4: Results for the WIR model using the
ISPDY8 global routing benchmark suite

Circuit||Max Edges Total {OV/| Solver
d(-) OV(%) OV iedge|TM(s)

om0l || 30 | 875 ( 10.6 % ) | 3374 | 3.8
ibm02 || 58 1204 ( 11.6 % )| 7227 | 6.0
ibm03 || 50 | 863 (8.3 %) | 3849 | 45

ibm04 |[ 43 11437 { 11.5 % )| 6992 | 4.9

[ T v e B e B B

ibm05 || 72 | 154 (0.9 %) | 837 | 5.4
ibm06 {| 71 | 1567 { 9.5 % )| 7970 | 5.1
ibm07 || 60 | 1542 (6.2 % } | 8595 | 5.6
fbm08 || 55 | 2181 (8.8 % } | 9932 | 4.6
ibhm09 || 54 | 3071 { 9.3 % } |12792| 4.2
ibmi0 || 64 | 2098 (6.3 % ) 112884/ 6.1
Avg | - | -(83%) | - [80] - |

amongst all edges is given. In the third column the number
of edges with overflow and the percentage of edges overflown
(between parentheses) are recorded. The fourth and fifth
columyn show the total overflow of ali edges and the average
amount of overflow of each overflowing edge, respectively.
The rightmost colurny contains the runtime taken to solve
the integer relaxation. The row labeled “Avg” shows the
average values when relevant.

The amount of overflow is quite high with this model hav-
ing an average overflow of 5.0 for each overflowing edge and a
maximum total overflow near 13000, The wirelength model
does not consider reducing congestion at all so these values
were anticipated to be high.

To interpret the congestion maps, an edge demand his-
togram is shown how many edges have a specific amount
of demand. The histogram for the WIR model for ibmo6
is given in Figure 5. The vertical axis in this histogram is
the percentage of edges with a specific demand. The ver-
tical line drawn on the histogram is the edge capacity for
either horizontal or vertical edges. Any bars to the right of
the vertical line represent overflowing edges. The histogram
mimics a normal distribution which may not come as a sur-
prise after observing the congestion map. Since the capacity
constraints are relaxed, there is no “bunching up” to the left



of the capacity line that would be seen in a legal solution
as overflowing edges gradually use demand of neighboring
edges to remove overflow. Rather, there is a very natural
decay from peak fo fail.
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Figure 5: An edge demand histogram for ibm06 us-
ing the WIR model.

4.1.4 Routing Supply Integer Relaxation Congestion
Muaps

A new model is formulated in this section by making use
of routing supply in the objective function. This is a way to
account for edge capacities without the use of constraints to
allow the infeger relaxation structure.

The routing supply integer relexation model (RSIR} s as
foliows

(RSIR) minkmize —{rs) %
subject to Ux=1 {(9)
g <x,

where rs is a vector of routing supplies for the trees.
The results for the RSIR model are tabulated in Table 5.
The amount of overflow moderate with about 6.5% of the

Table 5: Results for the RSIR model using the
ISPD98 global routing benchmark sunite

Circuit || Max Edges Total | OV/| Solver
diyy OV {%) OV |edge(time (s)

bmOL || 3L | 764 (9.2 % ) | 2416] 3.2 1 1
ibm02 || 53 {1083 { 10.4 % )| 5162|481 0
bm03 || 53 | 727 (7.0 %) |3250| 45| ©
ibm04 || 54 | 1097 (8.8 % ) |5290| 48 | 1
ibmos | 64 | 10(01%) | 16 {16 1
ibm06 || 55 | 1273 (7.7 %) |4946] 3.9 | 1
ibm07 || 59 | 1036 (4.2 %) |4994} 48 | 1
ibm08 || 54 | 1483 (6.0 % ) |5146{ 35| 1
ibm09 || 51 | 2203 (6.7% ) |6995( 32| 2
thml0 || 57 | 1511 (4.6 % ) i7210] 481 1

Avg - -(65%) - [38

edges overflowing and each of them exceeding their capacity

by 3.0 on average. The time taken to solve the problem is
very short and unvarying with the different problem sizes as
was the case for the WIR model.

The edge demand histogram for ibmd6 produced by the
RSIR model is given in Figure 6. The histogram shows rel-
atively quickly decaying right tails past the capacity line for
both horizontal and vertical edges. The slope descending to
the leff from the peaks is less steep than the slope fo the
right, particularly in the vertical edge case. This is a sig-
nature of the approach $o a legal solution as all of the bins
to the right of the capacity line get perturbed into the bins
just to the left of the capacity line, This results from the
shifting of routes going through overflowing edges into edges
that have available capacity. When the solution is legal the
slope 1o the right is a straight line going directly down.

ibm06 Horizontal Edge Demand Histogram
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Figure 6: An edge demand histogram for ibm06 us-
ing the RSIR model.

4.1.5 A Comparison Between the Proposed Models

The WIR map is effective at locating congestion “hot
spots” while the RSIR produces a map that may be more
useful for fast global routing. This is because the RSIR map
more closely resembies a legal solution. With this informa-
tion & router is better able to predict how much detouring
routes will need from a minimum length starting point to
obtain a legal solution.

Table 6 contains a comparison betweer: the WIR model
in (8) and the RSIR model in (8). The tabulated values
represent a percentage change between the RSIR values and
the WIR values using the following equation

Ay = ({RSIR value) — (WIR v&lue}) « 100%

WIR value

where Ag is the percentage change. Except for three maxi-
roum demand values, the RSIR model has lower congestion
properties than the WIR model. The RSIR model has nearly
one third less overflowing edges and 41% less total overflow
on average. Solver times are virtually the same for both
models and excluded from the table,

To visualize the differences between the two histogams, a
difference histogram is showi:.

The distinction between the two methods is clear in the
edge demand difference histogram shown in Figure 7. This



Table 6: Percentage comparison between the WIR
and RSIR model using the ISPD98 global routing
benchmark suite

Circuit | Max | Edges | Total | OV/
a() ov ov edge

ibm01 3.3% | -13.1% | -28.4% | -16.8%
ibm02 || -8.8% | -10.0% | -28.6% | -20.6%
ibm03 6.0% |[-15.8% | -15.6% | -0.7%
ibm04 | 25.6% | -23.7% | -24.3% | -1.6%
ibm05 || -11.1% | -93.5% | -98.1% | -70.4%

ibm06 §f -22.5% | -18.8% | -37.9% | -23.8%
ibm07 | -1.7% | -32.8% | -41.9% | -13.9%
ibm08 3 -1.8% | -32.0% | -48.2% | -24.6%
ibm08 § -5.6% |-28.3% | -45.3% | -24.4%
ibm10 { -16.9% | -28.0% | -44.0% | -21.8%

[Avg | 2% [ -20.6% | -41.2% | -21.8% |
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Figure 7: An edge demand difference histogram for
ibm06 between the WIR and RSIR model.

diagram is produced by subtracting the RSIR percentage
from the WIR percentage on a bin-by-bin basis. Any bin
with a value greater than zero means that the WIR model
has more edges with that particular demand value. A bin
with a negative value implies that the RSIR model has a
greater amount of edges with that demand. The large amount
of bins with negative percentage difference in the center is
showing that there are much more edges with demands near
their capacity in the R8IR model than in the WIR model.
Since overflow minimization is an objective of the RSIR
model, trees with minimum wirelength that are chosen in
the WIR model are exchange with alternate trees that have
higher wirelength but create less congestion. This accounts
for the positive percentage for bins with high demand. The
positive percentage for bins with low demand is because the
RSIR model seeks out the routes that pass through low de-
mand edges, increasing the demand for them.

For global routing the RSIR model is of more utility be-
cause it better approximates a legal solution. The WIR
model can provide a better indication of the most highly
congested regions where circuit hot-spots are likely to arise.
This may be of use in thermal-driven routing where max-
imum temperature during operation is to be minimized.
However, if the WIR model is used, congestion levels may
be high enough to make the circuit seem unroutable when
it actually is routable. Both methods are able to produce
congestion maps quickly, on the order of seconds. The time
spent generating trees used for the congestion map does not
increase the total runtime, since those trees need to be gener-
ated even if the map was not produced. The amount of time
5 never more than 5% and makes up a smaller percentage
as the circuit size increases.
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