
Optimization Letters (2007) 1:281–297
DOI 10.1007/s11590-006-0027-0

O R I G I NA L PA P E R

An ILP based hierarchical global routing approach
for VLSI ASIC design

Zhen Yang · Anthony Vannelli · Shawki Areibi

Accepted: 15 August 2006 /
Published online: 27 October 2006
© Springer-Verlag 2006

Abstract The use of integrated circuits in high-performance computing,
telecommunications, and consumer electronics has been growing at a very fast
pace. The level of integration as measured by the number of logic gates in a chip
has been steadily rising due to the rapid progress in processing and intercon-
nect technology. The interconnect delay in VLSI circuits has become a critical
determiner of circuit performance. As a result, circuit layout is starting to play
a more important role in today’s chip designs. Global routing is one of the
key sub-problems of circuit layout which involves finding an approximate path
for the wires connecting the elements of the circuit without violating resource
constraints. In this paper, several integer programming (ILP) based global rout-
ing models are fully investigated and explored. The resulting ILP problem is
relaxed and solved as a linear programming (LP) problem followed by a round-
ing heuristic to obtain an integer solution. Experimental results obtained show
that the proposed combined WVEM (wirelength, via, edge capacity) model
can optimize several global routing objectives simultaneously and effectively.
In addition, several hierarchical methods are combined with the proposed flat
ILP based global router to reduce the CPU time by about 66% on average for
edge capacity model (ECM).
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1 Introduction

A VLSI chip can today contain hundreds of millions of transistors and is
expected to contain more than 1 billion transistors in the next decade (7). In
order to handle this rapid growth in integration technology, the design proce-
dure is therefore divided into a sequence of design steps. VLSI circuit layout
is the design step in which a physical realization of a circuit is obtained from
its functional description. Due to the inherent complexity of circuit layout
it is often decomposed into several distinct sub-problems, such as partitioning,
placement, and routing. The routing problem is further divided into two phases:
global routing and detailed routing phase. In the global routing phase, a “rough”
route for each net is generated without specifying the actual geometric layout
of wires, whereas in the detailed routing, the actual geometric layout of each
net within the assigned routing regions is established.

Since all versions of the global routing problem are NP-hard (11), a variety of
heuristic algorithms have been developed for it. Basically, these algorithms can
be classified into two classes: Sequential global routing and Concurrent global
routing. The most common approach to global routing is sequential routing.1

In such an approach, nets are first ordered according to their importance, then
based on the ordering nets are routed sequentially. The quality of a sequential
global router largely depends on the ordering of nets. Due to the sequen-
tial nature of these techniques, they fail to give adequate results. Besides, the
sequential heuristic techniques cannot provide a key answer as to whether or
not a feasible solution exists. In other words, if they fail to find a feasible solu-
tion, it is not clear whether this is attributable to the non-existence of a feasible
solution or due to shortcomings of the heuristic. Moreover, when a heuristic
does find a feasible solution, it is not known whether or not this solution is
optimal, or how far it is from optimality. To avoid the net ordering problem and
make the solution more predictable, concurrent based global routing algorithms
in the form of integer programming models have been developed to route all
the nets simultaneously. In the mathematical programming based approach,
global routing is formulated as a 0/1 integer programming (IP) problem. Given
a set of Steiner trees (13) for each net and a routing graph, the objective of
the IP technique is to select a Steiner tree for each net from its set of Steiner
trees without violating the channel capacities while minimizing the total wire-
length. This approach tends to result in a more global solution and no initial
ordering of the nets is required. In this paper, several mathematical program-
ming based global routing models are investigated. Also, different hierarchical
methods are combined with the mathematical programming based router to
improve the computation time. One of the main contributions of this paper is the

1 Most industrial tools utilize Maze Routers as a solver.
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integration of an ILP based approach within a top-down and bottom-up ap-
proach which differs from traditional methods that seek to use Maze routers
within the flow (8).

The remainder of the paper is organized as follows. Section 2 presents the
global routing problem and different global routing objectives. In Sect. 3 an ILP
based global routing method with different formulations is introduced. Section 4
introduces two hierarchical global routing methods and gives the experimen-
tal results. Finally, Sect. 5 summarizes the paper and proposes possible future
work.

2 Background

VLSI physical design automation is a process of determining the location
of devices and their connectivity inside the boundary of a VLSI chip. It is
one of many interrelated complex tasks in VLSI circuit design. Not surpris-
ingly, this complex task is handled by dividing the original task into more
tractable sub-tasks such that a physical design can be realized in reasonable
amount of time. The different stages of physical design cycle are shown in
Fig. 1. Initially, a large circuit is divided into a collection of smaller mod-
ules according to some criteria through a partitioning phase. Following that,
the placement step constructs a layout indicating the positions of the cells
so that all the nets can be routed and the total layout area is minimized. In
this stage, the exact locations of cells are determined. Following the place-
ment stage, interconnections between components are physically assigned to
allowable routing regions by global and detailed routers. To reduce the com-
plexity of physical design, restricted design styles are used. Standard-cell lay-
out style is a topology that provides a good design time and production size
due to its pre-designed standard cell library and regular structure. In this
paper, we mainly focus on the global routing problem for standard-cell layout
style.

2.1 Global routing problems

The goal of global routing is to decide the connection pattern for each net that
satisfies different objectives. The input to the global routing problem consists
of a net-list that indicates the interconnections between terminals and place-
ment information including the terminal positions and the location of routing
channels in between them. The global routing problem is typically presented
as a graph problem, where the routing regions and the module connections are
modeled using a grid graph. Initially, a given circuit is partitioned into a set of
rectangular regions, called global bins. The cells are placed inside these bins and
each cell is assumed to be placed in the center of the global bin, as shown in
Fig. 2a. It is easy to see that the global bins and edges can be transformed into
a grid graph (Fig. 2b). The vertices of the graph represent possible positions
of net terminals, and the horizontal and vertical edges (called grid edge) that
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lie between two adjacent vertices represent channels along or regions through
which wiring can be routed. A net is an unordered set of points on the grid
graph. A route (or tree) of a net is a set of grid edges used to connect all the
terminals of the net. As there is finite routing resources, each grid edge has a
capacity. With such a graph representation, one can solve the graph version of
the global routing problem instead of the original problem.



An ILP based hierarchical global routing approach 285

2.2 Global routing objectives

Every global routing method depends on the evaluation metric employed to
measure the goodness of the technique. There are two traditional primary
objectives in the global routing problem: minimizing chip area and achieving
routable designs.

For the standard-cell layout style, since the total chip area is approximately
equal to the area of the modules plus the area occupied by the intercon-
nect, minimizing the wire-length is approximately equivalent to minimizing
the chip area. Usually, a Rectilinear Steiner tree or spanning tree based wire-
length is used in global routing. As the routing layers tend to increase to
more than two, the number of vias or bends plays a vital role in the routa-
bility and timing of the nets. Minimizing the number of vias tends to reduce
the number of metal contacts in the routing, therefore, improving the perfor-
mance of the circuit. To minimize the number of vias in a layout, admissi-
ble routes in the global routing are limited to those that have lower number
of bends. The total number of bends of a tree is equivalent to the sum of
the number of bends between any two terminals, which equals to the route
direction change from horizontal to vertical or vice versa. Congestion min-
imization is another important objective of global routing. To examine the
effectiveness of the congestion minimization, different measures are used to
evaluate the results. The most commonly used congestion metrics are con-
gestion map, the maximum routing density of all the grid edges, and the
total overflow (2,6,9). A congestion map visually plots the congestion in the
design by assigning different colours to different congestion costs. A lighter
colour usually means a higher congestion cost. For a given routing graph
G = (V, E), the routing demand de of edge e, is the number of wires cross-
ing e, the routing supply se is the number of wires that are allowed to cross edge
e. The difference between routing demand and supply is formally described
as:

overflowe =
{

de − se if de > se;
0 if de ≤ se.

The total overflow of a layout is defined as the summation of the overflow for
all global edges. The amount of total overflow reflects the amount of total short-
age of routing resources in the layout. The maximum routing density Maxrd can
be described as: Maxrd = maxe∈E{de}.

3 ILP based global routing models

In (1), the research work focuses on enhancing the solution of the global rout-
ing problem by using an ILP approach. Figure 3 shows the main steps of the
approach proposed in (1). The first important step in the ILP based global
routing approach attempts to produce a set of admissible routes for each net.
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Fig. 3 Flow chart of the global routing methodology

In the practical circuit, the terminals in a net are connected by the horizontal and
vertical wires. Therefore, only the Rectilinear Spanning Trees or Rectilinear
Steiner Trees are considered in the tree construction process. These trees
become the unknown variables of the ILP problem. Obviously, the number
of trees for each net should not be too large, since the size of the ILP problem is
a function of the number of trees. On the other hand, a number of trees should
be built for each net to guarantee the feasibility of the problem. To remedy
this problem, an additional tree generation step is proposed in (1) to reduce
the number of trees created for each net, while ensuring that the constructed
trees will likely result in a promising (feasible and optimal) solution. Initially,
the potentially congested areas in the routing graph are predicted by a heu-
ristic technique (1) in the congestion estimation stage. This priori congestion
information is then used in the additional tree generation stage to eliminate
the congested areas by adding trees to the nets passing through these areas
iteratively. The congestion of the circuit is re-estimated after each additional
tree generation step. The time complexity of the global routing methodology
is O(n), where n is the total number of routed nets. Due to the large size of
today’s VLSI problems, and the fact that they are known to be NP-hard, solv-
ing the ILP problem using traditional method, e.g., branch and bound, can
be impractical. Thus, the ILP is typically relaxed and solved as a linear pro-
gramming (LP) problem followed by rounding heuristics to obtain an integer
solution.
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3.1 Wire-length model (WLM)

For the Wire-length minimization (WLM model) (12), the global routing prob-
lem is formulated as a 0/1 BIP problem by associating a variable xi with each
tree which connects a net. The variable xi equals “1” if that particular tree is
selected and “0” otherwise. All the possible ways to connect nets in the two
routing layers are represented by a (0,1) matrix [aij], with the ith row corre-
sponding to the ith edge in the grid graph and each column corresponding to
different ways of connecting a net. The element in aij is expressed as:

aij =
{

1 if tree j passes through edge i;
0 otherwise.

The capacity of each edge is represented by the following constraint:

t∑
j=1

aijxj ≤ ci, i ∈ {1, . . . , p}

where p is the number of edges on the grid graph, t is the total number of trees
produced for all the nets, and ci is the edge capacity of the ith edge. In this
paper, the edge capacity ci is represented by a single variable “zmax” for all the
edges. The global routing problem with the objective of minimizing the total
wire-length is then formulated as:

Minimize
t∑

j=1

wljxj (1)

Subject to

∑
xj∈Nk

xj = 1, k ∈ {1, . . . , n}; selection of one tree for each net (2)

t∑
j=1

aijxj ≤ zmax, i ∈ {1, . . . , p} (3)

xj ∈ {0, 1} j ∈ {1, . . . , t} (4)

zmax ∈ {0, C} (5)

where wlj represents the weight associated with the length of tree j. This weight
is calculated as the normalized length of tree j with respect to the rest of the
trees in net k:

wlj = length of tree j
max length of trees constructed for net k

(6)
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3.2 ECM and VMM models

The constraints of edge capacity model (ECM) and Via minimization model
(VMM) are similar to those used in the WLM model. The only difference is the
objective function. For the ECM model, the objective function is

Minimize Zmax

where zmax represents the maximum capacity of the edges. For the VMM model
the objective function is

Minimize
t∑

j=1

wbjxj

where wbj is the weighting factor associated with the number of vias (bends) in
the path of tree j and is calculated as follows:

wbj = number of bends in tree j
max number of bends in trees produced for net k

(7)

3.3 Combined model (WVEM)

To optimize the total wire-length, the number of via and maximum routing
density simultaneously, a combined model (WVEM) is proposed in this paper.
The objective function of the WVEM model is given by

Minimize
t∑

j=1

(βlwlj + βbwbj)xj + βzzmax (8)

where wlj and wbj are the weighting factors associated with wire-length and
number of bends, respectively. The scalars βl, βb and βz are used to change
the emphasis of the respective weighting factors. Our work in (14) summa-
rizes results for the WVEM model with different sets of weighting. Due to the
importance of congestion in routing a circuit the scalars have been set as fol-
lows: βl = 1, βb = 1 and βz = 20. The results in (14) show that as the weight
of maximum channel capacity βz increases, the maximum routing density is
reduced effectively. The WVEM model has the same constraints as the WLM
model [shown in Eqs. (2)–(5)].

3.4 Preliminary results

The proposed techniques were implemented in the ‘C++’ programming lan-
guage on a 900 MHz Sun Blade 2000 workstation with 1 GIGA Byte memory.
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The iLog CPLEX 9.0 package was used to solve the ILP problems. The test cir-
cuits used to evaluate the ILP models in this paper are based on the MCNC’91
benchmarks (10). This test set consists of ten circuits ranging in size from 125 to
over 25,000 cells. The circuits have been grouped into three categories according
to size: small, medium and large.

Table 1 shows a comparison between the WLM, VMM and edge capacity
minimization model (ECM) for all test circuits. The columns “Wire”, “Bends”
and “Mrd” list the total wire-length, total number of bends and maximum
routing density respectively. The “Imp” entry row in Table 1 shows the dete-
rioration of different parameters in the WLM, VMM and ECM models rel-
ative to each other. For example, in the WLM model the “Bends” entry
shows the deterioration with respect to the VMM model and the “Mrd” en-
try with respect to the ECM model respectively. From this table, it can be
seen that each model can improve the corresponding objective effectively.
To solve the global routing problem with several competing objectives, the
combined model (WVEM) incorporates the design factors into a single objec-
tive function as penalty terms. For the remainder of the paper we will only
show the experimental results of large size circuits due to interest in scalability
issues.

Table 2 compares ECM with the combined model (WVEM) for large size
circuits. Row “Imp” shows the average percentage improvement. As shown in
this table, the WVEM model produces better results in terms of total number
of bends and CPU time. The total wire-length and maximum routing density
are also improved by 6 and 4%, respectively.

Table 3 compares the maze router with the proposed ILP based global router
for large size circuits. As shown in this table, the ILP based router produces
better results than those obtained via the maze router on the total wire-length
and total number of bends, especially for large circuits such as “avq.small” and
“avq.large”. The maximum routing density is only deteriorated by about 7%
on average.

4 Hierarchical global routing

The flat ILP based global routing approach described earlier tends to encoun-
ter a scaling problem as circuits increase in size. Consequently, a hierarchical
global routing becomes essential for the design flow as shown in Fig. 4. Inspired
by the successful application of multilevel methods in circuit partitioning and
placement a top-down hierarchical routing algorithm would attempt to use a
hierarchy on the routing graph to decompose the large routing problem into
smaller and more manageable pieces. There are several approaches to hierarchi-
cal global routing (14): top-down hierarchical routing, bottom-up hierarchical
routing and multilevel global routing (3–5). All of these methods attempt to
solve the scaling problem of large designs by building multilevel hierarchical
representations of the routing regions.
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Table 2 Results comparison of ECM model and WVEM model

LP relaxation + rounding results for ECM model and WVEM model

Circuit Total Total ECM model WVEM model

Cells Nets Wire Bends Mrd Time Wire Bends Mrd Time

Ind2 12,637 13,419 12,832,210 12,137 15 3,756 12,100,759 8,299 13 1,523
Ind3 15,433 21,938 50,311,413 21,164 32 3,531 47,308,679 14,037 32 1,527
Imp – – – – – – 6% 33% 4% 58%
avq.small 21,918 22,124 9,884,393 16,848 13 7,574 9,112,536 10,109 13 2,840
avq.large 25,178 25,384 11,121,285 17,198 13 12,921 10,432,967 10,876 12 3,085
Imp – – – – – – 7% 38% 4% 71%
avg-Imp – – – – – – 6% 35% 4% 68%

Table 3 Comparison of maze router and ILP based router

Results comparison of maze routing and ILP based routing (WVEM model)

Circuit Maze routing + rip-up rerouting Flat level ILP routing (WVEM)

Wire Bends Mrd Time Wire Bends Mrd Time

Ind2 12,966,960 17,267 12 91 12,100,759 8,299 13 1,523
Ind3 50,599,000 27,504 30 98 47,308,679 14,037 32 1,527
Imp – – – – 7% 50% –7% –
avq.small 10,253,285 24,515 11 218 9,112,536 10,109 13 2,840
avq.large 11,886,555 30,306 12 325 10,432,976 10,876 12 3,085
Imp – – – – 12% 62% –8% –
avg-Imp – – – – 8% 57% –7% –

4.1 Top-down global routing

Figure 5 shows the proposed top-down routing algorithm. The first step in this
top-down global routing is to build up the hierarchical levels of routing region
representations. At the flat level (i.e. level 1), the routing region is partitioned
into an array of fine grid bins. During the coarsening process, the flat level grid
bins are merged to build the coarser level representations. At each coarsening
level, a maximum of four adjacent grid bins from the previous level are merged
to build a new grid cell in the current level. Based on the newly merged grid, the
coordinates of each terminal cell are updated and a new net-list is generated
such that all the terminal cells of each net are located in different grid bins.
During this process, some local nets are absorbed since all the terminal cells
of the nets are relocated to a single grid cell. The time complexity of building
the hierarchical levels is O(b), where b is the number of global bins. The ILP
based router is invoked at each coarsening level to route all the current level
nets based on the flat level grid graph. Figure 4 illustrates the framework of the
top-down hierarchical routing.
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Top-down Routing
1. Set i=1;
2. FOR level i and i < top_level

Generate grid graph for level i+1 by merging bins of level i;
Update grid cell coordinates for level i+1;
Regenerate global nets for level i+1;
i= i + 1;

END FOR
3. Set i = top_level;
4. FOR level i and i > flat_level

Perform ILP routing for current level global nets;
Update routing demand of each grid edge;
Perform grid uncoasrening;
i=i -1 ;

END FOR
5. Perform ILP routing for flat level unrouted nets.
6. Stop.

Fig. 5 Top-down hierarchical global routing

Table 4 shows the experimental results of 4, 5, 6-level top-down routing for
large size circuits. Column “Mrd” shows the maximum routing density after final
routing and row “Imp” shows the average percentage improvement produced
by the top-down routing. From the table, we can see that the 5-level routing
scheme can reduce the computation time of large size circuits largely by about
37% with the increasing total wire-length, total number of bends and maximum
routing density. The number of levels to be used (i.e., currently set to five) is



An ILP based hierarchical global routing approach 293

guided by experimental work and therefore no analytical method is available
to justify the appropriate level. The above experimental results indicate that
for ECM model, the top-down routing can improve the computation time of
flat level routing, however at the expense of solution quality.

4.2 Bottom-up global routing

In (8), the authors suggests that a shorter net has a higher priority than a longer
net since the former enjoys less freedom when searching for a path to route
it. However, in the top-down routing, the longer nets enjoy higher priority
than the shorter nets. Therefore, in this section, we attempt to route local nets
(i.e. shorter nets) first at each level of coarsening. The algorithm is shown in
Fig. 6.

The algorithm starts by coarsening the finest grid bins of level 1. At level
2, the ILP based global router finds routing paths for the local nets (i.e. those
nets that are entirely located inside a grid bin). The routing demand of each
grid edge is then updated according to the routing results of local nets and con-
sidered in the next level routing. Coarsening continues until the ideal coarse
level is reached. At the coarsest level, the local nets are first routed followed by
the routing of the remaining unrouted global nets. As illustrated by Fig. 4, the
bottom-up global routing attempts to solve the ILP formulation at level 1 and
terminates at the coarsest level (i.e. level l). The time complexity of bottom-up
routing is O(l × n), where l is the total number of hierarchical levels and n is
the number of nets.

Figure 7 shows the effects of different hierarchical levels on solution qual-
ity using bottom-up routing. The quality of solution is measured by the total
wire-length, total number of bends, maximum routing density and computation
time. The results clearly show that 5-level bottom-up routing gives the best
results in terms of computation time, while 6-level routing gives best results
in terms of total number of bends and maximum routing density. For the total
wire-length, the bottom-up routing with levels greater than three produce good
results. According to this figure, hierarchical levels that are greater than five
will tend to deteriorate the solution quality. Therefore, in this research, the
highest coarsening level is set to five. In Table 5, the 5-level top-down rout-
ing is compared with the 5-level bottom-up routing. The results of flat level
routing is also listed for the purpose of comparison. The “Imp” row highlights
the average percentage improvement achieved by the top-down and bottom-up
routing compared with the flat level routing. The results clearly indicate that
the bottom-up routing achieves better results than that of top-down routing
with noticeable improvement in computation time. From the comparison, we
can also see that the bottom-up routing not only improves the computation
time but also the total wire-length and total number of bends. The maximum
routing density is only slightly increased by about 6%. Table 5 also indicates that
the maximum routing density produced by bottom-up routing is less than that of
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Bottom-up Routing
1. Set i=1;
2. FOR level i and i < top_level

Generate grid graph for level i+1 by merging bins of level i;
Update grid cell coordinates for level i+1;
Regenerate local nets for level i+1;
Perform ILP routing for local nets of level i+1;
Update routing demand of each grid edge;
i= i + 1;

END FOR
3. Perform ILP routing for top level unrouted nets.
4. Stop.

Fig. 6 Bottom-up hierarchical global routing
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Fig. 7 Bottom-up routing of different levels for ECM model

the top-down routing. In the bottom-up routing, shorter nets that have less
freedom are routed first. As the coarsening continues, the routing resource is
consumed and the grid edges become congested. However, at the coarser level,
most of the nets are longer nets, which have more freedom and thus, more
admissible routes can be built for them to relieve the congestion.
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Table 5 Comparison of flat level, top-down and bottom-up routing

Flat level routing verses top-down routing vs bottom-up routing (ECM model)

Circuit Flat level Top-down 5-level Bottom-up 5-level

Wire Bends Mrd Time Wire Bends Mrd Time Wire Bends Mrd Time

Ind2 12,832,210 12,137 15 3,756 14,179,394 15,608 17 2,895 12,172,848 9,959 15 1,757
Ind3 50,311,413 21,164 32 3,531 52,678,398 22,996 39 2,796 47,554,903 16,985 35 1,547
Imp – – – – −5% −14% −16% 22% 5% 19% −6% 55%
avq.s 9,884,393 16,848 13 7,574 10,453,827 18,882 16 5,300 9,172,372 12,481 15 2,777
avq.l 11,121,285 17,198 13 12,921 11,647,939 19,930 16 6,446 10,503,129 13,420 13 3,221
Imp – – – – –5% −12% −18% 43% 7% 24% −7% 70%
avg-Imp – – – – –5% −13% −17% 37% 6% 22% −6% 66%

5 Conclusion and future work

In this paper, an ILP based global routing algorithm is introduced and different
mathematical formulations are then investigated and explored. Experimental
results obtained indicate that the proposed combined model (WVEM) can
optimize several global routing objectives simultaneously and effectively. To
speedup the computation time of the proposed ILP based global router, a top-
down hierarchical method is combined with the flat ILP based global routing
approach. Experimental results show that the 5-level top-down routing can
reduce the computation time by almost 37% for the ECM model, however, at
the expense of the quality of solution. A bottom-up global routing method is
then proposed in this paper. By comparing the 5-level bottom-up global routing
with flat ILP based routing for the ECM model, the total wire-length and total
number of bends are improved by 6 and 22% respectively. The computation time
is also improved by 66% with a slight increase of maximum routing density. Our
Future work involves applying different multi-objective optimization methods
to the hierarchical global routing method and in particular considering power
dissipation and performance. An analytical based method for determining the
number of levels of hierarchical routing is also currently being investigated.
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