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ABSTRACT
As advances in technology produce smaller interconnection wire spacing and higher circuit

operating frequency, the effect of crosstalks on performance and even on yield in integrated circuit

design and manufacturing thus increases rapidly. Consequently, reduction of crosstalks between

interconnection wires has become important in VLSI (very large scale integration) design. In this

paper, an approach for the gridded river routing problem with the objective of minimizing crosstalks

is presented. Given an initial routing solution generated by a conventional river routing algorithm,

the reduction of crosstalks is carried out by an iterative reassignment of the horizontal and vertical

wire segments. To effectively and optimally perform the reassignment process, an integer linear

programming (ILP) formulation is proposed in conjunction with procedures for reducing the number

of variables and constraints. The experimental results show that the proposed ILP approach is very

promising. On an average, this approach shows a 20% increment for total slack when comparing the

initial solutions; moreover, all the crosstalk constraints are satisfied with some margins for each test

example.
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以整數線性規劃演算法處理具有串音限制的河流繞線

程仲勝

大葉大學電機工程學系

彰化縣大村鄉山腳路 112 號

摘 要

隨著積體電路製造技術的進步，連線間的距離越來越小且電路工作頻率越來越高，使得串

音雜訊對於積體電路效能甚至於產量之影響與日俱增。因此，降低連線間的串音已成為現今超

大型積體電路設計的一個重要議題。在本文中，我們提出一個可減少串音影響之有格線河流繞

線演算法。在我們的方法中，首先給定一個以傳統繞線演算法所求得之初始解，接著再以疊代

的方式重新指派初始解中水平與垂直線段以降低串音值。為了有效與以最佳方式執行重新指派

程序，我們嘗試以整數線性規劃演算法加以處理。此外，我們亦提出降低整數線性規劃之變數

與限制數之技巧。實驗結果顯示本文所提出之整數線性規劃演算法具有相當之成效。針對所有

測試例子，平均而言，整數線性規劃演算法能將整體繞線之抗串音雜訊能力提升約 20%。另外，

對每個測試例子而言，所有串音限制亦皆可滿足。

關鍵詞：串音，河流繞線，整數線性規劃
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I. INTRODUCTION
Crosstalks being a result of mutual capacitance and

inductance occurred between neighboring wires [1], cause

increased delays and/or inadvertent logic transitions in VLSI

circuits. As the interconnection wire spacing is getting

smaller and circuit operating frequency running higher, the

increasing effect of crosstalks will greatly reduce the

performance and yield in integrated circuit design and

manufacturing. Consequently, the reduction of crosstalks

between interconnection wires becomes an important

consideration in VLSI design.

In the routing phase of VLSI physical design, many

researches have been focused on the crosstalk reduction

problem [2-9, 12, 13, 15, 17]. In fact, solving routing

problems with crosstalk reduction consideration is more

difficult in comparison with the conventional routing problems

because the crosstalks between interconnection wires are

determined not only by how each individual wire is routed, but

also by the relative positions of neighboring wires. For

solving crosstalk reduction routing problem, a gridless routing

model can be used such that the spacings between

interconnection wires can be modified to reduce crosstalks.

Dai, Kong, Jue and Sato [3] proposed a gridless rubber-band

area routing algorithm which can create an adjustable planar

sketch to enlarge the spacings for those wires having potential

crosstalk problems. Onozawa, Chaudhary and Kuh [12]

proposed a one-dimensional spacing algorithm to adjust the

spacings between interconnection wires in order to optimize the

circuit delay and to reduce crosstalks. Their spacing

algorithm utilizes the repulsive constraints to expand the

distances between interconnection wires such that crosstalks

can be minimized.

On the other hand, there exist also researches

concentrated on the gridded routing problems with the

objective of minimizing crosstalks [4-9, 13, 17]. Unlike the

gridless routing model, interconnection wires in the gridded

routing model are to be placed on grid lines, thus the spacings

between grid lines cannot be adjusted to reduce crosstalks.

Some of previous works using the gridded routing model adopt

a two-phase method to reduce crosstalks [4, 5, 8, 13]. In the

first phase, conventional routing algorithms without

considering crosstalks are used to obtain an initial routing

solution with some objectives such as minimizing the channel

width. In the second phase, postprocessing algorithms are

designed to modify the initial routing solution for reducing

crosstalks. For example, Gao and Liu proposed a track

permutation technique [4] and a wire segment reassignment

technique [5] to modify a given channel and a given switchbox

routing solutions, respectively, to obtain new crosstalk-reduced

routing solutions. The above two postprocessing techniques

are formulated as two mixed integer linear programming (ILP)

problems to effectively solve the crosstalk problem. In

addition to the mixed ILP technique, Jhang, Ha and Jhon [8]

presented an efficient approach for reassigning the wire

segments of a given channel routing solution. In [13], an

optimal postprocessing algorithm was proposed for minimizing

the crosstalks between vertical wire segments in a three-layer

VHV channel by finding an optimal vertical layer assignment

for them.

In [17], a crosstalk minimization technique for the

gridded river routing has been proposed. They considered the

crosstalks between interconnection wires in a global way

during the routing process and developed an optimal river

routing algorithm. In their approach, the crosstalk

minimization river routing problem is reduced to a global space

allocation problem. Corresponding to the latter problem, a

flow network is constructed and the flows on the network are

computed to route the nets with minimum crosstalks. Since

their algorithm first tries to route as much as possible parts of

wires to stairs (in [17], a stair is a wire which is composed of

alternating unit horizontal and vertical wire segments) and then

uses space allocation to solve the placement of the straight

segments, there will be many jogs (i.e., bends) in the routing

solution. Although a postprocessing process can be used to

reduce the number of jogs, there could still remain a large

number of jogs in some wires.

In this paper, we deal with the gridded river routing

problem with the objective of minimizing crosstalks. The

two-phase method is applied to solve the problem. Firstly, the

conventional river routing algorithm used to generate an initial

routing solution must have restriction on the number of jogs in

each wire (or route defined in Section II). There are practical

reasons for this. High electrical resistance and high

possibility of manufacturing faults occur at the endpoints of

jogs where the wires change direction. After an initial routing

solution is obtained, the wire segment reassignment technique

is applied to the initial routing solution to derive a new solution

satisfying the problem objective, i.e., crosstalk reduction. To

reassign wire segments effectively and optimally, the ILP

technique is used.

The rest of the paper is organized as follows. Section II

gives the problem formulation. In Section III, we present an

ILP formulation of the wire segment reassignment problem and

techniques for reducing the number of variables and constraints

in the ILP formulation. Experimental results are presented in

Section IV. Section V gives a conclusion.
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II. PROBLEM FORMULATION
A channel in the river routing model is a single-layer

rectangular routing area with pins placed at the top and bottom

boundaries. We assume that there are grid lines imposed on

the channel. Horizontal and vertical grid lines represent the

rows (tracks) and columns, respectively. Let the pins on the

top boundary be denoted by t1, t2,..., tn, and the pins on the

bottom boundary denoted by b1, b2,..., bn where n is the number

of nets. A route Wi of net Ni, for i = 1, 2, ..., n, is a path

connecting ti and bi in a monotonic fashion on the grid lines,

that is, Wi can always be designed to monotonically go only

down-and-left or down-and-right from ti to bi. A route is

called left route if it is routed in a down-and-left fashion, and

called right route if routed in a down-and-right fashion.

Therefore, a route is composed of alternating vertical and

horizontal wire segments. Here, vertical and horizontal wire

segments mean vertical and horizontal straight line segments,

respectively, and each wire segment has two endpoints. An

endpoint is called a fixed endpoint if it is connected to the top

or bottom boundary, and called a free endpoint if it is connected

to another wire segment. The conventional gridded river

routing problem is to connect pins for each net in the channel

such that no two routes cross each other.

For a given river routing solution, there is a vertical

constraint from horizontal wire segment hi to horizontal wire

segment hj, denoted by VC(hi, hj), if hi must be placed above hj

in any valid routing solution obtained by reassigning the

horizontal wire segments of a given initial routing solution.

Unlike the vertical constraints in [16] which are defined

between nets and are independent of any routing solution, the

vertical constraints here are defined between horizontal wire

segments in a given river routing solution. By scanning the

channel of a given routing solution column by column, a set of

vertical constraints can be found and they can be represented

by a vertical constraint graph (VCG). A VCG is a directed

graph where each vertex represents a horizontal wire segment

and a directed edge from hi to hj means a vertical constraint

from hi to hj. It should be clear that the VCG is acyclic for a

valid routing solution.

If a route is traced from its pin on the top boundary to its

pin on the bottom boundary, an ordered set of horizontal wire

segments belonging to the route can be found. For each pair

of hi and hj in the ordered set, if no other elements (horizontal

wire segments) exist between them and placing hi below hj

results in the violation of the monotonic property, there is a

monotonic constraint from hi to hj denoted by MC(hi, hj).

Moreover, we trace other routes one by one in the same way,

then a set of monotonic constraints can be found.

To obtain a high performance routing solution, it is

important to take the crosstalk noise into consideration. The

crosstalk between two routes is proportional to the coupling

capacitance between them, which in turn is determined by the

routing of the routes, i.e., by the relative positions between

them. Generally speaking, the crosstalk between two parallel

wire segments is proportional to their coupling length and is

inversely proportional to their separating distance. Since the

coupling capacitance between two parallel wire segments

decreases rapidly as the distance between them increases, it is

reasonable to assume that crosstalks only exist between wire

segments in adjacent rows or columns. Since the distance

between two adjacent rows or columns is fixed in a gridded

routing area, without loss of generality, we shall regard the

coupling length between two wire segments in adjacent rows or

columns as the crosstalk, which is also the model used in [4],

[5], [8], and [17]. The actual crosstalk Ri in a route Wi is

defined as the sum of the crosstalks in all the wire segments of

Wi. For example, in the routing of Fig. 1, considering route

W2 composed of v3, h2, v4, h3, and v5, its crosstalk will be 1 + 0

+ 2 + 1 + 2 = 6. In practice, each route Wi can be specified by

the designer a critical value called the maximum tolerable

crosstalk Ci according to the electrical property of the circuit.

The difference between Ci and Ri is called the crosstalk slack of

Wi. The minimum value of the crosstalk slacks among all the

routes is called the minimum slack, denoted by minslack. The

sum of the crosstalk slacks in all the routes is denoted by

totalslack. If the maximum tolerable crosstalk in each route is

not exceeded by its actual crosstalk, i.e., minslack 0, we say

that the routing solution satisfies the crosstalk constraints on all

the routes, that is, the routing solution is within the safety

margin. Obviously, a larger value of minslack means a better

routing solution, and so for totalslack. Therefore, a good

routing algorithm should generate routing solutions with both

minslack and totalslack as large as possible.

The problem addressed in this paper is the gridded river

routing problem with the objective of maximizing minslack and

totalslack. Instead of directly devising algorithms for the
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problem, we propose a new transformational approach which

modifies a given routing solution to obtain a new one that will

satisfy the problem objective. In our approach, a conventional

gridded river routing algorithm having the objective of

minimizing the channel separation with bounded number of

jogs in each route is first used to generate an initial routing

solution, then the wire segments of routes in the initial solution

are reassigned to maximize minslack and totalslack. Here, the

reassignment of a horizontal (or vertical) wire segment is to

move it to another row (or column) while maintaining the

validity of the routing solution. That is, the reassignment of

the horizontal wire segments must satisfy the vertical

constraints and the monotonic constraints. Our approach for

the reassignment problem is to reassign the horizontal and

vertical wire segments to rows and columns, respectively, in an

iterative fashion. In other words, in order to maximize

minslack and totalslack, the reassignment process is carried out

iteratively between the horizontal and vertical wire segments

until no improvement can be made on the crosstalk reduction.

Since there exist many good conventional gridded river

routing algorithms generating solutions with a small number of

jogs, like those presented in [11] and [14], we shall pay our

attention on the reassignment problem for a given initial

routing solution. To reassign the horizontal and vertical wire

segments effectively and optimally, the ILP technique is used.

But since the ILP formulation for the reassignment of vertical

wire segments is similar to that of horizontal wire segments, we

will only present the ILP formulation in terms of horizontal

wire segments in the next section. Note that after the

reassignment process, channel separation does not change and

the number of jogs in each route should be no greater than the

previous one.

III. REASSIGNMENT APPROACH FOR
CROSSTALK REDUCTION IN A
RIVER CHANNEL

In this section, we propose a new approach using ILP

technique which guarantees an optimal solution for the

reassignment of horizontal wire segments. Without confusion,

the reassignment process for horizontal wire segments is called

the reassignment process for short in this section. We present

an ILP formulation for the reassignment process in detail in

Subsection 1 and effective techniques for reducing the number

of variables and constraints in the ILP formulation in

Subsection 2.

1. An Integer Linear Programming Formulation

To maximize minslack and totalslack at the same time,

the objective of the reassignment problem can be formulated

as:

maximize wm minslack + wt totalslack (1)

where wm and wt are the weighting factors. With the above

objective, the ILP formulation for the reassignment process has

two kinds of ILP constraints. The first kind of ILP constraints

should include the vertical constraints and the monotonic

constraints as defined in Section II to maintain the validity of

the resultant final routing solution. In order to compute the

crosstalks between adjacent wire segments in the final solution,

another kind of constraints are needed to be formulated in such

a way that adjacency information between wire segments is

available. We will express these constraints in terms of

variables and linear constraints in the following.

Given an initial routing solution with n nets, r rows (r 

1), p horizontal wire segments, and q vertical wire segments,

we denote the horizontal wire segments by h1, h2,..., hp and the

vertical wire segments by v1, v2,..., vq. We assume that rows

and columns are labeled in increasing order with the top-most

row being row 1 and the left-most column being column 1 (the

top boundary is labeled as row 0 and the bottom boundary is

labeled as row r + 1). For each horizontal wire segment hi,

there is an integer variable Hi and the value of Hi is the row in

which hi is placed in the final solution. Obviously, there are p

H-variables in the ILP formulation.

For a given routing solution, the upper (or lower)

boundary of a horizontal wire segment hi is the feasible

top-most (or bottom-most) row in which hi can be placed in a

valid routing solution. It is easy to see that the row in which

hi is placed in the final solution must fall between its upper and

lower boundaries. To express the feasible row ranges of

horizontal wire segments, the following constraints are

introduced:

upperi  Hi  loweri for i = 1, 2,..., p (2)

where the values of upperi and loweri represent the row

numbers of the upper and lower boundaries of hi, respectively.

Note that for a given initial solution, we can identify the upper

and lower boundaries for each horizontal wire segment by

traversing the VCG before the reassignment process.

Since the final solution obtained after the reassignment

process must still be a valid routing solution, vertical

constraints and monotonic constraints must be satisfied during

the reassignment process. To express the vertical constraint

VC(hi, hj) between any two horizontal wire segments hi and hj,

the following constraint is introduced:
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Hi < Hj (3)

To express the monotonic constraint MC(hi, hj) (both horizontal

wire segments hi and hj belong to the same route), the following

constraint is introduced:

Hi Hj (4)

To compute the crosstalks between horizontal wire

segments, adjacency information between horizontal wire

segments must be well included in the ILP formulation. For

each pair of horizontal wire segments hi and hj, if their coupling

length is nonzero and they could be adjacent in the final

solution, one 0-1 integer variable Tij is introduced. Tij = 1 if

and only if hi and hj are reassigned to become adjacent in the

final solution; otherwise Tij = 0. Assume that hi is placed

above hj in the initial solution, the adjacency information

between hi and hj is expressed in the following constraints:

1 - Tij Hj - Hi - 1 (5)

Hj - Hi - 1 (1 - Tij) (r - 1) (6)

Note that hi should still be placed above hj after the

reassignment process. If hi is adjacent to hj in the final

solution, then Hj - Hi = 1; hence, Constraint (6) is redundant

and Tij is forced to be 1 by Constraint (5). If hi is not adjacent

to hj, then Hj - Hi > 1; hence, Constraint (5) is redundant and Tij

is forced to be 0 by Constraint (6) because Hj - Hi - 1 < r - 1.

By Constraints (5) and (6), Tij = 1 iff hi is adjacent to hj in the

final solution.

With the T-variables, crosstalks in horizontal wire

segment hi can be computed as QijTij for all hj with Tij defined

where Qij is the coupling length between hi and hj. Note that

Qij is a constant and it can be determined before the

reassignment process.

Vertical wire segments can be classified into three types

as follows. A vertical wire segment vi is considered type-0

wire segment (feedthrough) if both endpoints of vi are fixed

endpoints. A segment vi is considered type-1 wire segment if

one endpoint of vi is a fixed endpoint and another endpoint is a

free endpoint. If both endpoints of a segment vi are free

endpoints, vi is considered type-2 wire segment (dogleg). For

each vertical wire segment vi, two integer variables Li and Ui

are defined where the value of Li is the row number of the top

endpoint of vi and the value of Ui is the row number of the

bottom endpoint of vi. For these two variables, the following

constraints are introduced:
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From Constraints (7) and (8), it is clear to see that if the

horizontal wire segments connected to the two endpoints of vi

are reassgined to other rows during the reassignment process,

the row numbers of the two endpoints of vi are also forced to

change. However, there is no change for the type of vi.

To compute the crosstalk between vertical wire segments

vi and vj in adjacent columns, we need to know the actual

relative positions of the endpoints of vi and vj in the final

solution. However, since the actual relative positions in the

final solution are unknown before completing the reassignment

process, all possible relative positions of the endpoints of vi and

vj will be explored. With these possible relative positions

information, some constraints which will enable us to compute

the crosstalk between vi and vj in the final solution are

introduced. According to the types of vi and vj in the initial

solution, the possible relative positions and constraints can be

classified into six categories as discussed in the following cases

(Case 1 to Case 6). Note that for those constraints in Cases 1

to 6, 
ijR denotes the crosstalk between vi and vj in the final

solution where indicates the types of vi and vj. Obviously,

ijR 0 for each adjacent pair of vi and vj. We also assume

that vi is to the left of vj for all possible relative positions

between them.

Case 1, both vertical wire segments are type-0 wire

segments. Obviously, no constraint is needed in this case

because the crosstalk between these two vertical wire segments

is always equal to a constant r + 1.

Case 2, one vertical wire segment is a type-0 wire

segment and another is a type-1 wire segment. The possible

relative positions of the endpoints of both wire segments vi and

vj in this case are shown in Fig. 2. Note that the direction of

arrow in the figure indicates that the corresponding route is a

left route or a right route. Having this relative position

information, the following constraint is introduced in order to

compute the crosstalk 01
ijR between vi and vj:
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From Constraint (9), the crosstalk between these two wire

segments completely depends on the type-1 wire segment.

Since our objective is to maximize (wm minslack + wt 

totalslack), the optimization process will force the value of
01
ijR to be the smallest possible value which is the exact

crosstalk between vi and vj in the final solution.

Case 3, one vertical wire segment is a type-0 wire

segment and another is a type-2 wire segment. Since these

two wire segments are always non-adjacent and we assume that

crosstalks only exist between wire segments in adjacent rows or

columns, there is no crosstalk between these two wire

segments.

Case 4, both vertical wire segments are type-1 wire

segments. To simplify the constraints used to compute the

crosstalk in this case, the relative positions of these two vertical

wire segments vi and vj in the final solution can be classified

into two subcases according to whether or not the fixed

endpoints of vi and vj are connected to the same boundary (top

boundary or bottom boundary).

In the first subcase as shown in Fig. 3, the fixed

endpoints of vi and vj are connected to the same boundary. To

compute the crosstalk 11
ijR between vi and vj in this subcase,

one extra 0-1 integer variable Sij and the following constraints

are introduced:

11
ijR Ui - Li - r Sij (10)

11
ijR Uj - Lj - r (1 - Sij) (11)

The values of (Ui - Li) and (Uj –Lj) represent the lengths of vi

and vj in the final solution, respectively. From Fig. 3, if the

length of vi is less than the length of vj in the final solution, the

optimization process will force Sij to be 0 and 11
ijR to be the
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Fig. 3. Relative positions of vi and vj in the first subcase of Case 4
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value of (Ui - Li). Similarly, Sij will be forced to be 1 and
11
ijR will be forced to be the value of (Uj –Lj) if the length of

vj is less than the length of vi in the final solution.

In the second subcase of Case 4 as shown in Fig. 4, the

fixed endpoints of vi and vj are connected to the opposite

boundaries. To compute the crosstalk between vi and vj in this

subcase, one extra 0-1 integer variable Oij and the following

constraints are introduced:

11
ijR Ui - Lj - (r + 1) Oij (12)

11
ijR Uj –Li - (r + 1) (1 - Oij) (13)

If the relative positions of the endpoints of vi and vj in the final

solution are as shown in Fig. 4(a), the optimization process will

force Oij to be 0 and 11
ijR to be the value of (Ui - Lj) by

Constraint (12). Similarly, in the case of Fig. 4(d), Oij = 1

gives the value (Uj - Li) for 11
ijR by Constraint (13). If the

relative positions of the endpoints of vi and vj in the final

solution are as shown in Fig. 4(b) or 4(c), the value of (Ui - Lj)

is negative and the value of (Uj - Li) is equal to r + 1, therefore,

Oij = 0 gives the smallest possible value 0 for 11
ijR by

Constraint (13). Similarly, Oij = 1 gives the smallest possible

value 0 for 11
ijR by Constraint (12) for the cases in Fig. 4(e) or

4(f).

Case 5, one vertical wire segment is a type-1 wire

segment and another is a type-2 wire segment. To minimize

the number of subfigures used to show all the possible relative

positions of vi and vj in this case, we illustrate two possible

relative positions in each subfigure as shown in Figs. 5(a) to

5(f). In these subfigures, the relative positions of each pair of

adjacent vertical wire segments represent one possible relative

positions of vi and vj (as mentioned previously, vi is always to

the left of vj for all possible relative positions between them).

With this relative position information, we can compute the

crosstalk 12
ijR between vi and vj by using one extra 0-1 integer

variable Fij and the constraints below:

12
ijR Ui - Lj - r Fij (14)

12
ijR Uj - Li - r (1 - Fij) (15)

12
ijR 0 (16)

Using the above three constraints, the optimization process will

force 12
ijR to be the exact crosstalk between vi and vj in the

final solution.

Case 6, both vertical wire segments are type-2 wire

segments. The possible relative positions of these two vertical

wire segments in this case are the same as those shown in Fig.

5 except that both wire segments are type-2 wire segments.

vi

v j

0

r + 1

U i

Li

L j

U j

L j

(a)

vi

v j

0

r + 1

U i

U j

Li

L j

(b)

v i

vj

0

r + 1

U i

U j

Li

L j

(c)

vi

v j

0

r + 1

U i

U j

Li

L j

(d)

vi

vj

0

r + 1

U i

U j
Li

L j

(e)

vi

vj

0

r + 1

U i

U jLi

L j

(f)

Fig. 4. Relative positions of vi and vj in the second subcase of Case 4
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Therefore, the constraints used to compute the crosstalk 22
ijR

are similar to the constraints used in Case 5 and these

constraints can be shown below:

22
ijR Ui - Lj - (r - 1) Eij (17)

22
ijR Uj –Li - (r - 1) (1 - Eij) (18)

22
ijR 0 (19)

where Eij is an extra 0-1 integer variable.

After the crosstalks in all wire segments in the final

solution are computed, the actual crosstalk Ri in a route Wi, for i

= 1, 2, ..., n, can be derived. Since the value of (Ci - Ri)

represents the crosstalk slack of Wi and minslack is the smallest

crosstalk slack among all the routes, the following constraints

are introduced:

minslack Ci - Ri for every route Wi (20)

Since our objective is to maximize (wm minslack + wt 

totalslack), the value of minslack will be forced by the

optimization process to be the exact smallest crosstalk slack

among all the routes.

So far, the ILP formulation for the reassignment of the

horizontal wire segments has been presented. After the

reassignment process, a valid routing solution with better

solution quality can be obtained. Next, the reassignment of

the vertical wire segments will be performed to futher

maximize minslack and totalslack. The reassignment process

will be carried out iteratively between the horizontal and

vertical wire segments until no improvement can be made on

the crosstalk reduction. In practice, the iterative reassignment

process converges in few iterations, no more than three

iterations, for each example in our experiments presented in

Section IV.

2. Techniques for Reducing the Number of Variables and

Constraints

Generally speaking, as the problem size increases, the

size of the ILP formulation will proportionally become larger.

In order to solve the ILP problems efficiently, it is necessary to

reduce the number of variables and constraints in the ILP

formulation. In this subsection, some effective techniques are

proposed to minimize the number of variables and constraints.

If there exist three vertical constraints VC(hi, hj), VC(hj,

hk), and VC(hi, hk) in a VCG, VC(hi, hk) is called redundant

vertical constraint and can be deleted from the VCG because

vertical constraints are transitive in the sense that VC(hi, hj) and

VC(hj, hk) imply VC(hi, hk), i.e., if VC(hi, hj) and VC(hj, hk) are

satisfied, the redundant vertical constraint VC(hi, hk) is also

satisfied. Therefore, we can find all redundant vertical

constraints in a VCG and remove the corresponding constraints

in the ILP formulation to reduce the number of constraints.

Consider Constraints (5) and (6) which are used to

express adjacency information between horizontal wire
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Fig. 5. Relative positions of vi and vj in Case 5
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segments hi and hj. If the row number of the upper boundary

of hj minus the row number of the lower boundary of hi is

greater than 1 (assuming hi is placed above hj in the initial

solution), hi and hj cannot become adjacent in any valid routing

solution. Therefore, Tij and the corresponding constraints can

be removed from the ILP formulation.

In Section III.1, Cases 4, 5, and 6 may be further

classified into more detailed subcases in order to minimize the

number of variables and constraints. For example, in the first

subcase of Case 4, if the length of a vertical wire segment is

constrained to be shorter than the length of another vertical

wire segment, no extra 0-1 integer variable and only one

constraint are needed to compute the value of 11
ijR (assuming

vi is the shorter one):

11
ijR Ui - Li (21)

On the other hand, in the second subcase of Case 4, if we

find that the fixed endpoints of vi and vj are connected to the

top (or bottom) and bottom (or top) boundaries, respectively,

and there exists a vertical constraint VC(hi, hj) (or VC(hj, hi))

where hi and hj are the horizontal wire segments connected to

the free endpoints of vi and vj, respectively, then hi must be

constrained to be placed above (or below) hj, i.e., there is no

coupling length between vi and vj in the final solution.

Therefore, variables 11
ijR and Oij and the corresponding

constraints can be completely removed from the ILP

formulation. Similarly, if the two vertical wire segments in

Case 5 (or Case 6) have been constrained to have no coupling

length between them in the final solution, the corresponding

variables and constraints can be removed from the ILP

formulation.

As to the L- and U-variables, to reduce the number of

these variables and the corresponding constraints (Constraint (7)

for the L-variable and Constraint (8) for the U-variable), we can

check if the top (or bottom) endpoint of a vertical wire segment

vi for which Li and Ui are defined is connected to the top (or

bottom) boundary. If so, Li (or Ui) can be replaced by 0 (or r

+ 1) in each constraint having Li (or Ui) in it and the

corresponding Constraint (7) (or Constraint (8)) can also be

removed from the ILP formulation.

Considering a horizontal wire segment hi in a given

routing solution, if the upper boundary of hi is the same as the

lower boundary of hi, hi is unmovable, i.e., it cannot be moved

during the reassignment process. Therefore, Hi can be

replaced by a value in each constraint having Hi in it where the

value is the row in which hi is placed in the initial solution.

Meanwhile, the corresponding constraint used to express the

feasible row ranges of hi can be deleted from the ILP

formulation. Furthermore, for a pair of unmovable horizontal

wire segments hi and hj, if there exists VC(hi, hj), VC(hj, hi),

MC(hi, hj), or MC(hj, hi), the corresponding constraint can also

be removed from the ILP formulation. On the other hand, if hi

and hj with Tij defined are unmovable, it is not necessary to use

Constraints (5) and (6) to express adjacency information

between them and the crosstalk between hi and hj can be

computed before the reassignment process if hi and hj are

adjacent in the initial solution. Similarly, the number of

variables and constraints used to compute the crosstalks

between adjacent vertical wire segments can be greatly reduced

if the ednpoints of some vertical wire segments are connected

to the unmovable horizontal wire segments. For example, no

variables and constraints are needed to compute the crosstalk

between adjacent vertical wire segment vi and vj in Case 6 if all

endpoints of vi and vj are connected to the unmovable

horizontal wire segments. Of course, the crosstalk between vi

and vj can be computed before the reassignment process if it

exists. In practice, there may have many unmovable

horizontal wire segments in a given routing solution. For

instance, for the examples Ex3 and Ex4 listed in Table 1, there

are up to 18 and 26 unmovable horizontal wire segments,

respectively (26 and 37 horizontal wire segments in totality,

respectively). With this relatively large amount of unmovable

horizontal wire segments, we shall have more chances to

reduce the number of variables and constraints as many as

possible.

Obviously, different problem instance will result in

defferent reduction in the number of variables and constraints.

In our experiments as shown in the next section, large

Table 1. Characteristics of test examples

Ex. # of
tracks

# of
columns

# of
nets

# of h.w.s
(jogs)

# of
v.w.s.

References

Ex1 4 13 7 9 16 Fig. 1 in this
paper

Ex2 5 25 9 17 26 Fig. 1 in
[11]

Ex3 9 33 15 26 41 Fig. 2.8(c)
in [14]

Ex4 13 38 19 37 56 Fig. 5(ii) in
[11]

Ex5 6 35 17 40 57 Fig. 1 in
[10]

Ex6 20 105 33 78 98 Randomly
generated

Ex7 25 136 40 103 143 Randomly
generated

Note: that h.w.s and v.w.s represent horizontal and vertical wire
segments, respectively
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reductions were obtained by using the effective techniques

presented in this subsection.

IV. EXPERIMENTAL RESULTS
Our algorithm was coded in C language and

implemented on a SUN SPARC 10 workstation. We applied

the algorithm to seven river routing examples. The initial

routing results for these seven examples are summarized in

Table 1. The example Ex5 is from the Fig. 1 published in [10]

with little modification. The modification is that the bottom

pins in Fig. 1 of [10] are shifted downward to the immediate

next track to fit our routing model. Ex6 and Ex7 are larger

examples generated randomly.

It should be noted that in the initial routing solution of

each example, there is a small number of jogs (horizontal wire

segments) in each route. Let J denote the global upper bound

on the number of jogs per route. For Ex1, Ex2, Ex3, and Ex4,

J = 2. For Ex5, J = 4. And for Ex6 and Ex7, J = 5. Since

restricting the number of jogs per route is one way to reduce

the manufacturing faults, we choose these routing solutions

with small J as the initial routing solutions. Note that the

number of jogs per route in any initial routing solution should

not increase after the reassignment process.

The number of variables and constraints in the ILP

formulation for the first iteration of the reassignment process

(i.e., the reassignment of horizontal wire segments) before and

after the reduction process are summarized in Table 2. From

the table, significant reduction in the number of variables and

constraints is obtained for each example. Especially, for Ex4,

the number of variables drops from 286 in the initial

formulation to 67 in the final formulation and the number of

constraints drops from 505 in the initial formulation to 118 in

the final formulation. The main reason for the relatively large

reduction in the number of variables and constraints for Ex4 is

due to the fact that there is a large number of redundant vertical

constraints and unmovable horizontal wire segments in the

initial solution.

Table 2. The number of variables and constraints before
and after the reduction process

Before reduction After reduction
Ex. # of

variables
# of

constraints
# of

variables
# of

constraints

Ex1 72 95 38 59

Ex2 125 194 35 62

Ex3 220 350 49 90

Ex4 286 505 67 118

Ex5 333 517 179 283

Ex6 786 1479 348 538

Ex7 987 2038 541 941

The experimental results obtained by applying the

reassignment process iteratively between the horizontal and

vertical wire segments are summarized in Table 3. Since no

maximum tolerable crosstalks in the routes were specified for

any test example, they are assigned randomly. Meanwhile, in

order to emphasize minslack in the objective of the

reassignment problem, wm and wt were set to 10 and 1,

respectively. Table 3 lists the values of minslack and

totalslack of the initial solution and the final solution,

respectively. As shown in the table, minslack for each

example is negative in the initial solution, in other words, there

exist some routes in the initial solution which do not satisfy the

corresponding crosstalk constraints. After applying the

reassignment technique, all the crosstalk constraints are

satisfied with some margins. Moreover, the totalslack among

all the routes is increased for each example. That is, the total

decrement in the crosstalks in all routes is greater than the total

increment in the crosstalks in all routes. On average, the ILP

algorithm shows 20% increment for the totalslack when

comparing the initial solutions. Larger totalslack means a

more reliable routing solution. Our experimental results are

also compared with the results obtained by using the algorithm,

modified from [17], having the same restriction on the number

of jogs in each wire as ours. Table 4 lists the comparison

Table 3. Routing results after the iterative reassignment process

Initial solution Final solution Improvement
Ex.

minslack totalslack minslack totalslack iterations time(sec) minslack totalslack

Ex1 -2 13 1 17 2 3.7 3 4

Ex2 -4 42 2 58 2 6.5 6 16

Ex3 -5 145 2 170 3 18.4 7 25

Ex4 -3 133 3 153 3 15.7 6 20

Ex5 -2 144 3 174 3 49.8 5 30

Ex6 -5 258 2 286 3 1366.4 7 28

Ex7 -3 247 2 273 4 1820.7 5 26
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results. From the table, the proposed ILP algorithm

outperforms the algorithm modified from [17] in terms of the

totalslack when taking the global upper bound on the number

of jogs per route into consideration.

To gain a better understanding on how the crosstalks in

the routes change as the wire segments are reassigned, Fig. 6

plots the value of actual crosstalk in each route before and after

the reassignment technique for example Ex3. As shown in the

figure, to increase the values of minslack and totalslack, the

optimization process reassigns the wire segments so that the

crosstalks in most routes decrease. However, since the

routing area is limited, the decrease in the crosstalks in some

routes may result in the increase in the crosstalks in some other

routes like W4 and W5 in Fig. 6. Comparing the two crosstalk

curves between W1 and W7 and between W8 and W15, we

observe that relatively smaller improvements on the crosstalks

are achieved between W1 and W7. The reason for this is that

the initial routing between W1 and W7 is more tightly packed

than that of other routing area, and therefore, there is less

freedom to reassign the wire segments.

Table 4. Routing results by the proposed algorithm and the
algorithm modified from [17]

Proposed ILP algorithm Algorithm modified from [17]
Ex.

minslack totalslack minslack totalslack

Ex1 1 18 1 17

Ex2 2 62 2 58

Ex3 2 180 1 170

Ex4 3 162 3 153

Ex5 3 183 2 174

Ex6 2 303 3 286

Ex7 2 285 2 273
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Fig. 6. The actual crosstalk in each route before and after
the reassignment process for example Ex3

V. CONCLUSION
We have just proposed a new approach for the gridded

river routing problem considering crosstalk constraints. Our

approach is based on applying the wire segment reassignment

technique to the initial routing solution generated by an existing

conventional river routing algorithm. The reassignment of the

wire segments is done by reassigning the horizontal and

vertical wire segments iteratively. An ILP formulation and

some effective techniques for reducing the ILP size have been

presented to achieve the goal of reassigning horizontal and

vertical wire segments efficiently and optimally. The obtained

experimental results are very promising. On average, the

proposed ILP algorithm shows 20% increment for the totalslack

when comparing the initial solutions, and all the crosstalk

constraints are satisfied with some margins for each test

example. Our future work is to devise more efficient heuristic

algorithms for crosstalk-constrained river routing of large

problem instances.
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