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Abstract

Custom interconnect design complements automated route algorithms which do not guarantee the

generation of robust, legal routes for all signals in a ULSI design. Because of the complexity of the

route problem in ULSI designs, multiple route solutions are possible, some solutions are more eÆcient

than others, and there is a need for statistical tools to determine whether a designer is following an

eÆcient path. This paper is the second in a series on physical design of on-chip interconnections, and in

this paper, we present a statistical framework to quantify the quality of custom interconnections and to

optimize physical properties of interconnections in a design. The analytical techniques presented in this

series of papers can also be incorporated in semi-custom and ASIC designs and may serve as tools to

evaluate and improve various route algorithms.

Keywords

Custom interconnect design, custom interconnection, cumulative e�ectiveness, netlength e�ectiveness,

via e�ectiveness.

I. Introduction

An understanding of the role of interconnections in ultra-large-scale-integrated (ULSI)

chip design is important to achieve optimal performance in high-speed microprocessors

and has implications for the manufacturability and realization of increasingly complex

circuits[1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12]. The use of large numbers of

signals in ULSI designs increases design complexity, and the importance of understanding

the e�ects of this increasing complexity has been highlighted by the Semiconductor In-

dustry Association[3]. Moreover, the detailed design of interconnections for these signals

also impacts design yield, performance, and power dissipation as well as system cost and

information processing ability[4], [13], [14], [15], [16], [17], [18], [19], [20].

Because of the multi-variate nature of the route problem in ULSI designs, a large number

of algorithms can be incorporated in the design process. Discriminating among the various

algorithms is currently hard since no method to establish eÆcacy exists.

In this second paper of a series on the physical design of on-chip interconnections, we

present a statistical framework to measure the eÆcacy of a proposed route algorithm be-

fore deciding whether to include it in the design process. Here, the real issue addressed is

how to decide whether a proposed algorithm actually has a positive impact on the design

process, and the goal is to determine whether or not intervention with the algorithm for
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select signals is e�ective in improving the physical properties of these signal routes without

adversely a�ecting physical properties of segments routed with the existing route device,

such as an automated router. Decisions regarding the eÆcacy of such an algorithm can be

made based on the statistical considerations presented in this paper. Section II presents

a statistical method to quantify interconnection quality and impact of custom intercon-

nections, and Section III describes a method to optimize interconnect physical design. As

in[21], this paper also applies the presented techniques to analyze interconnections in the

IBM POWER4 Instruction Fetch Unit.

II. Statistical method to quantify interconnection quality and impact

of custom interconnections

In this section, we present a method to measure the e�ectiveness with which unit-

level interconnections can be optimized with techniques presented in the �rst paper of this

series.[21] Custom interconnections simply represent one possible pre-route algorithm that

can supplement an existing route device, and custom interconnections can be instantiated

in the design with designer intervention or with a supplemental computing algorithm.

A. Statistical model of e�ectiveness

Let Ri denote the area, or region of inuence, that physically encloses the new custom

interconnections that route �N i
c signals in trial i. Ri denotes the complement of Ri, the

area in the design that does not contain new custom interconnections, as shown in Fig. 1.

In this �gure, for trial i, Ri is shaded blue, Ri is unshaded, (a) indicates an example

of custom interconnections inserted in previous trials, (b) indicates an example of a new

custom interconnection in trial i, (c) indicates an example of a route which is routed by

an automated router and which partially passes through region Ri, and (d) indicates a

signal route generated by the automated router and does not pass through Ri. Let N i
c

denote the total number of signals that have been routed with custom routes in trial i,

where N i
c =

Pi
j=1�N

j
c .

The total route length L(i) of all signal routes in trial i is composed of four separate

components: the total length �L(i)
c (Ri) of new custom interconnections contained in Ri in

trial i ; the total length L(i�1)
c of all custom routes in previous trials 0 to i�1, where L(i�1)

c =
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Pi�1
j=1�L

(j)
c (Rj); the total length L

(i)
o (Ri) of route segments routed by an automated router

in which at least part of the signal route passes through Ri; and the total length L(i)
r (Ri)

of route segments routed by an automated router in which no part of the signal route

passes through Ri, as described by the expression,

L(i) = L(i�1)
c +�L(i)

c (Ri) + L(i)
o (Ri) + L(i)

r (Ri): (1)

The expression for the total number of vias v(i) in all the signal routes in trial i is obtained

by substituting v for L in Eqn. 1,

v(i) = v(i�1)c +�v(i)c (Ri) + v(i)o (Ri) + v(i)r (Ri); (2)

where v(i�1)c is the total number of vias in all custom interconnections in previous trials 0

to i � 1, �v(i)c (Ri) is the total number of vias in new custom interconnections in trial i,

v(i)o (Ri) is the total number of vias in route segments routed by an automated router in

which at least part of the signal route passes through Ri, and v(i)r (Ri) is the number of

vias in route segments routed by an automated router in which no part of the signal route

passes through Ri.

To compare the design routes in trial i with design routes in trial i� 1, we measure the

routes in both trials relative to the region of inuence Ri of trial i. In this comparison,

the total route length of all the signals in trial i�1 is described with an expression similar

to Eqn. 1,

L(i�1) = L(i�1)
c +�L

(i�1)
t (Ri) + L(i�1)

o (Ri) + L(i�1)
r (Ri); (3)

where �L
(i�1)
t (Ri) is the total route length in trial i � 1 of signals targeted to be routed

with custom routes in trial i. An expression for the total number of vias in the previous

trial i� 1 is obtained by substituting v for L in Eqn. 3 to obtain the relation,

v(i�1) = v(i�1)c +�v
(i�1)
t (Ri) + v(i�1)o (Ri) + v(i�1)r (Ri); (4)

where �v
(i�1)
t (Ri) is the total number of vias in trial i� 1 in signals that are targeted to

be routed with custom interconnections in trial i.

In this paper, we will focus most of the discussion on analysis of netlengths of signals

in a design; however, an analogous analysis for vias proceeds in a straightforward manner

from the analysis of netlengths by substituting v for L throughout the discussion.
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Figure 1(a) shows examples of the four types of design routes in trial i� 1: the custom

interconnections (1') that are inserted with length L(i�1)
c , the targeted routes (2') in Ri

with length �L(i�1)
t , routes that partially pass (3') through Ri with length L(i�1)

o , and the

remaining routes (4') that do not pass through Ri with total length L(i�1)
r (Ri). Exam-

ples of the corresponding design routes in trial i are shown in Fig. 1(b), where the total

length of signals represented by those shown in (1)-(4) are represented by the quantities

L(i�1)
c , �L(i)

c (Ri), L
(i)
o (Ri), and L(i)

r (Ri), respectively. Note that the custom interconnec-

tion lengths shown in (1) and (1') are equal to L(i�1)
c .

In the following discussion, the simpli�ed notation �L(i)
c , �L

(i�1)
t , L(i�1)

o , and L(i�1)
r is

employed instead of �L(i)
c (Ri), �L

(i�1)
t (Ri), L

(i�1)
o (Ri), and L(i�1)

r (Ri), respectively, and

full notation is provided only where confusion is possible. We denote ~L(i�1) = L(i�1)�L(i�1)
c

= �L
(i�1)
t +L(i�1)

o +L(i�1)
r to represent the length of signals in trial i�1 that can potentially

be a�ected in trial i by custom interconnection length �L(i)
c in trial i.

The e�ectiveness �
(i)
L with which custom interconnections a�ect the total route length

in trial i Li compared with the total route length in trial i � 1 is represented by the

expression,

�
(i)
L = 1�

L(i) � L(i�1)
c

~L(i�1)
; (5)

where the numerator in the second term in Eqn. 5 represents the sum of �L(i)
c and the total

route length generated with the automated router. Equation 5 can be expanded in terms

of the e�ectiveness �
(i)
Lc

of the addition of custom interconnections in Ri, the e�ectiveness

�
(i)
Lo

of signal segments that are routed by an automated router in which at least part of the

signal route passes through Ri, and the e�ectiveness �
(i)
Lr

of the remaining route segments

that do not pass through Ri, according to the expressions,

�
(i)
Lc

= 1�
�L(i)

c

�L
(i�1)
t

; (6)

�
(i)
Lo

= 1�
L(i)
o

L
(i�1)
o

; (7)

�(i)Lr
= 1�

L(i)
r

L
(i�1)
r

: (8)

Substituting Eqns. 6 through 8 into Eqn. 5, we obtain the expression,

�
(i)
L = p

(i�1)
Lt

�
(i)
Lc
+ p

(i�1)
Lo

�
(i)
Lo

+ p
(i�1)
Lr

�
(i)
Lr
; (9)
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where p(i�1)Lt
, p(i�1)Lo

, and p(i�1)Lt
are the fraction of ~L(i�1) targeted for custom interconnections

in trial i, the fraction of ~L(i�1) routed with the automated router in trial i and is connected

to route segments that pass through Ri, and the fraction of ~L(i�1) that does not pass

through Ri, respectively, and are given by the expressions,

p
(i�1)
Lt

=
�L(i�1)

t

~L(i�1)
; (10)

p
(i�1)
Lo

=
L(i�1)
o

~L(i�1)
; (11)

p
(i�1)
Lr

=
L(i�1)
r

~L(i�1)
: (12)

We postulate that each of the three e�ectivenesses given by Eqns. 6 - 8 are indepen-

dent variables that are distributed according to the normal distribution, according to the

expressions:

�
(i)
Lc
� N(�Lc ;

�2Lc

�Lt
(i�1)

) = N(�Lc; �
2

�
(i)
Lc

); (13)

�
(i)
Lo
� N(�Lo;

�2Lo

Lo
(i�1)

) = N(�Lo; �
2

�
(i)
Lo

); (14)

�
(i)
Lr
� N(�Lr ;

�2Lr

Lr
(i�1)

) = N(�Lr ; �
2

�
(i)
Lr

); (15)

where the variables �Lc, �Lo, and �Lr represent the true unknown mean value of each

e�ectiveness, respectively, and the variables �2
�
(i)
Lc

, �2
�
(i)
Lo

, and �2
�
(i)
Lr

represent the true unknown

variance of each e�ectiveness and are given by the expressions,

�2
�
(i)
Lc

=
�2Lc

�L
(i�1)
t

; (16)

�2
�
(i)
Lo

=
�2Lo

L
(i�1)
o

; (17)

�2
�
(i)
Lr

=
�2Lr

L
(i�1)
r

: (18)

B. Estimation of model parameters

Unbiased estimates of the average value of each e�ectiveness for n independent trials

can be represented by the variables �̂Lc, �̂Lo, and �̂Lr , respectively, which can be obtained
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from a calculation of the weighted average of the appropriate e�ectiveness over n trials

according to the following expressions,

�̂Lc
=

Pn
i=1 �

(i)
Lc
�L(i�1)

tPn
j=1�L

(j�1)
t

; (19)

�̂Lo
=

Pn
i=1 �

(i)
Lo
L(i�1)
oPn

j=1 L
(j�1)
o

; (20)

�̂Lr
=

Pn
i=1 �

(i)
Lr
L(i�1)
rPn

j=1 L
(j�1)
r

: (21)

Each of the means �̂Lc, �̂Lo, and �̂Lr , has corresponding variance V ar(�̂Lc), V ar(�̂Lo),

and V ar(�̂Lr), respectively. The three variances can be represented by the variables

V ar(�̂Lc) = �2(�̂Lc), V ar(�̂Lo) = �2(�̂Lo), and V ar(�̂Lr) = �2(�̂Lr), which are obtained

with the expressions,

�2(�̂Lc) = h(�̂Lc � �Lc)
2i =

Pn
j=1h(�

(j)
Lc
� �Lc)

2i(�L
(j�1)
t )2

(
Pn

j=1�L
(j�1)
t )2

=
�2LcPn

j=1�Lt
(j�1)

; (22)

�2(�̂Lo) = h(�̂Lo � �Lo)
2i =

Pn
j=1h(�

(j)
Lo
� �Lo)

2i(L(j�1)
o )2

(
Pn

j=1 L
(j�1)
o )2

=
�2LoPn

j=1 Lo
(j�1)

; (23)

�2(�̂Lr) = h(�̂Lr � �Lr)
2i =

Pn
j=1h�

(j)
Lr
� �Lri

2(L(j�1)
r )2

(
Pn

j=1 L
(j�1)
r )2

=
�2LrPn

j=1 Lr
(j�1)

; (24)

with Eqns. 13 - 18.

In this formulation, the normalized means �̂Lc��Lc
�(�̂Lc )

, �̂Lo��Lo
�(�̂Lo )

, and �̂Lr��Lr
�(�̂Lr )

are distributed

according to the normal distribution with zero mean and unity variance, as shown by the

expressions,
�̂Lc � �Lc

�(�̂Lc)
� N(0; 1); (25)

�̂Lo � �Lo

�(�̂Lo)
� N(0; 1); (26)

�̂Lr � �Lr

�(�̂Lr)
� N(0; 1): (27)

The notation �(�̂) and �2(�̂) represents the standard deviation and variance, respec-

tively, of the estimator �̂, as shown in Eqns. 22 - 24 above. Furthermore, the standard

error of �̂ will be denoted by �̂(�̂), which is obtained by substituting �̂2 for �2 into the
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formula for �(�̂). For example, substituting �̂2Lc
, �̂2Lo

, and �̂2Lr
for �2Lc

, �2Lo
, and �2Lr

, re-

spectively, in Eqns. 22 - 24, and taking the square root of both sides of the equations,

we obtain the following expressions for the standard error of the three unbiased estimates

�̂Lc
, �̂Lo

, and �̂Lr
of the e�ectivenesses,

�̂(�̂Lc
) =

�̂LcqPn
j=1�L

(j�1)
t

; (28)

�̂(�̂Lo) =
�̂LoqPn

j=1 L
(j�1)
o

; (29)

�̂(�̂Lr) =
�̂LrqPn

j=1 L
(j�1)
r

; (30)

respectively.

In each trial i, the measured route lengths of the custom routes, other routes, and the

rest of the routes provide unbiased estimates of �2Lc
, �2Lo

, and �2Lr
, respectively, from the

relations,

h(�
(i)
Lc
� �̂Lc)

2i = �2Lc

0
@ 1

~v(i�1)Lt

1
A ; (31)

h(�
(i)
Lo
� �̂Lo)

2i = �2Lo

0
@ 1

~v
(i�1)
Lo

1
A ; (32)

h(�(i)Lr
� �̂Lr)

2i = �2Lr

0
@ 1

~v
(i�1)
Lr

1
A ; (33)

where the quantities ~v
(i�1)
Lt

, ~v
(i�1)
Lo

, and ~v
(i�1)
Lr

are given by the expressions,

~v
(i�1)
Lt

=

0
@ 1

�L
(i�1)
t

�
1Pn

j=1�L
(j�1)
t

1
A
�1

; (34)

~v
(i�1)
Lo

=

0
@ 1

L
(i�1)
o

�
1Pn

j=1 L
(j�1)
o

1
A
�1

; (35)

~v
(i�1)
Lr

=

0
@ 1

L
(i�1)
r

�
1Pn

j=1 L
(j�1)
r

1
A
�1

: (36)
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The derivation of the right-hand side of Eqn. 31 begins with the expansion of the left-

hand side of this equation to obtain the expression,

h(�
(i)
Lc
� �̂Lc

)2i = h(�
(i)
Lc
�

Pn
j=1�L

(j�1)
t �

(j)
LcPn

j=1�L
(j�1)
t

)2i

= h(�
(i)
Lc
� �Lc

�

Pn
j=1�L

(j�1)
t (�

(j)
Lc
� �Lc

)Pn
j=1�L

(j�1)
t

)2i (37)

Next, the terms on the right-hand side of Eqn. 37 are expanded and then combined with

a common denominator, as shown in the derivation below,

h(�
(i)
Lc
� �̂Lc)

2i =
h(
P

j 6=i(�
(i)
Lc
� �Lc)�L

(j�1)
t �

P
j 6=i�L

(j�1)
t (�(j)Lc

� �Lc))
2i

(
Pn

i=1�L
(i�1)
t )2

=
h(
P

j 6=i�L
(j�1)
t )2(�

(i)
Lc
� �Lc

)2i+ h(
P

j 6=i�L
(j�1)
t [�

(j)
Lc
� �Lc

])2i

(
Pn

i=1�L
(i�1)
t )2

=
(
P

j 6=i�L
(j�1)
t )2

�2
Lc

�L
(i�1)
t

+
P

j 6=i(�L
(j�1)
t )2

�2
Lc

�L
(j�1)
t

(
Pn

i=1�L
(i�1)
t )2

=
(
Pn

j=1�L
(j�1)
t ��L

(i�1)
t )2

�2
Lc

�L
(i�1)
t

+ (
Pn

j=1�L
(j�1)
t ��L

(i�1)
t )�2Lc

(
Pn

i=1�L
(i�1)
t )2

=
(
Pn

j=1�L
(j�1)
t ��L(i�1)

t )�2Lc

(
Pn

i=1�L
(i�1)
t )2

(

Pn
j=1�L

(j�1)
t ��L(i�1)

t

�L
(i�1)
t

+ 1)

=
(
Pn

j=1�L
(j�1)
t ��L

(i�1)
t )�2Lc

(
Pn

i=1�L
(i�1)
t )2

Pn
j=1�L

(j�1)
t

�L
(i�1)
t

= �2Lc

0
@ 1

~v
(i�1)
Lt

1
A ; (38)

which is Eqn. 31. The derivations of Eqns. 32 and 33 proceed in a similar manner.

Therefore, setting Eqn. 31 and the last line of Eqn. 38 equal, h(�
(i)
Lc
� �̂Lc)

2i � ~v
(i�1)
Lt

can

be viewed as an unbiased estimate of �2Lc
based exclusively on results of the ith trial.

Similarly, the results of the ith trial provide unbiased estimates h(�(i)Lo
� �̂Lo)

2i � ~v(i�1)Lo
and

h(�
(i)
Lr
� �̂Lr)

2i � ~v
(i�1)
Lr

of �2Lo
and �2Lr

, respectively.

Unbiased estimates of �2Lc
, �2Lo

, and �2Lr
based on the set of n trials can be represented

by the variables �̂2Lc
, �̂2Lo

, and �̂2Lr
, respectively, which can be obtained by calculating the
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average of the observed deviations of the data over n trials and are given by the relations,

�̂2Lc
=

1

n

nX
i=1

(�
(i)
Lc
� �̂Lc

)2 � ~v
(i�1)
Lt

=
1

n

nX
i=1

(B
(i)
Lc
)2; (39)

�̂2Lo
=

1

n

nX
i=1

(�
(i)
Lo
� �̂Lo)

2 � ~v
(i�1)
Lo

=
1

n

nX
i=1

(B
(i)
Lo
)2; (40)

�̂2Lr
=

1

n

nX
i=1

(�
(i)
Lr
� �̂Lr

)2 � ~v
(i�1)
Lr

=
1

n

nX
i=1

(B
(i)
Lr
)2; (41)

where the quantities B
(i)
Lc
, B

(i)
Lo
, and B

(i)
Lr

represent the normalized means in each trial i

and are given by the expressions,

B
(i)
Lc

= (�
(i)
Lc
� �̂Lc) �

r
~v
(i�1)
Lt

; (42)

B
(i)
Lo

= (�
(i)
Lo
� �̂Lo) �

r
~v
(i�1)
Lo

; (43)

B
(i)
Lr

= (�
(i)
Lr
� �̂Lr) �

r
~v
(i�1)
Lr

: (44)

The normalized means fB
(i)
Lc
g, fB

(i)
Lo
g, and fB

(i)
Lr
g are distributed according to the normal

distribution with zero mean and variance �2Lc
, �2Lo

, and �2Lr
, respectively, as described by

the expressions,

fB
(i)
Lc
g � N(0; �2Lc

); (45)

fB
(i)
Lo
g � N(0; �2Lo

); (46)

fB
(i)
Lr
g � N(0; �2Lr

): (47)

Scatterplots of the B-values (e.g., fB
(i)
Lc
g as a function of fB

(i)
Lo
g) assist in an assessment of

the independence of the three types of routes: custom interconnections, other routes that

pass through Ri, and the rest of routes that do not pass through Ri.

When the standard errors �̂Lc , �̂Lo, and �̂Lr are substituted for the unknown quantities

�Lc , �Lo, and �Lr in Eqns. 25, 26 and 27, respectively, the three ratios �̂Lc��Lc
�̂(�̂Lc )

, �̂Lo��Lo
�̂(�̂Lo )

,

and �̂Lr��Lr
�̂(�̂Lr )

are no longer distributed according to the normal distribution N(0; 1). In-

stead, these ratios can be approximated by the Tn�1 distribution, a t (Student) random

variable with n � 1 degrees of freedom. The Tn�1 distribution enables the construction

of p-values that assess the extent to which the data contradicts the hypothesis that an

e�ect is zero (for example, the hypothesis that �Lc = 0; the hypothesis that �Lo = 0; or
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the hypothesis that �Lr
= 0); it could also obtain con�dence bounds for the e�ect. The

p-value for �Lc
can be represented by the variable p-value(�Lc

) and is the probability that

the value of the estimator �̂Lc
is more extreme than the observed value of the mean, ~�Lc

,

based on n trials[22]. In the case of custom interconnections, we postulate a priori that

the e�ect is greater than zero; therefore, only the lower con�dence bound is computed,

and the p-value is given by the expression,

p� value(�Lc) = Prf�̂Lc > ~�Lcj�Lc = 0g

= Prf
�̂Lc

� 0

�̂(�̂Lc)
>

~�Lc
� 0

�̂(�̂Lc)
j�Lc = 0g

= PrfTn�1 >
~�Lc

�̂(�̂Lc)
g: (48)

In a similar manner, the p-values for �Lo and �Lr can be represented by the variables p-

value(�Lo) and p-value(�Lr), respectively. In the case of the other routes that pass through

Ri, we do not make an a priori directional statement; therefore, two-sided con�dence

intervals are computed and the strength of evidence against the hypothesis of zero e�ect

is measured based on the p-value(�Lo) given by the expression,

p� value(�Lo) = Prfj Tn�1 j>j
~�Lo

�̂(�̂Lo)
jg

= 2 � PrfTn�1 >j
~�Lo

�̂(�̂Lo)
jg: (49)

Similarly, in the case of the rest of the routes that do not pass through Ri, we also do not

make an a priori directional statement; a two-sided con�dence interval is also computed

in this case, and the p-value(�Lr) is given by the expression,

p� value(�Lr) = Prfj Tn�1 j>j
~�Lr

�̂(�̂Lr)
jg

= 2 � PrfTn�1 >j
~�Lr

�̂(�̂Lr)
jg: (50)

Now we will discuss how to compute the con�dence bounds for the unknown means �Lc,

�Lo, and �Lr . The 95% Lower Con�dence Bound (LCB) for �Lc can be represented by

the variable LCB0:95;�Lc
. This quantity is obtained with the same relationship as above.

Since

Prf
�̂Lc � �Lc

�̂(�̂Lc)
� tn�1;0:95g = 0:95; (51)
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it follows that LCB0:95;�Lc
is given by the expression,

LCB0:95;�Lc
= �̂Lc

� tn�1;0:95 � �̂(�̂Lc
) = �̂Lc

� tn�1;0:95 �
�̂LcqPn

j=1�L
(j�1)
t

: (52)

The two-sided 95% con�dence intervals for �Lo are given by a pair of bounds [LCB0:975;�Lo
,

UCB0:975;�Lo
] given by the relations,

[LCB0:975;�Lo
; UCB0:975;�Lo

] = �̂Lo
� tn�1;0:975 � �̂(�̂Lo

): (53)

The two-sided interval for �Lr
is obtained analogously.

B.1 Application to the POWER4 DD1 IFU

We apply the preceding analysis to quantify the physical properties of interconnections

in the Instruction Fetch Unit (IFU) of the IBM POWER4 microprocessor[25], [26], [27],

[28]. The IFU is routed six times (n=6) to generate six trials; each trial has a di�erent

value of Nc and region of inuence Ri. Each trial contains an additional number of custom

interconnections �N (i)
c compared to the number in the previous trial. Figure 2 shows a

schematic of Fig. 1 applied to the case of the IFU. Each trial i has a corresponding

di�erent region of inuence Ri indicated by the shaded regions in Fig. 3. Equations 5 - 8

and 10 - 12 determine the values for the netlength e�ectivenesses �
(i)
Lc
, �

(i)
Lo
, �

(i)
Lr
, �

(i)
L and

netlength fractions p
(i�1)
Lt

, p
(i�1)
Lo

, p
(i�1)
Lr

for each trial i that are shown in Table I. Similar

equations for vias determine the values for the via e�ectivenesses �(i)vc , �
(i)
vo
, �(i)vr , �

(i)
v , and

via fractions p(i�1)vt
, p(i�1)vo

, p(i�1)vr
, that are shown in Table I. These two tables also show

the corresponding values for the netlengths �L
(i�1)
t , L(i�1)

o , L(i�1)
r , L(i�1) and vias �v

(i�1)
t ,

v(i�1)o , v(i�1)r , and v(i�1).

Scatterplots of the B-values for interconnect netlengths and vias provide a graphical

assessment of the degree of independence of the three types of routes: custom intercon-

nections, other routes that pass through Ri, and the rest of the routes that do not pass

through Ri. Scatterplots for the DD1 IFU are shown in Figures 4 and 5. These plots show

B-values for netlengths fB
(i)
Lc
g, fB

(i)
Lo
g, fB

(i)
Lr
g and B-values for vias fB(i)

vc
g, fB(i)

vo
g, fB(i)

vr
g,

respectively, obtained with Eqns. 34 - 36 and Eqns. 42 - 44 for each of the n = 6 trials.

Table II shows a summary of the results for netlengths and vias for all n = 6 trials in

the DD1 IFU. The table shows values of the mean, standard error, p-value, 95% LCB for
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custom interconnections and 95% con�dence intervals for other routes that pass through

Ri and for the rest of the routes that do not pass through Ri. The values are obtained

with Eqns. 19 - 21, 22 - 24, 48 - 49, and 52 - 53, respectively. The table shows that

the estimated e�ect of custom interconnect intervention is distinctly positive and that

the intervention reduces the total netlength by about 6:7%. The e�ect is statistically

signi�cant; the associated p-value(�Lc
) = 0:015; the 95% LCB for this e�ect is 6:7% �

2:015(2:3%) = 2:2% > 0. For other routes that pass through Ri, we obtain p-value(�Lo
) =

0:039 < 0:05, which indicates evidence that routes in the domain of inuence are negatively

a�ected by the intervention with custom interconnections. The magnitude of this impact

can be characterized by the con�dence interval for �Lo obtained with Eqn. 53: �2:36%�

2:57(0:8%) = �2:36% � 2:18% = [�4:5%;�0:2%]. For the rest of the routes that do

not pass through Ri, however, we have no evidence of negative impact caused by the

custom routing activity: the e�ect is ~�Lr = �0:07% with standard error 0:091%, resulting

in p-value(�Lr) = 0:46; the 95% con�dence interval for �Lr is �0:07% � 2:57(0:09%) =

�0:07% � 0:23% � [�0:31%; 0:2%]. Any degradation of the netlengths of non-custom

interconnections can be addressed by determining if these routes are timing-critical signals

or have extremely poor routes; if so, custom interconnections can be applied for these

signals in a subsequent trial.

For the case of vias, Table II indicates that intervention with custom interconnections

has a strong positive e�ect on the number of vias in custom routes in Ri. For example, the

number of vias is reduced by approximately 65:4%; this e�ect is statistically signi�cant as

the associated p-value(�vc) = 0:000013; the 95% LCB is 65:4%�2:015(4:4%) = 56:5% >>

0. For the other routes and the rest of the routes, there is no evidence of negative impact

caused by the custom routing activity. For the other routes, the e�ect is ~�vo = �4:1% with

standard error 2:2%, resulting in p-value(�vo) = 0:12 > 0:05; the 95% con�dence interval

for �vo is �4:1% � 2:57(2:2%) � [�9:7%; 1:5%]. For the rest of the routes, the estimated

e�ect is ~�vr = 0:085% with standard error 0:43%, resulting in p-value(�vr) = 0:85 > 0:05;

the 95% con�dence interval for �vr is 0:085%� 2:57(0:43%) � [�1:0%; 1:2%].
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B.2 Application to the POWER4 DD2 IFU (reduced-area design)

The statistical analysis can also be applied to quantify the physical properties of inter-

connections in a reduced-area DD2 IFU. The DD2 IFU is also routed six times (n=6);

each of the six trials has a di�erent value of N i
c. Figure 10 shows the region of inuence

Ri in each of the six trials i as the shaded region indicated. Table XIII shows values for

the e�ectivenesses for netlengths �
(i)
Lc
, �

(i)
Lo
, �

(i)
Lr
, �

(i)
L and netlength fractions p

(i�1)
Lt

, p
(i�1)
Lo

,

p
(i�1)
Lr

for each trial i as well as values for e�ectivenesses for vias �(i)vc , �
(i)
vo
, �(i)vr , �

(i)
v and via

fractions p(i�1)vt
, p(i�1)vo

, p(i�1)vr
.

Scatterplots of the B-values for the DD2 IFU are shown in Figures 11 and 12. As for

the DD1 IFU, these plots show B-values for netlengths fB
(i)
Lc
g, fB

(i)
Lo
g, fB

(i)
Lr
g and B-values

for vias fB(i)
vc
g, fB(i)

vo
g, fB(i)

vr
g, respectively, obtained with Eqns. 34- 36 and Eqns. 42- 44

for each trial in the DD2 IFU.

A summary of the results for netlengths and vias for all n = 6 trials in the DD2 IFU is

shown in Table XIV. Note that the DD2 results are uniformly consistent with the DD1

results. As for the DD1 IFU, the table shows that the estimated e�ect of custom inter-

connections in the DD2 IFU is distinctly positive, reducing the total netlength by about

10:3%. This e�ect is statistically signi�cant as the associated p-value(�Lc) = 0:00051;

the 95% LCB for this e�ect is 10:3% � 2:015(1:5%) = 7:3% > 0. For other routes

that pass through Ri, the p-value(�Lo) = 0:042 < 0:05, which indicates evidence that

routes in Ri are negatively a�ected by the custom route activity. The magnitude of this

impact can be characterized by the con�dence interval for �Lo obtained via Eqn. 53:

�2:9% � 2:57(1:1%) = �2:9% � 2:83% = [�5:6%;�0:15%]. These signals tend to be

control signals that cross Ri; these signals are not timing-critical in contrast with routes

for the dataow signals (buses) that are timing-critical and for which custom interconnec-

tions are inserted. Therefore, even though netlengths of control signal routes are increased

slightly as the custom interconnections are added in the design, the routes of these controls

signals still meet the design timing and electrical requirements (that is, these signals meet

the design timing requirements and are free of violations and do not contain design-rule

errors). For the rest of the routes that do not pass through Ri, however, there is no

evidence of negative impact caused by the custom routing activity; the estimated e�ect
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is ~�Lr
= 0:044% with standard error 0:05%, resulting in p-value(�Lr

) = 0:41. The 95%

con�dence interval for �Lr
is 0:044%�2:57(0:05%) = 0:044%�0:13% � [�0:17%; 0:084%].

Any degradation of the netlengths of non-custom routes can be addressed by determining

if these signals are timing-critical signals or if the routes are extremely poor; if so, custom

interconnections can route these signals in a subsequent trial.

For vias, Table XIV indicates that intervention with custom interconnections has a

strong positive e�ect on the number of vias in custom interconnections in Ri. For example,

the number of vias is reduced by about 63:7%; this e�ect is statistically signi�cant as the

associated p-value(�vc) = 0:000015; the 95% LCB is 63:7%� 2:015(4:5%) = 54:7% >> 0.

Furthermore, for the other routes and the rest of the routes, there is no evidence of negative

impact caused by the custom routing activity. For the other routes, the estimated e�ect

is ~�vo = �3:7% with standard error 2:4%, resulting in p-value(�vo) = 0:195 > 0:05; the

95% con�dence interval for �vo is �3:7% � 2:57(2:4%) � [�9:9%; 2:6%]. For the rest of

the routes, the estimated e�ect is ~�vr = 0:36% with standard error 0:57%, resulting in

p-value(�vr) = 0:55 > 0:05; the 95% con�dence interval for �vr is 0:36%� 2:57(0:57%) �

[�1:1%; 1:8%].

C. Cumulative e�ectiveness

The cumulative e�ectiveness of netlengths and vias in a given trial i compared with

trial 0 can be expressed according to the following relations,

�
(i)(0)
L = 1�

L(i) � L(0)
c (Ri;0)

L(0) � L
(0)
c (Ri;0)

; (54)

and

�(i)(0)v = 1�
v(i) � v(0)c (Ri;0)

v(0) � v
(0)
c (Ri;0)

; (55)

where �
(i)(0)
L denotes the netlength cumulative e�ectiveness for signal routes in trial i com-

pared with trial 0, and �(i)(0)v denotes the via cumulative e�ectiveness for signal routes in

trial i compared with trial 0. The notation �
(i)(0)
L and �(i)(0)v indicates that the e�ectiveness

in trial i is to be calculated relative to the original data for netlengths and vias, respec-

tively, obtained in trial 0. Similarly, the notation Ri;0 indicates that for these calculations,

the region of inuence consists of the entire area that encloses custom interconnections
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for all N i
c signals that have been added in the design in trial 1 through trial i. Since

the 0th trial contains no custom routes, L(0)
c (Ri;0) = 0, L(0)

c (Ri;0) = 0, v(0)c (Ri;0) = 0, and

v(0)c (Ri;0) = 0, and Eqns. 54 and 55 reduce to the expressions,

�
(i)(0)
L = 1�

L(i)

L(0)
; (56)

and

�(i)(0)v = 1�
v(i)

v(0)
; (57)

respectively, for each trial i � n.

The cumulative e�ectiveness is directly related to e�ectivenesses observed in the indi-

vidual steps, namely,

�
(i)(0)
L = �

(1)
L + (

L(1) � L(1)
c

Lo

)�
(2)
L + :::+ (

L(i�1) � L(i�1)
c

Lo

)�
(i)
L : (58)

C.1 Application to the POWER4 DD1 IFU

Figures 6(a) and 6(b) show the cumulative e�ectivenesses for netlengths �
(i)(0)
L and vias

�(i)(0)v , respectively, for trials i � n = 6. The �gure shows that the projected cumulative

e�ectiveness for both netlengths and vias tends to increase with each additional trial i.

The �gure shows that the cumulative e�ectivenesses for netlengths and vias are 0:41% and

19:3%, respectively, for trial i = n = 6.

C.2 Application to the POWER4 DD2 IFU

The behavior of the DD2 IFU cumulative e�ectiveness is similar to that exhibited for

the DD1 IFU. Figures 13(a) and 13(b) show the cumulative e�ectivenesses for netlengths

�
(i)(0)
L and vias �(i)(0)v , respectively, for trials i � n = 6. As in the DD1 IFU, the projected

cumulative e�ectiveness for both netlengths and vias tends to increase with each additional

trial i. The �gure shows that the cumulative e�ectivenesses for netlengths and vias are

1:45% and 20:7%, respectively, after trial n = 6. These values are consistent with those

observed for the DD1 IFU.

III. Method to optimize interconnect physical design

In Section II, we presented methods for design improvement based on the combined e�ort

of an automated router and an algorithm for custom interconnect design. In practice, the
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operation of automated routers is governed by parameters such as via costs or route costs

for horizontal wires and vertical wires.

In custom design, once the set of interconnections in a design is error-free and satis�es

all design requirements, further iterations can be performed to minimize total netlength

and total number of vias, minimize cost, and optimize design performance and yield.

Currently there is no good method for designers to optimize physical characteristics of

design interconnections to achieve these goals.

In this section, we discuss the selection of automated router parameters to achieve im-

provement in interconnect physical characteristics. Choice of these parameters will gener-

ally not negate the positive impact obtained with custom interconnect intervention because

the custom interconnect activity focuses on complex route problems that the automated

router is unable to address. There are several ways to select automatic router parameters

to optimize interconnect physical characteristics; for example, one could use Experimental

Design techniques, such as the Simplex Method or Response Surface Method[23]. In this

paper, we choose a simple exploration method; the optimized design obtained in the course

of its use is associated with non-trivial improvement; we will not make claims regarding

its optimality in the strict mathematical sense.

Also in this section, we present a statistical-based decision framework for physical design

that facilitates decisions to optimize total netlength and total via number. As such, this

framework provides designers with quantitative metrics of their e�orts.

A. Impact of reduction in design area

It is desirable to reduce design area, where possible, in order to increase the number of

manufacturable chips per wafer. We measure the e�ect of custom interconnect intervention

on CPU runtime required by the automated router to complete routes for the remaining

signals. Next, we quantify the proportion of upper-level metal in short routes short and

long routes in the reduced-area design. We compare the interconnect complexity in the

reduced-area design with that in the original design. Parameters we compare include:

total measured netlength LT , total Steiner length LTS, total Manhattan length LTM ,

excess Steiner length �LTS , excess Manhattan length �LTM , total number of vias vT ,

total number of single stacked vias SSV, double stacked vias DSV, and triple stacked vias
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TSV.

We compare the quality of the interconnections in the reduced-area design with the

quality of interconnections in the original design. Measures of interconnect quality include:

(1) Steiner quality QS, which is the ratio of the total Steiner length to TESL, as given by

the expression,

QS =
LS

�LTS

; (59)

(2) Manhattan quality QM , which is the ratio of the total Manhattan length to TEML, as

given by the expression,

QM =
LM

�LTM

; (60)

(3) number of vias per signal route.

A comparison of cumulative interconnect properties between the reduced-area design

and the original design is then obtained. These properties include: (1) the total length LT ,

(2) total route length (including power and ground), (3) needed route fraction LT=Lavail,

(4) area Aint, (5) total number of vias vT , and (6) average number of vias per signal route

vT=N . The interconnect properties in both the reduced-area design and the original design

are also compared on a layer-by-layer basis.

A.1 Application to the POWER4 IFU

In the POWER4 IFU study presented here, the IFU design area is reduced approxi-

mately 3% from the DD1 IFU area to the DD2 IFU area. The procedure to route the

DD2 IFU is summarized in[21]. Table III lists signals routed with custom interconnections

in the DD2 IFU. The total number of signals with custom interconnections N i
c and the

number of additional signals with custom interconnections �N i
c are shown for each trial

i, where �N i
c = N i

c �N (i�1)
c . A total of 136 buses, and a total of 3428 signals, are routed

either with complete custom interconnections or partial custom interconnections in the

DD2 IFU. Of these signals, 3415 are bus signals, and 13 are control signals. Figure 7

shows the number of route violations (shorts and design rule violations) in the DD2 IFU

as a function of Nc (lower abscissa) and Nc=N (upper abscissa).

Figure 8 shows the CPU runtime as a function of Nc (lower abscissa) and Nc=N (upper

abscissa). For each value of Nc, the DD2 IFU is routed with under the same conditions: (1)
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the machine is an IBM RS/6000 Model397 with 1024M memory and AIX4.1.5 operating

system; (2) the automated router is SiliconEnsemble version 5.2.109; (3) the automated

route engine is WarpRoute version 2.1.23.1; (4) the route process incorporates the same

set of three route con�guration �les, with one �le per route stage. The con�guration �le

for the �rst route stage sets parameters to route the design, the con�guration �le for the

second stage sets parameters to repair routes with violations, and the con�guration �le

for the third stage sets parameters to clean up remaining route violations, if possible. The

CPU route runtime for each stage is denoted as CPU1, CPU2, and CPU3, respectively; the

total CPU runtime is CPUtotal, and CPUtotal = CPU1 + CPU2 + CPU3. Figure 8 shows

that CPUtotal increases 4:4% when Nc=N = 0:37 compared with CPUtotal when Nc=N = 0.

The CPU runtime of each stage CPU1, CPU2, and CPU3 remain nearly constant as Nc

increases.

Figure 9 shows (a) the average fraction fs of upper-level metal that routes short signals

with L � 0:7mm and (b) the average fraction of fl of upper-level metal that routes

long signals with L � 0:7mm, respectively, as a function of Nc. Figure 9(a) shows that

fs is reduced to approximately 92% when short targeted buses are completely routed

and that fs that routes remaining non-custom interconnections increases slightly as Nc

increases. Figure 9(b) shows that fl increases slightly with Nc for both long custom

interconnections and long non-custom interconnections. These results are consistent with

the results obtained for the DD1 IFU.

Table IV shows LT , LTS, LTM , �LTS , �LTM , vT , number of custom-routed signals Nc

and the number of non-custom-routed signals Nr in both DD1 IFU and DD2 IFU designs.

The table shows that �LTS, �LTM , and vT are reduced for signals that are targeted to

be custom-routed in DD2 compared with DD1. For custom interconnections, LT increases

slightly in DD2 because twenty-seven additional signals are custom-routed compared with

DD1. For the rest of the routes, LT and vT are reduced. The total length LT is reduced

slightly because the macros are more tightly packed in the smaller DD2 IFU. The total

number of vias vT is reduced greatly because the via cost speci�ed for the automatic

router is increased in the DD2 IFU, as discussed later. �LTS and �LTM are greater

in DD2 because the reduction in LT is less than the reduction in available route length.
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Table V shows SSV, DSV, and TSV for the DD2 IFU for each trial i as Nc is increased in

the design. The table shows that custom interconnections reduce SSV by 31% from 5868

to 4034, DSV by 37% from 619 to 387, and TSV slightly from 6 to a single TSV.

Table IV compares the measures of quality discussed above in the DD1 IFU and DD2

IFU. The table shows that QS for custom interconnections increases more than 100% from

95:1 in DD1 to 211:8 in DD2, while QS for the rest of the routes decreases 25% from 98:1 in

DD1 to 73:8 in DD2 because LTS decreases and �LTS increases. The table also shows that

QM for custom interconnections increases 40% from 47:1 in DD1 to 65:5 in DD2, while

QM for the rest of the routes decreases 13% from 50:9 in DD1 to 43:4 in DD2 because LTM

decreases and �LTM increases. Table IV also shows that the number of vias per signal for

signals targeted for custom interconnections (vT=Nc, where in this case vT represents the

total number of vias in routes for signals targeted for custom interconnections) is reduced

from 3:2 in DD1 to 3:1 in DD2. This table also shows that the number of vias per signal

for the remaining signals that are routed with the automated router (vT=Nr, where vT

represents in this case the total number of vias in the remaining routes) is reduced by

nearly 1 via per signal (12%), from 7:3 in DD1 to 6:4 in DD2.

The cumulative interconnect properties are summarized in Table VII, which shows that

the ratio of LT to the minimum feature size (0:18�m) is 3:1� 107. The total interconnect

length (excluding power and ground) LT and total number of vias vT are reduced by 2%

and 11%, respectively, from DD1 to DD2. The average number of vias per signal route

vT=N , another measure of interconnection quality[24], is reduced from 5:8 in DD1 to 5:2

in DD2. The needed route fraction is obtained from Table VI and Table VII as the ratio

of the total route length LT to Lavail. Table VII shows that the needed route fraction

increases slightly from 18% in DD1 to 19% in DD2. For both versions of the IFU in

DD1 and DD2, the values of the needed route fraction are well below the suggested 40%

limit[8] for the wirability of high-performance CMOS microprocessors. However, despite

the fact that these average values of the needed route fraction indicate that the IFU is

easily wirable, there do exist three localized regions of the IFU that are wirable only after

instantiation of custom interconnections, as discussed previously.

For a layer-by-layer comparison of the DD1 IFU and DD2 IFU, Table VIII shows the to-
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tal available interconnect length Lavail, total interconnect length LT , and fraction LT=Lavail

of available interconnect needed to route unit-level IFU signals on each metal layer. The

table shows that metal layers m3 and m4 have the longest length available to route

minimum-width wires. Approximately 20%� 25% of the available interconnect length on

each upper-level metal layer routes interconnections. Table IX shows the total number of

vias vT that routes unit-level interconnections. The table shows that more than 50% of

the vias connect m3 and m4 on layer v3 in the DD1 and DD2, and that the total number

of vias vT required to route the design decreases 11% to 48197 in DD2 from 53562 in

DD1, which results from specifying higher via cost for the automated router WarpRoute.

WarpRoute completes routes of the remaining signals with speci�ed cost factors for each

via layer and metal layer for both straight routes and wrong-way routes (e.g., horizontal

m4 ).

B. Impact of via and metal cost choices for the automated router

Another technique to optimize physical properties of design interconnections is to opti-

mize results generated by the automated router. In one possible scenario, the �rst step is

to obtain a design that contains all desired custom interconnections, if applicable, and is

routed with zero violations. The next step is to increase the route costs of the lower-level

metal layers (namely, cm1 and cm2) relative to the costs of the upper-level metal layers

(cm3; cm4; cm5) in the appropriate route con�guration �le. With this choice of costs, the au-

tomated router is instructed to route preferentially unit-level signals on upper-level metal.

Next, the design is routed, and the total number of vias and total interconnect length

are measured. The metal costs are increased and the design is routed until either route

violations are observed or until the total interconnect length is no longer reduced. At this

point, the metal costs of the last trial with zero route violations and smallest value of total

netlength are chosen as metal costs to optimize route results. Next, the via costs for each

via layer, cv1 through cv4, are increased. The design is routed and the total number of

vias is obtained. Via costs are increased, and the design is rerouted, until route violations

occur or until the total number of vias in unit-level signals is no longer reduced. At this

point, the via costs of the last trial with zero route violations and smallest via number are

chosen as via costs to optimize the design results.
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B.1 Application to the POWER4 IFU

Table X presents an overview of the total number of vias vT in unit-level interconnections

in the DD1 IFU (Nc = 3401) and DD2 IFU (Nc = 3428). The numbers shown in boldface

are the numbers of vias in the DD1 IFU (for which vT = 53562) and DD2 IFU (for

which vT = 48194), respectively. To generate the values shown in this table, the cost

parameters of each via layer (cv1 through cv4) and each metal layer (cm1 through cm5)

for regular routes and wrong-way routes are set to the series of values shown. Table X

shows that the number of vias in unit-level signals decreases as the via cost increases,

as shown for trials a through e, and decreases as the metal cost decreases with constant

via cost (trials c through h). When the via costs are too high, the number of electrical

shorts s and number of unrouted signals Nunroutes become large. For the DD2 IFU, the

automated router routes a design with zero shorts s = 0 with fcv1; cv2; cv3; cv4g = 8. Since

this value exceeds fcv1; cv2; cv3; cv4g = 4 in the DD2 IFU, we conclude that vT could have

been reduced an additional 6:4% compared with that in the DD2 IFU (equivalently, 15:8%

compared with that in the DD1 IFU).

Table XI shows an overview of the ratios ra and rc of length to vias instantiated by

the automated router and by custom interconnections, respectively, as well as the fraction

f12 of lower-level metal and the fraction f345 of upper-level metal in the DD1 IFU and

DD2 IFU obtained with di�erent values of the cost parameters fcvjg (j = 1 through

4) for the via layers v1,v2,v3,v4 and cost parameters fcvkg (k = 1 through 5) for the

metal layers m1,m2,m3,m4,m5. The fractions f12 and f345 are given by the expressions

f12 = (Lm1+Lm2)=(Lm1+Lm2+Lm3+Lm4+Lm5) and f345 = (Lm3+Lm4+Lm5)=(Lm1+

Lm2 + Lm3 + Lm4 + Lm5), respectively, where the terms Lm1 through Lm5 represent the

route length per metal layer. The table shows that as the via costs are increased, ra

increases from approximately 75�m per via to approximately 120�m per via for the DD1

and DD2 designs; and that f12 increases from 0:010 to 0:014 while f345 decreases from 0:99

to 0:986. The ratio ra is as high as 133�m per via when the metal costs are smallest (trial

h), which also produces the largest f12 = 0:13 and smallest f345 = 0:87. The ratio rc for

the instantiated custom interconnections remains constant with changing cost values at

255 �m per via (DD1 IFU) and 219 �m per via (DD2 IFU) since the same set of custom
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interconnections is in each trial. As in Table X, the numbers shown in boldface indicate

the values obtained in the DD1 IFU and DD2 IFU, respectively.

Table XII shows an overview of the number of stacked vias in DD1 IFU and DD2

IFU signal routes. The stacked vias include single stacked vias SSV, double stacked vias

DSV, and triple stacked vias TSV as a function of di�erent values of the cost parameters

fcvjg (j = 1 through 4) for the via layers v1,v2,v3,v4 and cost parameters fcvkg (k = 1

through 5) for the metal layers m1,m2,m3,m4,m5. The table shows the values of the

cost parameters cm1 and cm2 for routes on lower-level metal and the cost parameters

cm3; cm4; cm5 for regular (reg) and wrong-way (perp) routes on upper-level metal. The

numbers shown in boldface indicate the values obtained in the DD1 IFU and DD2 IFU,

respectively. The table shows that the values for SSV, DSV, TSV are signi�cantly reduced

as the via costs are increased from 1 in trial a to 32 in trial e. The values for SSV, DSV,

and TSV are reduced 64% in DD1 and 54% in DD2 for trial h, in which the via costs are

8 and the metal route costs are set to their minimum value (i.e., 1).

IV. Conclusions

Analytical techniques to quantify the quality of custom interconnections and to optimize

interconnections in a ULSI design are presented. These techniques provide designers with

useful tools to help decide whether a proposed pre-route algorithm has a positive impact

on the overall design process.
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Fig. 1. Comparison of design routes in trial i (b) with routes in trial i � 1 (a). Ri is shaded blue,

and Ri is unshaded. (1') and (1) show the custom interconnections inserted in trial i-1 and trial

i with total length L
(i�1)
c ; (2') shows targeted routes in Ri with length �L

(i�1)
t ; (2) shows custom

interconnections in Ri with length �L
(i�1)
c ; (3') shows routes that partially pass through Ri in trial

i � 1 with length L
(i�1)
o ; (3) shows routes that partially pass through Ri in trial i with total length

L
(i)
o ; (4') and (4) show remaining routes that do not pass through Ri with total length L

(i�1)
r (Ri) and

L
(i)
r (Ri), respectively, in trials i� 1 and i.
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Fig. 2. Schematic of Fig. 1 applied to the case of the IFU oorplan. In this case, Ri is shaded blue,

and Ri is unshaded. As in Fig. 1, (1') and (1) show custom interconnections inserted in both trials

i� 1 and i with total length L
(i�1)
c ; (2') shows targeted routes in Ri with length �L

(i�1)
t ; (2) shows

custom routes in Ri with length �L
(i�1)
c ; (3') shows routes that partially pass through Ri in trial

i � 1 with length L
(i�1)
o ; (3) shows routes that partially pass through Ri in trial i with total length

L
(i)
o ; (4') and (4) show remaining routes that do not pass through Ri with total length L

(i�1)
r (Ri) and

L
(i)
r (Ri), respectively, in trials i� 1 and i.
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Fig. 3. Ri in each of the six routing trials in the DD1 IFU. Ri is shown as the shaded region in each trial.
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Fig. 4. Scatterplots of B-values for netlengths in the DD1 IFU: (a) fB
(i)
Lo
g versus fB

(i)
Lc
g, (b) fB

(i)
Lr
g

versus fB
(i)
Lc
g, and (c) fB

(i)
Lr
g versus fB

(i)
Lo
g for lengths of custom routes (Lc), lengths of other routes

(Lo) that pass through Ri, and lengths of the rest of routes (Lr) that do not pass through Ri.
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Fig. 5. Scatterplots of B-values for vias in the DD1 IFU: (a) fB
(i)
vo g versus fB

(i)
vc g, (b) fB

(i)
vr g versus

fB
(i)
vc g, and (c) fB

(i)
vr g versus fB

(i)
vo g for vias in custom routes (vc), other routes (vo) that pass through

Ri, and the rest of routes (vr) that do not pass through Ri.
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Fig. 6. Measured cumulative e�ectiveness for (a) netlengths �
(i)(0)
L and (b) vias �

(i)(0)
v in the DD1 IFU

for each trial i.

January 20, 2002 DRAFT



EXTERNAL PUBLICATION 30

Fig. 7. Route violations in the DD2 IFU. Design rule violations (circles) and electrical shorts (squares)

are shown.
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Fig. 8. CPU runtime in DD2 IFU as a function of Nc (lower abscissa) and Nc=N (upper abscissa). The

total CPU runtime CPUtotal (blue triangles) is the sum of each runtime required for each of the three

route phases, namely CPUtotal = CPU1 + CPU2 + CPU3. Also shown are the CPU runtimes for

the �rst route stage CPU1 (black squares), second stage CPU2 (red circles), and third stage CPU3

(green triangles).
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Fig. 9. Fraction of upper-level metal in DD2 IFU (a) short and (b) long routes as a function of the

number (fraction) of custom interconnections Nc (lower abscissa) and Nc=N (upper abscissa).
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Fig. 10. Ri in each of the six routing trials in the DD2 IFU. Ri is shaded in each trial.
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Fig. 11. Scatterplots of B-values in DD2 design for netlengths (a) fB
(i)
Lo
g versus fB

(i)
Lc
g, (b) fB

(i)
Lr
g versus

fB
(i)
Lc
g, and (c) fB

(i)
Lr
g versus fB

(i)
Lo
g (c) for lengths of custom interconnections (Lc), lengths of other

routes (Lo) that pass through Ri, and lengths of the rest of routes (Lr) that do not pass through Ri.
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Fig. 12. Scatterplots of B-values in DD2 design for vias (a) fB
(i)
vo g versus fB

(i)
vc g, (b) fB

(i)
vr g versus fB

(i)
vc g,

and (c) fB
(i)
vr g versus fB

(i)
vo g for vias in custom routes (vc), other routes (vo) that pass through Ri,

and the rest of routes (vr) that do not pass through Ri.
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Fig. 13. Measured cumulative e�ectiveness (a) for netlengths �
(i)(0)
L and (b) vias �

(i)(0)
v in the DD2 IFU

for each trial i.
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TABLE I

Interconnect effectiveness in the DD1 IFU. For netlengths L: �
(i)
Lc
, �

(i)
Lo
, �

(i)
Lr
, �

(i)
L , with the

corresponding values for p
(i�1)
Lt

, p
(i�1)
Lo

, p
(i�1)
Lr

and �L
(i�1)
t , L

(i�1)
o , and L

(i�1)
r . �L

(i�1)
t , L

(i�1)
o ,

and L
(i�1)
r are expressed in units of meters. The values for �

(i)
Lc
, �

(i)
Lo
, �

(i)
Lr

and �
(i)
L are given

in %. For vias V : �
(i)
vc , �

(i)
vo , �

(i)
vr , and �

(i)
v with the corresponding values for p

(i�1)
vt , p

(i�1)
vo ,

p
(i�1)
vr , and �v

(i�1)
t , v

(i�1)
o , and v

(i�1)
r . The values for �

(i)
vc , �

(i)
vo , �

(i)
vr , and �

(i)
v are given in %.

L custom interconnections in Ri other routes in Ri rest of routes in Ri all routes

i �
(i)
Lc
(%) p

(i�1)
Lt

�L
(i�1)
t �

(i)
Lo
(%) p

(i�1)
Lo

L(i�1)
o �

(i)
Lr
(%) p

(i�1)
Lr

L(i�1)
r �

(i)
L (%) L(i�1

1 9:2 0:19 1:05 �4:5 0:32 1:78 �0:57 0:49 2:68 0:027 5:51

2 7:0 0:036 0:163 �1:3 0:25 1:14 �0:064 0:71 4:20 �0:11 5:51

3 7:7 0:12 0:52 �0:19 0:023 0:100 0:013 0:86 3:78 0:92 5:51

4 �13:0 0:033 0:13 �1:2 0:061 0:24 0:099 0:91 3:53 �0:40 5:47

5 5:3 0:016 0:061 0:0043 0:13 0:50 �0:0012 0:85 3:20 0:086 5:49

6 �4:3 0:063 0:23 �1:4 0:23 0:83 �0:026 0:71 2:64 0:051 5:48

V custom interconnections in Ri other routes in Ri rest of routes in Ri all routes

i �(i)vc (%) p(i�1)vt
�v

(i�1)
t �(i)vo (%) p(i�1)vo

v(i�1)o �(i)vr (%) p(i�1)vr
v(i�1)r �(i)v (%) v(i�1

1 69 0:12 7630 �1:7 0:40 26210 �2:1 0:49 32515 6:2 6635

2 59 0:034 2016 �7:3 0:27 16109 0:44 0:70 41730 0:34 6225

3 65 0:14 8327 �0:52 0:020 1162 0:80 0:84 49339 9:8 6205

4 25 0:022 1119 0:66 0:046 2290 0:088 0:93 46702 0:67 5627

5 78 0:055 2682 2:7 0:10 5048 �0:41 0:84 41206 4:2 5594

6 73 0:021 976 �16 0:11 5181 1:1 0:87 40129 0:71 5389
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TABLE II

Interconnect effectiveness in the IFU DD1. The mean e�ectiveness, standard error, p-value,

lower con�dence bound LCB, and upper con�dence bound UCB are shown for custom

interconnections, the other routes, and the rest of the routes. The confidence

intervals have 95% coverage; for �Lc
and �vc, only the lower 95% bound is given.

Netlengths mean(%) std. error(%) p-value LCB(%) UCB

custom interconnections ~�Lc
= 6:7 �̂(�̂Lc

) = 2:3 p-value(�Lc
) = 0:015 2:2 �

other routes ~�Lo = �2:4 �̂(�̂Lo) = 0:85 p-value(�Lo) = 0:039 �4:5 �0

rest of routes ~�Lr = �0:074 �̂(�̂Lr) = 0:091 p-value(�Lr) = 0:46 �0:31 0:

Vias mean(%) std. error(%) p-value LCB(%) UCB

custom interconnections ~�vc = 65:4 �̂(�̂vc) = 4:4 p-value(�vc) = 0:000013 56:5 �

other routes ~�vo = �4:1 �̂(�̂vo) = 2:2 p-value(�vo) = 0:12 �9:7 1

rest of routes ~�vr = 0:085 �̂(�̂vr) = 0:43 p-value(�Lr) = 0:85 �1:0 1
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TABLE III

Overview of custom interconnections in the DD2 IFU. The number of custom

interconnections N i
c, number of additional custom interconnections �N i

c, number of bus

signals Nbus, and number of control signals Ncontrol routed with custom

interconnections are shown. Also shown are the number of buses routed in each region

Nreg1 through Nreg7. The total number of buses in all regions Nregtot are also shown,

where Nregtot =
P7

1Nregi.

.

i N i
c �N i

c Nbus Ncntl Nr1 Nr2 Nr3 Nr4 Nr5 Nr6 Nr7 Nrtot

0 0 0 0 0 0 0 0 0 0 0 0 0

1 1303 1303 1303 0 0 17 0 0 16 0 0 33

2 1410 107 96 11 3 0 0 0 0 0 0 3

3 1988 578 578 0 0 0 42 0 0 0 0 42

4 2474 486 486 0 0 0 0 4 0 2 24 30

5 3291 817 817 0 0 23 0 1 0 0 0 24

6 3428 137 135 2 0 2 2 0 0 0 0 4

6 3428 3428 3415 13 3 42 44 5 16 2 24 136
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TABLE IV

Comparison of interconnect complexity in the DD1 IFU and DD2 IFU. The total length

LT , total Steiner length LTS, total Manhattan length LMT , TESL, TEML, and total

number of vias vT are shown for custom-routed signals Nc and non-custom-routed

signals Nr. The Steiner quality QS, Manhattan quality QM , and average number of vias

per signal are also shown.

custom interconnections DD1 DD2

LT (m) 2:12 2:13

LTS (m) 2:09 2:12

LTM (m) 2:07 2:10

TESL (m) 0:02 0:01

TEML (m) 0:04 0:03

vT 11007 10760

Nc 3401 3428

QS 95:1 211:8

QM 47:1 65:5

vT=Nc 3:2 3:1

non-custom interconnections DD1 DD2

LT (m) 3:37 3:29

LTS (m) 3:34 3:25

LTM (m) 3:31 3:22

TESL (m) 0:03 0:04

TEML (m) 0:07 0:07

vT 42555 37434

Nr 5852 5855

QS 98:1 73:8

QM 50:9 43:4

vT=Nr 7:3 6:4
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TABLE V

Single stacked vias SSV, double stacked vias DSV, triple stacked vias TSV in the DD2

IFU for each trial i, where Nc is shown for each trial. Each SSV is composed of two

stacked vias; each DSV is composed of three stacked vias; each TSV is composed of

four stacked vias.

.

i Nc SSV DSV TSV

0 0 5868 619 6

1 1016 5445 555 9

2 1275 5315 559 9

3 1853 4456 517 6

4 2339 4459 392 3

5 3135 4024 418 4

6 3101 4034 387 1
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TABLE VI

IFU physical design constraints. The unit area A, number N of unit-level signals,

occupancy O, and total available length Lavail of minimum-width wire for unit-level

signals are shown.

.

Physical Design Constraints DD1 DD2

unit width (�m) 3643:61 3643:61

unit height(�m) 5080:64 5010:08

A (mm2) 14:1 13:8

number of IO pins 1723 1722

N 9253 9283

average signal fan-out 2:3 2:3

macros (including bu�ers and inverters) 999 1039

macros (not including bu�ers and inverters) 95 95

transistors (�106) 5:9 5:9

array transistors (�106) 4 4

bu�ers and inverters 904 944

O 0:81 0:85

Lavail (meters) 31:3 28:9

available route fraction 34% 31%
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TABLE VII

Overview of unit-level interconnections in DD1 IFU and DD2 IFU. The total length LT

of wire, total area Aint occupied by interconnect, total via number vT , and average

number of vias per signal vT =N in the unit-level signals are shown.

IFU Interconnect Results DD1 DD2

LT (m) 5:5 5:4

LT (incl. pwr, gnd) (m) 17:0 16:5

needed route fraction LT =Lavail 18% 19%

Aint (incl. pwr, gnd) (mm2) 12:6 12:2

vT 53562 48194

vT=N 5:8 5:2
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TABLE VIII

Detailed interconnect characteristics for all N signals in the DD1 IFU and DD2 IFU

(excluding power and ground). For of the five available metal layers, the available

length Lavail of minimum-width wire, total wire length LT , and fraction of available

route resources for unit-level signals are shown.

.

DD1 interconnections m1 m2 m3 m4 m5 m1�m5

Lavail (m) 4:53 3:41 7:39 13:2 2:75 31:3

LT (m) 0:020 0:037 1:46 3:35 0:621 5:5

needed route fraction LT=Lavail 0:4% 1:1% 20% 25% 23% 18%

DD2 interconnections m1 m2 m3 m4 m5 m1�m5

Lavail (m) 3:14 2:8 6:75 12:6 3:57 28:9

LT (m) 0:0167 0:0364 1:40 3:30 0:657 5:4

needed route fraction LT=Lavail 0:53% 1:3% 21% 26% 18% 19%
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TABLE IX

Detailed via characteristics of interconnections for all N unit-level signals in the

DD1 IFU and DD2 IFU. The number of vias per layer and total number of vias are

shown.

DD1 interconnections v1 v2 v3 v4 v1� v4

vT 6509 10349 29817 6887 53562

DD2 interconnections v1 v2 v3 v4 v1� v4

vT 6030 9705 25522 6937 48194
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TABLE X

Overview of the number of vias vT , total interconnect length L (meters), number of

electrical shorts s, and number of unrouted signals Nunroutes in the DD1 IFU and DD2

IFU routed with different values of the automated router cost parameters fcvjg (j = 1

through 4) for the via layers v1,v2,v3,v4 and cost parameters fcvkg (k = 1 through 5) for

the metal layers m1,m2,m3,m4,m5. The table shows the values of the cost parameters

cm1 and cm2 for routes on lower-level metal and the cost parameters cm3; cm4; cm5 for

regular (reg) and wrong-way (perp) routes on upper-level metal. The numbers shown in

boldface indicate the values obtained in the DD1 IFU and DD2 IFU, respectively

.

i fcvjg cm1; cm2 fcm3; cm4; cm5g vT L (m) s Nunroutes

reg, perp reg, perp DD1, DD2 DD1, DD2 DD1, DD2 DD1, DD2

a 1 4; 4 2; 4 53562; 54861 5:506; 5:434 0; 0 0; 0

b 4 4; 4 2; 4 47357; 48194 5:505; 5:433 0; 0 4; 0

c 8 4; 4 2; 4 44217; 45122 5:505; 5:434 64; 0 5; 0

d 16 4; 4 2; 4 40761; 41665 5:507; 5:431 235; 0 12; 7

e 32 4; 4 2; 4 35205; 35686 5:392; 5:311 347; 266 139; 155

c 8 4; 4 2; 4 44217; 45122 5:505; 5:434 64; 0 5; 0

f 8 4; 4 1; 4 43233; 45148 5:513; 5:451 0; 24 4; 0

g 8 4; 4 2; 8 44718; 45561 5:504; 5:433 0; 0 5; 0

h 8 1; 1 1; 1 33867; 35742 5:476; 5:410 0; 4 0; 0
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TABLE XI

Overview of the ratios ra and rc of length to vias (in units of �m=via) instantiated by

the automatic router and by custom interconnections, respectively, as well as the

fraction of lower-level metal f12 = (m1 +m2)=(m1 +m2 +m3 +m4 +m5) and fraction of

upper-level metal f345 = (m3+m4+m5)=(m1+m2+m3+m4+m5) in the DD1 IFU and DD2

IFU unit-level interconnections with different values of the automated router cost

parameters fcvjg (j = 1 through 4) for the via layers v1,v2,v3,v4 and cost parameters

fcvkg (k = 1 through 5) for the metal layers m1,m2,m3,m4,m5. The table shows the

values of the cost parameters cm1 and cm2 for routes on lower-level metal and the

cost parameters cm3; cm4; cm5 for regular (reg) and wrong-way (perp) routes on

upper-level metal. The numbers shown in boldface indicate the values obtained in the

DD1 IFU and DD2 IFU, respectively

.

i fcvjg cm1; cm2 fcm3; cm4; cm5g rr (�m=via) rc (�m=via) f12 f345

reg, perp reg, perp DD1, DD2 DD1, DD2 DD1, DD2 DD1, DD2

a 1 4; 4 2; 4 76:5; 73:5 255:3; 248:8 0:010; 0:010 0:99; 0:99

b 4 4; 4 2; 4 88:5; 85:7 255:3; 248:8 0:010; 0:010 0:99; 0:99

c 8 4; 4 2; 4 96:2; 92:8 255:3; 248:8 0:011; 0:010 0:989; 0:99

d 16 4; 4 2; 4 106:3; 102:2 255:3; 248:8 0:013; 0:013 0:987; 0:987

e 32 4; 4 2; 4 123:7; 119:9 255:3; 248:8 0:014; 0:015 0:986; 0:985

c 8 4; 4 2; 4 96:2; 92:8 255:3; 248:8 0:011; 0:010 0:989; 0:99

f 8 4; 4 1; 4 99:1; 93:2 255:3; 248:8 0:0098; 0:008 0:9902; 0:992

g 8 4; 4 2; 8 94:8; 92:7 255:3; 248:8 0:011; 0:010 0:989; 0:99

h 8 1; 1 1; 1 133:3; 123:3 255:3; 248:8 0:13; 0:125 0:87; 0:875

January 20, 2002 DRAFT



EXTERNAL PUBLICATION 48

TABLE XII

Overview of stacked vias in DD1 IFU and DD2 IFU signal interconnections: single

stacked vias SSV, double stacked vias DSV, and triple stacked vias TSV as a function

of different values of the automated router cost parameters fcvjg (j = 1 through 4)

for the via layers v1,v2,v3,v4 and cost parameters fcvkg (k = 1 through 5) for the metal

layers m1,m2,m3,m4,m5. The table shows the values of the cost parameters cm1 and cm2

for routes on lower-level metal and the cost parameters cm3; cm4; cm5 for regular (reg)

and wrong-way (perp) routes on upper-level metal. The numbers shown in boldface

indicate the values obtained in the DD1 IFU and DD2 IFU, respectively

.

i fcvjg cm1; cm2 fcm3; cm4; cm5g SSV DSV TSV

reg, perp reg, perp DD1, DD2 DD1, DD2 DD1, DD2

a 1 4; 4 2; 4 4923; 4777 657; 676 12; 9

b 4 4; 4 2; 4 4149; 4034 418; 387 1; 1

c 8 4; 4 2; 4 3760; 3718 389; 364 3; 2

d 16 4; 4 2; 4 3069; 3125 322; 300 0; 2

e 32 4; 4 2; 4 2225; 2237 273; 265 0; 2

c 8 4; 4 2; 4 3760; 3718 389; 364 3; 2

f 8 4; 4 1; 4 3579; 3734 551; 532 1; 2

g 8 4; 4 2; 8 3273; 3252 421; 343 1; 3

h 8 1; 1 1; 1 1748; 1869 112; 116 0; 2
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TABLE XIII

Interconnect effectiveness in the DD2 IFU. For netlengths L: �
(i)
Lc
, �

(i)
Lo
, �

(i)
Lr
, �

(i)
L , with the

corresponding values for p
(i�1)
Lt

, p
(i�1)
Lo

, p
(i�1)
Lr

and �L
(i�1)
t , L

(i�1)
o , and L

(i�1)
r . �L

(i�1)
t , L

(i�1)
o ,

and L
(i�1)
r are expressed in units of meters. The values for the effectivenesses �

(i)
Lc
, �

(i)
Lo
,

�
(i)
Lr

and �
(i)
L are given in %. For vias v : �

(i)
vc , �

(i)
vo , �

(i)
vr , and �

(i)
v with the corresponding values

for p
(i�1)
vt , p

(i�1)
vo , p

(i�1)
vr , and �v

(i�1)
t , v

(i�1)
o , and v

(i�1)
r . The values for �

(i)
vc , �

(i)
vo , �

(i)
vr , and �

(i)
v

are given in %.

L custom interconnections in Ri other routes in Ri rest of routes in Ri all routes

i �
(i)
Lc
(%) p

(i�1)
Lt

�L
(i�1)
t �

(i)
Lo
(%) p

(i�1)
Lo

L(i�1)
o �

(i)
Lr
(%) p

(i�1)
Lr

L(i�1)
r �

(i)
L (%) L(i�

1 11:0 0:23 1:25 �4:9 0:50 2:73 �0:14 0:28 1:51 0:066 5:5

2 �0:94 0:021 0:09 0:15 0:13 0:59 �0:044 0:85 3:70 �0:036 5:4

3 13:2 0:13 0:54 �1:7 0:0038 0:016 �0:093 0:87 3:73 1:7 5:5

4 3:7 0:037 0:14 �1:9 0:19 0:70 0:20 0:78 2:91 �0:052 5:4

5 3:5 0:025 0:09 �0:96 0:21 0:74 �0:064 0:77 2:78 �0:16 5:4

6 10:3 0:029 0:10 �0:56 0:20 0:69 0:14 0:78 2:74 0:30 5:4

V custom interconnections in Ri other routes in Ri rest of routes in Ri all routes

i �(i)vc (%) p(i�1)vt
) �v

(i�1)
t �(i)vo (%) p(i�1)vo

) v(i�1)o �(i)vr (%) p(i�1)vr
) v(i�1)r �(i)v (%) v(i�

1 66:2 0:12 7300 �8:8 0:47 28269 �2:0 0:41 25198 3:0 607

2 57:7 0:022 1228 0:23 0:21 11996 �0:20 0:77 43241 1:1 589

3 66:1 0:16 8830 20:4 0:45 250 2:2 0:84 46217 12:5 582

4 26:7 0:025 1148 1:2 0:10 4633 0:29 0:89 39637 1:1 513

5 73:8 0:064 2801 0:47 0:20 9018 �0:28 0:73 32280 4:6 509

6 39:5 0:018 732 0:60 0:19 7967 1:1 0:79 32647 1:7 489
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TABLE XIV

Interconnect effectiveness in the DD2 IFU. The mean, standard error, p-value, lower

con�dence bound LCB, and upper con�dence bound UCB are shown for custom routes, other

routes, and the rest of the routes. The confidence intervals have coverage of 95%;

for �Lc
and �vc only the lower 95% bound is given. Note that the DD2 results are

uniformly consistent with DD1 results.

Netlengths mean(%) standard error(%) p-value LCB(%) UC

custom interconnections ~�Lc = 10:3 �̂(�̂Lc) = 1:5 p-value(�Lc) = 0:00051 7:3

other routes ~�Lo = �2:9 �̂(�̂Lo) = 1:1 p-value(�Lo) = 0:042 �5:6 �

rest of routes ~�Lr = 0:044 �̂(�̂Lr) = 0:05 p-value(�Lr) = 0:41 �0:17 0

Vias mean(%) standard error(%) p-value LCB(%) UC

custom interconnections ~�vc = 63:7 �̂(�̂vc) = 4:5 p-value(�vc) = 0:000015 54:7

other routes ~�vo = �3:7 �̂(�̂vo) = 2:4 p-value(�vo) = 0:195 �9:9

rest of routes ~�vr = 0:36 �̂(�̂vr) = 0:57 p-value(�Lr) = 0:55 �1:1
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