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Abstract

The synchronization of functional logic signals in computer hardware components is required for

successful design and implementation of high-performance hardware. The goal of this paper is to obtain

methods to quantify the requirements of the two groups of signals. Most of the work concerning Rent’s

Rule prior to the present paper has been based on a 1971 interpretation of two unpublished memoranda

written in 1960 by E. F. Rent at IBM, even though today’s computer components require, in addition to

their logic function, a complex synchronization network that synchronizes the operation of functional

logic at today’s multi-GHz frequencies. In this paper, we will refer to the type of signals and circuitry

that are associated with logic function with the term function type and will use the term synchronization

type to refer to the remaining circuits and signals; most of the remaining signals are associated with a

clocking network superimposed on the functional logic, and the rest perform other non-functional tasks

such as clock control and scan. Prior work does not distinguish among signals and circuitry according to

these two types: function type and synchronization type. However, because of the increasingly complex

design and implementation of synchronization circuitry since 1960-1971 for high-performance chips,

an understanding of the separate requirements of both types is needed. To address this point, we have

obtained copies of Rent’s two original memos in which Rent describes functional logic of two 1960

computers and describes a method to assess connections and circuits associated with functional logic.

In this paper, we will: (1) discuss the two types; (2) apply an historically-equivalent interpretation of

Rent’s Rule to circuitry with function type in actual ultralarge scale integrated (ULSI) circuit designs;

(3) present a new empirical model for wire-length distributions for circuitry with synchronization type;

and (4) compare these models with wire-length distributions for signals of both types for 100 POWER4

control logic designs. We will show that these methods provide greatly improved qualitative agreement

with actual wire-length distributions compared with prior methods.

Index Terms

ULSI, VLSI, circuit design, functional circuitry, synchronization circuitry, clock distribution, clock

signal, local clock buffer, latch.

I. INTRODUCTION

With the increasing complexity of synchronization circuitry associated with high-performance

functional logic circuitry in computer hardware components since early work by E. F. Rent in

1960, a reevaluation of requirements for today’s computer components is needed. All of the

prior extensive work including for example[1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11],

[12], [13], [14], [15], [16], [17] concerning Rent’s Rule has been based on the 1971 interpreta-

tion [18] of two unpublished memoranda [19] written in 1960 by E. F. Rent at IBM, even though
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today’s computer components differ significantly from those at that time[20], [21]. For example,

today’s computer components require, in addition to correct logic function, the successful imple-

mentation of complex synchronization circuitry to achieve hardware that operates at multi-GHz

frequencies. All work prior to this paper does not distinguish between the impact of two differ-

ent types of circuitry - namely, circuitry associated with functional logic and circuitry associated

with synchronization - on the design and implementation of computer hardware components. In

this paper, we will use the term function type to refer to signals and circuitry that are associated

with logic function and will use the term synchronization type to refer to the remaining circuits

and signals; most of the remaining signals are associated with a clock network superimposed

on the functional logic, and the rest perform other non-functional tasks such as clock control

and scan. However, because of the increasingly complex design and implementation of syn-

chronization circuitry since 1960-1971, an understanding of the requirements of both types is

needed.

We have obtained copies of Rent’s two IBM memoranda [19] and have continued our study

of them in order to further understand Rent’s original intent. In these memos, Rent is concerned

with functional logic in 1960 computer hardware components and describes the connectivity

of signals and circuits associated with functional logic. Based on our careful reading of these

two memos, we will evaluate components of actual ULSI circuit designs according to the func-

tional type described by Rent. For an evaluation of ULSI designs in a manner similar to the

one described by Rent, we will need to separate functional logic components from the entire

group of components, thereby separating the entire group into the two types: functional type

and synchronization type. In this paper, we will (1) introduce the two circuitry types; (2) apply

an historically-equivalent interpretation of Rent’s Rule[21] to circuitry with function type in ac-

tual ULSI designs; (3) present a empirical model for wire-length distributions for circuitry with

synchronization type; (4) present measured wire-length distributions for signals of both types in

actual ULSI designs. The designs selected for this study are all functional control designs in the

IBM POWER4 core, which is currently incorporated in the IBM Enterprise Server pSeries 680

and pSeries 690[22], [23]. These control designs occupy approximately
�����

of the core area.

The first application will be to extract historically-equivalent empirical values of Rent’s pa-

rameters for signals with function type. We will then evaluate existing wire-length distribution
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models[7], [8], [10] and existing expressions for average wire-length as functions of these pa-

rameters. We then compare the distributions and values of average wire-lengths with measure-

ments from actual chip designs. We will show that these methods provide improved qualitative

agreement for wire-length estimates compared with prior work[2], [3], [17] in which no distinc-

tion is made between the functional logic circuitry and synchronization circuitry. The second

application will be to compare actual total wirelength requirements for signals with synchro-

nization type with values obtained with a new empirical model.

The methods presented in this paper provide designers with techniques to evaluate the amount

and distribution of wire required to interconnect components according to type in order to

achieve buildable and functional chip designs within increasingly severe project constraints of

real estate, number of metal layers, operating frequency, and power dissipation[5], [6], [13],

[15], [24], [25], [26].

II. TYPES OF CIRCUITRY AND SIGNALS

In this section, we present a brief discussion of two types of signals and circuitry in ASIC-

like designs. The two types are functional type and synchronization type, as described in the

previous section. The designs are composed of an interconnected assortment of logic gates that

implement an assigned function as well as other logic gates that synchronize the operation of

the functional gates.

A. Circuitry and signals with functional type

A signal or a logic gate is assigned with functional type when this circuitry element is required

to implement the design function correctly. The number of connections ���	��
��������
����

 associated

with functional logic can be obtained by analogy with the treatment in Ref. [21] according to

the expression,

� �	��
��������
����

 �
������� �"!�#%$���'&"!�()

��*,+
-�. �0/214365 � �7�8
�9������
:�; < (1)

where the sum is taken over only those signal nets � �7��
=�9������

>��@? associated with functional logic,
. �

is the fanout of each net, and � �	��
��������
: ; is the number of input pins and output pins associated

with functional logic. As described in Ref.[21], the term
-�. �A/B143 represents the total number of

connections made by a single net in a design; for the designs considered in this work, each net
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has a single driver and has fanout C6DFEHG . Therefore, the total number of connections of signals

associated with functional logic is obtained by taking the sum of this term I�CJDLKMGON over this

subset of signals, as given by the expression,

PRQ7S8TU9V D�W TU W TT X C Q7S8TU9V D�W TV W VZY [ K P Q7S�T=U9V D�W TT=\�V@] ^ P Q7S8TU9V D�W T_�` a (2)

where Eqn. 2 follows from Eqn. 1, and C Q7S�T=U9V D�W TV W VZY�[ and
P Q7S�T=U9V D�W TT=\�V@] are the total fanout and total

number of signal nets associated with functional logic, respectively.

The total number of gates
P Q7S�T=U9V D�W Tb Y�VZ\c] associated with function type is obtained by subtracting

the number of gates
P ]�d�T=U�eb Y�VZ\�] associated with synchronization type from the total number of gatesP b Y�VZ\c] according to the expression,

P Q7S8TU9V D�W Tb Y�VZ\�] X P b Y�VZ\�] ^ P ]�d�T=U�eb Y�VZ\�] a (3)

where P ]�d�T=U�eb Y�VZ\�] X P [fY�V K PhgAikj K PlgAikj b Y�VZ\�] a (4)

and
P [fY�V is the number of latches,

Pmgnikj
is the number of local clock buffers (LCBs), andPhgnikj b Y�VZ\c] is the number of logic gates associated with the LCBs.

B. Circuitry and signal nets with synchronization type

A signal net or a logic gate is assigned with synchronization type when the signal net or gate

does not implement the design function. In this case, the circuitry element is associated with

synchronization or other non-function tasks. To understand the wire requirements for signals

associated with synchronization circuitry, we first discuss properties of a clock network that is

superimposed on the interconnected network of functional gates. Examples of signals associated

with synchronization circuitry are shown in Fig. 3. This figure illustrates that the global clock

signal o8p�q is input into r�s LCBs; in turn the LCBs distribute the otp�q signal to latches. The

distribution of other signals associated with the clock network is also shown.

An expression for the number of gates
P ]�d�T=U�eb Y�VZ\�] associated with synchronization circuitry is

given in the previous section. An expression for the number of signals
P ]�d TU�e associated with

synchronization circuitry can be approximated as the sum of three contributions: (1) unity, to

represent the contribution of the single global clock signal o8p�q ; (2) the number
Pvu U of wxo signals
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associated with synchronization circuitry, such as clock control and scan; and (3) twice the num-

ber yhzn{k| of LCBs, where the factor of } arises since typically each LCB generates two clock

signals as inputs for the ~�� and ~�} master-slave latches, from which we obtain the expression,

yh�����=����������yh������}���yhzn{k|�� (5)

where the approximation is used because not all �x� signals are input into each LCB and most

(but not all) LCBs generate two signals. With Eqn. 5, y����J��� , and the values for ymzA{k| shown

in Table I for POWER4 IFU designs, we estimate values for yv�����=��� shown in the table. From

the table we see that ym�����=��� is approximately equal to the actual number of signals yv�����=���8�����
associated with synchronization circuitry for all designs except for i17 which contains a large

number of short scan signals.

III. WIRE-LENGTHS FOR SIGNALS ASSOCIATED WITH FUNCTIONAL LOGIC

In this section, we apply an historically-equivalent interpretation of Rent’s Rule[21] to obtain

empirical Rent’s parameters for circuitry with function type. Figure 1 shows a log-log plot of

y��7� �=�9���� ���� ��t� as a function of y �7� �=�9���� ����¡��Z¢�� . From this plot, the parameter pair for signals associated

with functional circuitry can be extracted according to a method described in Ref. [21]; we will

refer to this parameter pair with the notation £�¤ �	� ������� ��¥ ��¦ �7� ��9���� ��¥ § , where the terms ¤ �7� �=�9���� ��¥ and

¦ �7� �=�9���� ��¥ are given as the inverse log of the intercept and slope, respectively, of a linear fit to the

quantities in Fig. 1, according to the expression,

~�¨O©«ª�y �7� �=�9���� ���� ��t� ¬ �~�¨O©«ª�¤ �7� �=�9���� ��¥ ¬ ��¦ �7� �=�9���� ��¥ �®~�¨4©Lª�y �7� �=�9���� ����¡��Z¢�� ¬ (6)

The values and ranges for £�¤ �7� �=�9���� ��¥ ��¦ �7� �=�9���� ��¥ § for POWER4 IFU control designs are shown in

Table II. The table shows that values for ¤ �7� �=�9���� ��¥ lie between �A¯�°�±²¤ �7� �=�9���� ��¥ ±²³´¯µ} , and that

¦ �7� �=�9���� ��¥ is approximately � , with range ¶´¯f·A¸v±¹¦ �7� �=�9���� ��¥ ±º�n¯µ¶A· .

We estimate wire requirements for functional logic signals by evaluating existing models[2],

[7], [8], [10] for the number of signals y¹ª�» �7� �=�9���� ��¥ ��¦ �7� �=�9���� ��¥ ¬ , normalized probability density

function ¦¼���� ª�~ ¬ , probability density function ½¾ª�~ ¬ , and average wire-length ( ~�¡�¿��AªZ¦ �7� �=�9���� ��¥ ¬
from the Davis model and ÀÁªZ¦ �7� �=�9���� ��¥ ¬ from the Donath model) as functions of the parameter

pair £�¤ �7� ��9���� ��¥ ��¦ �7� �=�9���� ��¥ § as shown in Tables III- VI. Table III shows that yÂª�» �7� �=�9���� ��¥ ��¦ �7� �=�9���� ��¥ ¬
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overestimates Ã�Ä7Å�Æ=Ç9È�É�Ê�ÆÇ�Ê�ÆÆ for all designs except for the two smallest designs by up to Ë´Ì4Í ; how-

ever, the estimates are improved compared with those obtained in Ref.[21] with parameter pairÎ�Ï�ÐFÑ�ÒÓÐFÔ
in which no distinction is made between functional circuitry and synchronization cir-

cuitry. In this case, we take the Error (in Í ) to be given by the expression,

ÕlÖ�Ö�×4ÖÙØÛÚ Ã Ä7Å�Æ=Ç9È�É�Ê�ÆÇ�Ê�ÆÆ Ü Ã Ú�Ý Ä	Å�ÆÇ�È�É�Ê�ÆÐ Ñ�Ò Ä	Å�ÆÇ�È�É�Ê�ÆÐ Þ Þàß ÌOáAá
Ã Ú�Ý Ä7Å�Æ=Ç9È�É�Ê�ÆÐ Ñ�Ò Ä7Å�Æ=Ç9È�É�Ê�ÆÐ Þ Íãâ (7)

The average fanout ä of these signals is ÌAâ�åçæ äèæ é0âfá . Table IV shows a comparison

of êJë�ì�í Ú Ò Ä7Å�Æ=Ç9È�É�Ê�ÆÐ Þ
and î Ú Ò Ä7Å�Æ=Ç9È�É�Ê�ÆÐ Þ

with the actual average wire-length ê�Ä7Å�Æ=Ç9È�É�Ê�Æë ; values of

î Ú Ò Ä	Å�ÆÇ�È�É�Ê�ÆÐ Þ
do not approximate the actual average wirelength as well as do the values of

êJë�ì�í Ú Ò Ä7Å�Æ=Ç9È�É�Ê�ÆÐ Þ
. Table V shows a comparison of estimates of the total wirelength requirement

ê Ä7Å8ÆÇ9È�É�Ê�ÆÈZÊ�È with the actual total wirelength ê Ä	Å�ÆÇ�È�É�Ê�Æï . For these estimates we choose êðë�ì�í Ú Ò Ä7Å�Æ=Ç9È�É�Ê�ÆÐ Þ�ß
Ã Ú�Ý Ä7Å�Æ=Ç9È�É�Ê�ÆÐ Ñ�Ò Ä7Å�Æ=Ç9È�É�Ê�ÆÐ Þ

; the estimated values tend to overestimate the actual values by åná�Í ÜËAá�Í . Table VI shows a second comparison of estimates of the total wirelength requirement with

ê Ä7Å8ÆÇ9È�É�Ê�Æï where we use ê�ë�ì�í Ú Ò Ä7Å�Æ=Ç9È�É�Ê�ÆÐ Þñß ÃRÄ7Å8ÆÇ9È�É�Ê�ÆÇ�Ê�ÆÆ ; estimates are within ònË�Í of the values of

ê Ä7Å8ÆÇ9È�É�Ê�Æï for each design.

We find it necessary to compare total wirelength requirements for all POWER4 units with

Ã�Ä7Å�Æ=Ç9È�É�Ê�ÆÇ�Ê�ÆtÆ rather than with Ã Ú�Ý Ä7Å�Æ=Ç9È�É�Ê�ÆÐ Ñ�Ò Ä	Å�ÆÇ�È�É�Ê�ÆÐ Þ
since the expression for Ã Ú�Ý Ä7Å�Æ=Ç9È�É�Ê�ÆÐ Ñ�Ò Ä7Å�Æ=Ç9È�É�Ê�ÆÐ Þ

takes on nonphysical values (i.e., becomes zero or negative) for those units with values ofÒ Ä7Å�Æ=Ç9È�É�Ê�ÆÐ ó Ì . Table VII compares ê Ä	Å�ÆÇ�È�É�Ê�Æï with ê ÈZÊ�È Ú Ò Ä7Å�Æ=Ç9È�É�Ê�ÆÐ Þ
where,

ê ÈZÊ�È Ú Ò Ä7Å8ÆÇ9È�É�Ê�ÆÐ Þ Ø2ôkõ´öc÷ùø9ú�ûü
É�ý,þ Ã Ä	Å�ÆÇ�È�É�Ê�ÆÇ�Ê�ÆÆ ß êJë�ì�í Ú Ò Ä7Å�Æ=Ç9È�É�Ê�ÆÐ Þ�ÿ

(8)

estimates are within ò��xÍ of the actual totals for all units and is within Ì4Í of the actual total

wirelength for the IFU. Total wirelength estimates for all control designs in the POWER4 core

are within é���Í of the actual values.

We next evaluate the interconnect density functions provided by the Davis (1998) model with

the parameter pair
Î�Ï Ä	Å�ÆÇ�È�É�Ê�ÆÐ Ñ�Ò Ä7Å8ÆÇ9È�É�Ê�ÆÐ Ô

for four POWER4 IFU designs and compare with actual

wire-length distributions. Figures 2(a)-(d) show the normalized probability density functionÒ É�ÆtÈ Ú ê Þ
(solid circles) and probability density function � Ú ê Þ

(hollow squares) for four designs

with different number of Ã Ä7Å�Æ=Ç9È�É�Ê�Æí�ë È���� in the POWER4 IFU, where the gatepitch is taken to be the

book height of the standard cells. For these comparisons, we choose the normalized probability
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density functions because the Donath expression [2] for �
	������������������ ��� ��������������� � (assumed by the

Davis model) takes nonphysical values when � is greater than � . The solid lines show � ��� � 	"! �
and #$	%! � ; upper and lower limit curves are also shown for � ��� � 	"! � . This figure shows that the

qualitative fit to the data is much improved compared with the curves in Ref.[21] in which the

parameter pair &�' � ��� �)( is used, particularly since the spread in the range shown by the upper

and lower bounds is greatly reduced, closer to the actual wirelength distribution.

IV. WIRE-LENGTHS FOR SIGNALS ASSOCIATED WITH SYNCHRONIZATION CIRCUITRY

In this section, we discuss wirelength requirements for signals associated with synchroniza-

tion circuitry. The total wirelength requirement for these signals can be represented with the

term !+*�, ����-���"� and can be obtained by summing the contributions to total wirelength that result

from each of the three terms in Eqn. 5. These contributions are: (1) the wirelength ! ��.0/ associ-

ated with the input global clock signal 1 2%' ; (2) the wirelength !43 � associated with the number�53 � of 671 signals; and (3) the wirelength !+8:9<; associated with the signals generated by each

LCB, such that ! *%, �=��-����� can be approximated according with the expression,

!>*%, �=��-����� ? ! ��.0/+@ !A3 �B@ !A8:9<;AC (9)

We now provide approximate expressions for the three terms on the right-hand side of Eqn. 9.

The total length ! �%.0/ of the 1 2%' signal is obtained by summing over all local clock wires D ,
according to the expression, ! ��.E/GF

HJILKNMO
��PRQ 2 ���.E/ � (10)

where � ��.E/ is the number of connected 1 2%' pins, and 2 ���.E/ is the length of each local clock wire D .
Three examples of straight 1S2%' wires from the 1S2"' input pins to three LCBs are shown in Fig. 4.

For the case in which vertical rows of pins are separated by �T3 gatepitches (gatepitch = 6 ), each

local clock wire D has length UWVX2 ��%.0/ VY�53 Z:[ , where 2 ���.E/ is expressed in gatepitches. Since the

minimum (maximum) horizontal distance between each LCB and each 1 2%' pin is U ( �\3 Z:[ ) (in

gatepitches), an estimate of ! ��.E/ is then,

! ��.0/ ? �53]_^`� ��.0/ ? �53]a^ ��8:9<;] � (11)

since on the order of b to
]

LCBs are connected to each 1 2%' pin in POWER4 designs.
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An expression for c>dfe can be obtained by summing over the lengths of all g7h signals,

cAdfeAi jJk%lmn oRprq
n
dfe�s (12)

where t5due is the number of g7h signals, and q
n
due is the length of each g7h signal. The maximum

signal length can be taken to be twice the (square) design width, namely, v\wyx t�zu{f|�}�~ [7]. With

this assumption, Eqn. 12 becomes,

c>dfe��Xv���t�dfe�� x t�zu{u|�}�~ � (13)

Next, an expression for c>�:�<� follows from some knowledge of the placement of and relative

proportions of latches and LCBs in ASIC-like designs. We can write c��:�<� according to the

expression, cA���<���Xv�� q �:�<����t5���<� s (14)

where the factor of v accounts for contributions from both signals generated by each LCB,

q ���<� is the wirelength that connects latches to each LCB, and t��:�<� is the number of LCBs in

the design. The term q ���<� is a function of the relative placement of the latches and LCBs as

quantified by an observed clustering parameter, �q e , and the ratio of the total number of latches

to the total number of LCBs, t��0{u|"� t5�:�<� . As an example, Fig. 5 shows a wire with length q ���<�
that connects t5�E{f| clustered latches in a typical ASIC-like design; the wirelength q �:�<� is shown

for three different cluster distances q eGi�� s��:s v (in gatepitches) in (a)-(c). By comparison, in a

typical dataflow design, a signal with length q ���<� connects latches stacked in single rows (a) and

double rows (b) adjacent to the LCB, as shown in Fig. 6. Such row placements are not observed

in ASIC-like designs for which CAD tools tend to implement latch clusters rather than latch

rows that require manual intervention. Table VIII lists the route length q ���<� (in gatepitches)

for three values of the clustering parameter q e (also in gatepitches). A value for the clustering

parameter �q e for each design can be extracted from Table VIII and the mean of a Gaussian fit

to wire distributions for signals associated with synchronization circuitry. Figures 2(a’)-(d’)

show examples of wire distributions for signals associated with synchronization circuitry in four

designs in the POWER4 IFU with the results of Gaussian fits shown as solid lines. From the

means, we see that �q e is approximately � except for those few designs with largest values oft������ e�|
n��
�zu{f|�}�~ , for which �q e is approximately v .
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An expression for �+�%�u�= �¡¢�£�¢ is obtained by substituting Eqn. 11 and Eqns. 13- 14 into Eqn. 9,

� �%�u�= �¡¢�£�¢ ¤¦¥5§¨_© ¥5ª:«<¬¨ y®�© ¥�§   ©°¯ ¥²±u³ ¢�´ � y®�©�µ ª:«<¬ © ¥5ª�«<¬A¶ (15)

where µ ª:«<¬ is given in Table VIII. Table X compares values obtained with Eqn. 15 with actual

measured values, where ¥�§¸· ¹`º and ¥5§   ·¼» . Estimates of the total wirelength obtained

with Eqn. 15 are reasonable and are within ½:¾°¿ÁÀ ¨ ¾:¿ of the actual wirelength for all designs

except the two designs with least ¥ �%�u�= �¡±u³ ¢�´ � . Moreover, for the three designs that contain the most

synchronization circuitry, �4���Â�� �¡¢�£"¢ is within approximately ®�¾°¿ÃÀÄ½�¾°¿ of the actual values.

V. DISCUSSION

The methodology described in this paper has two primary benefits for obtaining wirelength

requirements and wirelength distributions for ASIC-like chip designs. First, this methodology

provides a new way to think about the subcomponents of designs. The first group, which we

denote with the term function type, consists of logic gates that implement the intended func-

tion (e.g., AND gates, OR gates, inverters), and the second group, which we denote with the

term synchronization type, consists of gates that synchronize the logic (e.g., latches, local clock

buffers). Second, this methodology provides a new understanding of the signal connectivity

of the two groups. This methodology shows that itemizing the design components according to

function type and synchronization type and separating the signal circuitry into two corresponding

groups does indeed provide effective techniques (1) for obtaining relatively accurate wirelength

estimates and (2) for thinking about the logic for which we wish to obtain wire distributions.

It should be noted that in this paper we have assumed that all signals in a design can be

categorized according to one of two types of signals. This assumption is reasonable, as each

signal can be categorized as one of these two types. We have seen that the accuracy with which

we can now assess wirelength requirements in designs is now quite acceptable and can be used to

assess wirelength requirements in high-performance microprocessors such as the POWER4 chip.

However in principle, to obtain more detailed information about design wirelength requirements,

one may further subdivide the two groups of signals. For example, two possible additional

subcategories for function type include control signals and datapath signals; possible additional

subcategories for synchronization type include clocking signals, clock control signals, and scan

signals.
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This paper has been concerned with wirelength requirements of ASIC-like designs. Addi-

tional work that remains includes methodologies for wirelength requirements of dataflow de-

signs and cache arrays. With this new information, it will be possible to assess overall wirelength

in chips by summing the contributions from all designs, namely ASIC-like designs, dataflow de-

signs, and cache arrays.

VI. CONCLUSION

This paper presents assessments of wirelength requirements for signals associated with func-

tional logic and signals associated with synchronization in today’s computer hardware compo-

nents. Work prior to this paper does not distinguish among signals and circuitry according to

the two types of signals. However, because of the increasingly complex design and implementa-

tion of synchronization circuitry since 1960-1971, an understanding of the requirements of both

types was needed. To address this need, we obtained copies of Rent’s two original memos in

which he describes functional logic of two 1960 computers and describes a method to assess

connections and circuits associated with functional logic.

In this paper, we have discussed the two types of signals and circuitry - the functional type

and the synchronization type; we have applied an historically-equivalent interpretation of Rent’s

Rule to circuitry with function type in actual ultralarge scale integrated (ULSI) circuit designs;

we presented an empirical model for wire-length distributions for circuitry with synchronization

type; and compare wire-length distributions for signals of both types in actual ULSI designs in

the POWER4 chip.

The methods we describe in this paper provide improved qualitative agreement and accuracy

in wire-length estimates compared with prior methods. In total, 100 ASIC-like designs in the

POWER4 core are investigated in this study. For POWER4 IFU functional logic, estimates of

average wireltength are typically within Å°Æ:Ç of the actual average wirelength for designs with

more than 1900 logic gates and are within È�È7Ç of the average wirelength for designs with fewer

than 1900 logic gates. Very good qualitative agreement with actual wirelength distributions is

obtained with the use of an historically-equivalent interpretation of Rent’s memos for circuits

with function type. For POWER4 IFU circuitry with synchronization type, our estimate of the

total wirelength is within Å:Å°Ç for designs with more than É�Ê�È gates associated with synchro-

nization circuitry. Moreover, we obtain estimates of total wirelength that are within Å�È7Ç of
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the actual total wirelength for all ASIC-like designs in each POWER4 unit. As a result, we

feel confident that the methods presented in this paper now provide designers with techniques

to evaluate the amount and distribution of wire required to interconnect ULSI components in

high-performance microprocessors such as the POWER4 chip.
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Fig. 1. Method to extract Ë�ÌÎÍÂÏuÐÒÑ�ÓNÔ%ÏÕ and Ö�ÌÎÍuÏÂÐLÑ�Ó0Ô%ÏÕ parameter pairs from designs from a log-log plot of used connections× ÌÎÍuÏÂÐÒÑØÓ0Ô%ÏÐLÔ%ÏÙÏ as a function of used gates
× ÌÎÍuÏÂÐÒÑØÓ0Ô%ÏÚ"Û Ñ�ÜÒÝ for six units in POWER4 chip. The values are summarized in Table II.

July 28, 2003



EXTERNAL PUBLICATION 14

Fig. 2. Normalized probability density function Þ�ß0àÙá%â�ãåä (solid circles) and probability density function æ�â�ãåä (hollow squares)

for (a) design7, (b) design1, (c) design2, and (d) design18 in the POWER4 IFU. For all designs, the gatepitch is taken to be the

book height ç of the standard cells. For (a)-(d), the solid lines are obtained from the Davis model with èué`êÎë àÂìLá�ß0í%àî ï Þ�êÎë àÂìÒáØß0í%àî ð .

For (a’)-(d’), the solid circles indicate the normalized probability density of signals associated with synchronization circuitry in

each of the designs.
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Fig. 3. Circuitry associated with a clock distribution. The global wiring is shown on the left-hand side of the figure; the local

clock wiring within small regions is shown on the right-hand side of the figure, where the global clock signal ñ�ò�ó is input into

local clock buffers (LCBs) which clock the latches.
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Fig. 4. Examples of routes that wire the global clock signal ô�õ�ö between the pins and local clock buffers.
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Fig. 5. Example of wire with length ÷�øSù�ú for clock signals connecting latches clustered around each LCB, where ÷�ø ùûú
is shown as a dashed line for three different cluster distances ÷Øü (in gatepitches); ÷Eü represents the clustering parameter. The

measured clustering parameter is represented with ý÷Eü . (a), (b), and (c) show an example of a signal route for latches that are

clustered around an LCB with ÷Eüÿþ���������� , respectively.
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Fig. 6. Clock signal topologies in physical design. An example route length 	�
��� for clock signals connecting latches is

shown as dashed lines in (a) and (b), where the latches are stacked in single rows (a) and double rows (b) adjacent to the LCB.

In control macro physical design, row placement of latches is typically more difficult than observed with clustering topologies

shown in Fig. 5. The topologies shown in this figure are more typically used by designers who use manual intervention to place

latches manually in custom physical designs.
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TABLE I

NUMBER OF USED GATES ��������� �������� � , AVERAGE FANOUT � NUMBER OF LCBS ���� �! , AND NUMBER OF SIGNALS � ������� � ��" �
ASSOCIATED WITH CLOCKING CIRCUITRY IN IFU DESIGNS COMPARED WITH ESTIMATED NUMBER OF SIGNALS � �����#� �
ASSOCIATED WITH SYNCHRONIZATION CIRCUITRY, WHERE � �����#� �%$'&)( �+* � (-,/. �%�0 1! AND THE APPROXIMATION

IS USED BECAUSE NOT ALL 243 SIGNALS ARE INPUT INTO EACH LCB AND NOT ALL LCBS DRIVE TWO SIGNALS

ASSOCIATED WITH THE CLOCKING CIRCUITRY.

design 57698�:<; =>#?A@CB 6
D 5-EGFIH 5 698�:<; = 5 6J8#:K; = 6JL >

i1 MGN OQPRO O S S
i4 TUS TVPXW Y OZM OKN
i3 [Q[ [)PX\ Y OZM S
i2 \]O \]PX\ T OKT OKW
i5 OZMGS S]PXW ^ MGN OK\
i7 OZ[GS ^)PXS OQO MGS TU^
i16 OZ^�T OQOQP_[ O`Y YUM YGY
i8 O`SUM OQOQPXN OQO MGS MaO
i6 O`WU[ O`N]PbT OZM YQN Y)O
i10 O`WU^ OQOQP_^ OQO MGS M�N
i9 MGNU[ OQOQPRO OKT YGT O`^
i11 MG\]O OQOQPXW O`S TcM OKW
i14 YU[G\ OZM)PXW MQM [GN [�\
i12 YU^Q^ OZM)PXS M�T [�T [�S
i13 TcM�T OKTVPXN MQ^ \QN \GY
i15 TUYQ\ O`Y]PXW MQ^ \QN \)O
i17 ^GNU[ Y]PXS TUS O`NUM \GYU^
i18 SU[QM OKTVPbT [QM OQO`N OGO`S
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TABLE II

VALUES FOR THE PARAMETER PAIR dAeKfhg#i�jlk�mbnJio p�q fhg#i�j�k_mbnJio r FOR EACH POWER UNIT OBTAINED BY FITTING THE DATA

FOR SIGNALS NOT ASSOCIATED WITH THE DESIGN CLOCKING CIRCUITRY IN EACH UNIT IN FIG. 1(C) TO THE

EXPRESSION sXt#uZvCw fhg#i�j�k_mbnJijlnJixi ycz sXt#uZvCe fhg�i#j�k�m{nJio y1| q fhg�i#j�k�m{nJio } s_t#uZvCw fAg#i�jlk�m{n�i~J� k���� y .

unit macros �]�����K���������� [range] ���4���<�9�������� [range]

ifu �K� �]�R�Z�V�b�)���`�)���)�X�Q��� �]�X�Q�I�{�]�_�Q�)�4�]�X�U�1�
fpu �`� �)�_�G�I�b�)���`�)���)�X�Q��� �Q�X�Q�I���Q�_�G�]�K�Q�X�Q���
fxu � �V�b�U�I�b�)���G�)���)�_�G��� �]�X�G���{�]�_�G�]�K�Q�X�U�1�
idu �K� �)�_�G�I���Q���K�]���)�_�G��� �Q�X�U�V�{�]�_�)�Q�K�Q�R�`���
isu �K� �)�_�)�c���Q�����]���V�R�Z�1� �Q�X�Q�I�{�]�_�Q�)�K�Q�X�Q���
lsu �Q� �Q�X�U�V���Q�_�Q�)���)�X�G�G� �Q�X�Q�I���Q�_�Q�)�K�Q�R�`���
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TABLE III

TOTAL NUMBER OF GATES �� A¡#¢�£l¤�¥{¦�¢§J¨ ¤�©�ª NOT ASSOCIATED WITH CLOCKING CIRCUITRY, AVERAGE FANOUT « , ACTUAL

NUMBER OF INTERCONNECTIONS �  h¡�¢#£�¤�¥{¦J¢£l¦J¢x¢ NOT ASSOCIATED WITH CLOCKING CIRCUITRY, AND PREDICTED NUMBER

OF SIGNAL INTERCONNECTIONS �¬C®  h¡�¢#£�¤�¥{¦J¢¯ °�±  A¡#¢�£l¤�¥{¦�¢¯ ² NOT ASSOCIATED WITH CLOCKING CIRCUITRY, AND ERROR.

HERE THE ERROR IS GIVEN BY THE EXPRESSION, ³+´�´#µ#´·¶¹¸bºV»9¼h½x¾C¿_ÀXÁl½¾RÁl½#½ Â ºI¸{Ã�»J¼h½�¾R¿XÀ_Ál½Ä Å Æ »J¼h½�¾R¿XÀ_Á�½Ä Ç_Ç�ÈZÉRÊ�Ê
ºI¸{Ã�»J¼h½�¾R¿XÀ_Ál½Ä Å Æ »J¼h½�¾R¿XÀ_Á�½Ä Ç Ë . THE ERROR IS

GIVEN IN Ë .

design Ì7Í�Î�ÏKÐ�Ñ�Ò�Ó�ÏÔ#Õ ÑCÖ�×
Ø Ì Í4Î�Ï<Ð9Ñ�Ò�Ó�ÏÐJÓ�Ï<Ï ÌÚÙJÛÍ4Î�Ï<Ð9Ñ�Ò�Ó�ÏÜ Ý�Þ Í4Î�Ï<Ð9Ñ�Ò�Ó�ÏÜ ß [range] Error

i1 àGá âQãXä åQà äUà)ã_æVç{äUà)ãRâ Ý äUèaã_ä�é èGê
i2 âZàGê âQãXä è�êQê èQà)âQãbë�çbè�ëUä]ãXá Ý è1ëcè)ãXå�é â`ê
i3 âZæGá âQã_à âKêUà èGäUæ)ãXáIçbèGä]âQãRâ Ý èGàGå]ãXá�é ìíèQæ
i4 â`åQî âQãXê è1ëcà î]âKëVã_æVç{îQáUæ)ã_à Ý îGáGëVãbëGé ìíèQè
i5 äUà)â âQãXå æ�åGë â`èGåQê]ãXîIç�âZè�ëQëVã_è Ý â`èGäQî]ã_à1é ìîQê
i6 æGäQê âQã_æ êGäUà â`àGá]âQãbë�ç�âKëQëUä]ã_à Ý â<ëcæGî]ãXå�é ìîQä
i7 åQáQê âQãXä æ�êQá â`àGåUæ)ã_æVç�âZàQèGå]ãXê Ý â`àQàGê]ãXî�é ìíàGá
i9 åGëUå âQã_à êGáQê âKä]â`å]ã_èVç�âZàQàQæ)ãXä Ý â`àGêQá]ãRâ<é ìïëQë
i8 åQäQá âQã_æ â`áGîQá â`æQàGî]ãXáIç�â`äQåUæ)ã_è Ý â`æQèQè)ãXå�é ìïëVâ
i10 êUè)â âQã_æ âQâ`èQæ âKåQäQá]ã_æVç�âZæGåQê]ã_æ Ý âKåUèGê]ãXê�é ìîQê
i11 êQåQê âQã_à â`á)âQâ âKê]â`ä]ãXîIç�â`åGëVâQãXê Ý âKåQåUà)ãXê�é ìïëcæ
i12 â`êGëQä âQã_æ èGáQæGî ëUè)âQâQã_àVçðëUáUèQè)ãXå Ý ë]âZæQè)ãXä�é ìíà)â
i13 è)â`îQæ âQãXê èQèGè�ë ëQåQåQî]ãXäIçðëUäQäQá]ãXê Ý ëQåGëUî]ãXá�é ìíà�ë
i15 èGî]âKá âQã_æ è�ëQîQê à�áUæ)âQã_æVçðëUåQîUæ)ãXá Ý à�áQîQî]ãXî�é ìíàQè
i14 èGîQîQà âQã_æ èGîGáUè àaâ`î]âQãRâcçðëUåQêQî]ã_è Ý à�áQêUè)ãXê�é ìíàQà
i16 èGäQêQæ è)ãXá îQá)â`î äGîUæQæ)ã_èVç{äQáUæGî]ã_æ Ý äGîQîQå]ã_à1é ìíàGî
i17 ëcèQè�ê âQãXä îUæGèGå êQàQæGê]ãRâcç{êQáQåUæ)ãXî Ý êQàGäUè)ãRâ<é ìä]â
i18 ëUäQáQæ âQãXä ëQëQêQä â`áGîQî]âQã_àVç{êUæGêQî]ãXê Ý âKáQîUè)âQãXä�é ìíàGä
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TABLE IV

MEASURED AVERAGE WIRELENGTH OF SIGNALS ASSOCIATED WITH FUNCTIONAL LOGIC IN IFU DESIGNS

ñ)òAó#ô�õlö�÷{ø�ôù ú ûüVýJþhÿ��������lÿ���lÿ�ÿ
	 ü]ýJþhÿ���������ÿ�
��ÿ�ÿ÷�� û

ñ ÷ , WHERE THE SUM IS TAKEN OVER THE MEASURED LENGTH
ñ ÷ OF THOSE SIGNAL

INTERCONNECTIONS � THAT ARE NOT ASSOCIATED WITH CLOCKING CIRCUITRY. ESTIMATES OF AVERAGE WIRELENGTH

OBTAINED WITH MODELS BY DAVIS (
ñ ù������� òhó�ô#õ�ö�÷{øJô� � ) AND DONATH ( � ��� òhó�ô#õ�ö�÷{øJô� � ) ARE ALSO SHOWN. THE ERROR

FOR
ñ ù������� òAó#ô�õlö�÷{ø�ô� � IS GIVEN BY THE EXPRESSION, ��������� ú��! ýJþhÿ��������lÿ" #  "%$�& � ' ý9þhÿ(�������lÿ) *+*-, û�./.

 "%$0& � ' ý9þhÿ(�������lÿ) * . FOR � ��� òhó�ô#õ�ö�÷{øJô� � , THE

ERROR IS GIVEN BY ��������� ú �! ý9þhÿ(�������lÿ" # � � ' ýJþhÿ��������lÿ) *�*-, û�./.� � ' ýJþhÿ���������ÿ) * 1 . THE ERRORS ARE SHOWN IN 1 . NOTE THAT
ñ]òhó�ô#õ�ö�÷{øJôù ,

ñ ù�0� ��� òhó#ô�õ�ö_÷bøJô� � , AND � ��� òhó#ô�õ�ö_÷bøJô� � ARE EXPRESSED IN UNITS OF GATEPITCHES.

design 24365�798/:<;<=>7?�@ :�A>B
C 365D7E8/:<;<=07@ C @GF�?IH�J 3�5D798%:<;+=>7K L [range] Error M H<J 365D7E8/:<;<=07K L [range] Error

i1 NPO QSR�T TUR�NWV!TUR+NPTUR+NYX TIZ QSR�OWV!QSR�OS[�QUR
\9X N
i2 \YNP] ^WR�_ QSR!^`VaQSR�QPQSR+NYX ^W\ ^WR�^bVa^WR�TU[6^SR+NcX ]
i3 \YZPO QSR�\ QSR!^`VaQSR�QPQSR+NYX de] ^WR�^bVa^WR�QS[6^SR�fgX dhQIO
i4 \i_IQ QSR�N QSR�NWVaQSR�^IQSR�fcX \ ^WR+NSVa^WR!^W[6^SR+ZcX deTIT
i5 fjNU\ QSR�Q NUR�ObV�^WR�_INUR+TYX deQP^ fSR�_WV!fSR�fS[DZkR
\9X deNIT
i6 ZPfI] NUR!^ NUR�TWV!NUR�OINUR�^gX Q ZUR+TSV!fSR�]S[DZkR+NcX deTPf
i7 _IOI] ^WR�f NUR�QbV!NUR
\iNUR+NYX dl\iQ ZUR�QWV�ZUR�OS[DZkR+ZcX dhQjZ
i9 _P^j_ ^WR�\ NUR!^`V!NUR
\iNUR�fcX dmTPQ ZUR+NSV�ZUR�\I[DZkR�_gX dn^I^
i8 _IfIO QSR�N NUR!^`V!NUR+TPNUR�fcX deQIf ZUR+NSV�ZUR�TU[DZkR�_gX deNg^
i10 ]jTU\ QSR�\ NUR�NWV!NUR�QINUR�_cX dh^I^ ZUR+ZSV�ZUR�QS[�_UR�OgX dhfIO
i11 ]I_I] QSR�N NUR�fbV!NUR�^jNUR�]cX deQjZ ZUR�_WV�ZUR�NU[�_UR+TcX deNIN
i12 \E]P^jf _SR�Q fSR�]bVafSR+NPZUR�QcX TU\ ]UR�_bVa]SR�QS[E\iOUR�^PX do\YN
i13 Tk\iQjZ _SR�_ ZUR�\pVafSR+ZPZUR+NYX Tg^ \EOSR
\jV!]SR�fS[E\EOSR+ZYX do\iQ
i15 TgQS\iO ZUR�Q ZUR�TWVafSR�]IZUR+ZYX \ \EOSR�^bV!]SR�_S[E\P\IR�OcX dhQIO
i14 TgQIQjN fSR�Q ZUR�QbVafSR�]IZUR+ZYX dl\E^ \EOSR�^bV!]SR�_S[E\P\IR�OcX dn^jO
i16 TgfI]jZ \iOSR�O ZUR�fbV!ZUR+Tg_SR�OcX QjT \iOUR�]bV<\iOSR�QS[E\P\IR�fcX dh_
i17 ^jTITP] ZUR�N _SR�ZWVa_SR+Tg]SR�QcX dl\E^ \YTkR+ZWV<\I\IR�]S[E\EQSR�fcX dn^W\
i18 ^IfIOjZ _SR�Z ]SR�ObVa_SR�^I]SR�fcX deQ \iQUR
\pV<\YTUR�TU[E\9^WR�OcX dhQIQ
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TABLE V

MEASURED TOTAL WIRELENGTH qWr�s�t�u-v�w!x�ty OF SIGNALS NOT ASSOCIATED WITH CLOCKING CIRCUITRY IN IFU DESIGNS

q r�s�t�uzv+w!x�ty {}|�~W�%���(�������z����z���w��I� q w , WHERE THE SUM IS TAKEN OVER THE MEASURED LENGTH q w OF SIGNAL

INTERCONNECTIONS � NOT ASSOCIATED WITH CLOCKING CIRCUITRY. ESTIMATES OF TOTAL WIRELENGTH OBTAINED

BY MULTIPLYING qk���0�D���Yr�s�t�uzv+w!x�t� � FROM THE DAVIS MODEL WITH THE ESTIMATED NUMBER OF INTERCONNECTIONS

� ��� r�s�t�u-v+wax�t� � � r�s�t�u-v+wax�t� � FROM THE DONATH MODEL. IN THIS CASE, THE ERROR IS GIVEN BY THE EXPRESSION,

��������� {��!� �%���(�������z�� � ��������� � �������������z�  ¡-¢ ~ �a£ �������������z�  ¤ � �������������
�  ¡+¡z¢ ��¥/¥� ����� � � �������������
�  ¡z¢ ~ ��£ �%���(�������z�  ¤ � �������������z�  ¡ ¦ . THE ERROR IS GIVEN IN ¦ . NOTE THAT qWr�s�t�u-v�w!x�ty
AND q ����� ���irGs�t�uzv+wax0t� �S§ � ���¨r�s�t�u-v�w!x�t� � �Yr�s�t�u-v+wax�t� � ARE EXPRESSED IN UNITS OF GATEPITCHES.

design ©4ª6«�¬9/®<¯<°>¬±�² ®�³>´
µ ª6«D¬E/®<¯<°0¬¶ µ ²G·�±I¸�¹ ª�«D¬9%®<¯+°>¬º »½¼ © ¸�¾ ª�«D¬9%®<¯+°>¬º ¿ ¹ ª6«�¬9/®<¯<°>¬º » [range] Error

i1 ÀPÁ ÂPÃIÄSÅ�Æ ÇiÃgÈWÅ�ÃWÉ�ÇiÃUÇIÅ�Ä ¿ ÇiÃjÊUÅ�ËgÌ ÃPÈ
i2 ÇYÀPÄ Ç9ÈpÂIÂUÅ�Ä ÆPÈjÊUÅ+ÂSÉ!ÆjÂPÀUÅ�Æ ¿ ÆIÃIÄSÅ�ËgÌ ÃIÆ
i3 ÇYÊPÁ ÊgÈpÊUÅ!È ÄSÇEÃSÅ�ÁWÉ!ÆIÄIÂUÅ�Ë ¿ ÄPÈjÁSÅ�ÀcÌ ÍlÇiÆ
i4 ÇiÆIË ÆIÃIÄSÅ�Ç ÇIÇiÁSÇPÅ
ÇpÉ<ÇiÁjÊkÇIÅ�Ä ¿ ÇIÇiËSÇPÅ�ËgÌ ÍmÂUÇ
i5 ÃjÀUÇ ÂPÀIÊIÂUÅ!È ÃPÈpÂPÁUÅ�ËbÉaÃSÇiÃPÆSÅ�Æ ¿ ÃIÃIÆjÂkÅ+ÊcÌ ÍeÃIÁ
i6 ÊPÃIÄ ÀgËIÆIÄSÅ�Ä ÊPÆPÈIÈSÅ+ÀWÉ!ÊIÀIÂgËSÅ�Á ¿ ÆSÇiÆIÁUÅ+ÀcÌ ÍeËSÇ
i7 ÆIÁIÄ ËPÆjÂPÄSÅ�Ê ÆPÈWÇiÆUÅ�È`ÉaÆIÁIÃPÆSÅ+Ê ¿ ÆjÊPÆPÈSÅ�ÁgÌ ÍmÀIÀ
i9 ÆPÈjÆ ËPÄIËjÊUÅ�Ê ÆIÃIÄIÆUÅ+ÊWÉaÆIËIËIÂUÅ�Æ ¿ ÄIÁIÆSÇPÅ�ÈPÌ ÍmÀIÀ
i8 ÆIÃIÁ ËIÀPÆjÂUÅ�Â ÄPÈjÃSÇPÅ�ÄbÉaÄIÁIÃIÂUÅ�È ¿ ÄIÆjÊPÄUÅ+ÊcÌ ÍeÃjÂ
i10 ÄjÂUÇ ËgÈjÃIËSÅ�Ë ÇiÁjÂgÈpÀkÅ�ÄbÉaÄIÆIÁIÀUÅ+À ¿ ÇiÁjÊPÁPÃSÅ�ÆcÌ ÍeÃIÃ
i11 ÄIÆIÄ ËIÊPÁIÁSÅ�À ÇEÁjÊIÊgÈWÅ�ÀWÉ<ÇiÁIËIÁIÂUÅ+Ê ¿ ÇIÇYÂPÃPÆSÅ�ÈgÌ ÍeÃIÃ
i12 ÇEÄPÈjÃ ÇYÊgÄIÄIÃSÅ�Ç ÂgÆIÄIÃIÁSÅ�ÀWÉ!ÂIÊgÈjÃgÈWÅ+À ¿ ËIÁjÀPËPÃSÅ�ÃcÌ ÍeËIÆ
i13 ÂkÇiËjÊ ÇiÄIÀPÁIËSÅ�Ë ËgÈpÀgÈjÃSÅ�ÂWÉaËjÂIÊIÂPÂUÅ�Ã ¿ ËIÃPÈjÃPÄSÅ�ÁcÌ ÍhÈIÈ
i15 ÂgËSÇiÁ ÇiÆgÈjÃjÂUÅ�Æ ËPÃjÊPËPÈWÅ�ÂWÉaËPÈpÊPÃPÁSÅ�È ¿ ËIÆIÆSÇEÃSÅ�ÆcÌ ÍmÀPÁ
i14 ÂgËIËjÀ ÇEÈIÄjÂIÀUÅ�Ë ËIÊIÂPÆIÃSÅ!È`ÉaËjÀIÂIÊgÆSÅ
Ç ¿ ËIÄPÈjÁIÀUÅ�ÆcÌ ÍeÃIÁ
i16 ÂgÃIÄjÊ ËIÁIÀPËIÄSÅ!È ÈIÆPÈpÂUÇIÅ�ÆbÉ�ÈpÀIÊIÂgÆSÅ+Â ¿ ÀUÇYÂPÃPÆSÅ�ËcÌ ÍeËjÊ
i17 ÈjÂIÂPÄ ÂPÆPÄjÀIÊUÅ�Ê ÆPËjÀgÈjÆSÅ�ÇpÉ!ÊPÆPÈpÂgÄSÅ�Ë ¿ ÆIÆIÄIÆUÇIÅ�ËcÌ ÍeÃjÀ
i18 ÈIÃIÁjÊ ËIÄPÄIÄjÀUÅ�Á ÄIÂIÀgÈjËSÅ�ÂWÉaÆIÃjÊIÊPÂUÅ�Á ¿ ÄIÆIÃjÊcÈWÅ+ÂYÌ ÍmÀIÊ
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TABLE VI

ESTIMATES OF TOTAL WIRELENGTH OBTAINED BY MULTIPLYING ÎSÏÑÐ0ÒDÓ�ÔYÕ�Ö�×�Ø-Ù+ÚaÛ�×Ü Ý FROM THE DAVIS MODEL WITH THE

ACTUAL NUMBER OF INTERCONNECTIONS Þ ÕGÖ�×�ØzÙ+ÚaÛ0×Ø
Û0×�× FROM THE DONATH MODEL. THE ERROR IS GIVEN BY THE

EXPRESSION, ß�à�à�á�à¨â�ã!ä9å%æ�ç(è�é�ê�ëzçì í ä�î�ï�ð�ã ñGå�æ�ç�è�é�ê�ëzçò ózô9õ å%æ�ç(è�é�ê�ëzçè�ëzç�ç ó-ôYö�÷/÷
ä�î�ï�ð�ã ñ å�æ�ç�è�é�ê�ë
çò ó-ôøõ å%æ�ç(è�é�ê�ëzçè�ëzç�ç

ù
. THE ERROR IS GIVEN IN

ù
. NOTE THAT

ÎUÕ�Ö�×�Ø-Ù+ÚaÛ�×ú AND Î ÏÑÐ0Ò Ó�ÔYÕ�Ö�×�Ø-Ù+ÚaÛ�×Ü ÝWû Þ Õ�Ö�×�Ø-Ù�Ú!Û�×ØzÛ�×(× ARE EXPRESSED IN UNITS OF GATEPITCHES.

design ü4ý6þDÿ�� ����� ÿ��� �
	��  ý6þ�ÿ�� ����� ÿ�  ��������� ý6þDÿ�� ����� ÿ� ��� ü ý6þDÿ�� ����� ÿ� � ÿøÿ [range] Error

i1 ��� �����! #" �%$'&( )�+*)�,���( )�(-.�!$'�! /�10 ��2
i2 $3��� $�45���% #� $'����2! #�6*7��"��! )�(-�$'��&�&( #"10 46$
i3 $32�� 2,452% )4 ����"( )�+*7���!$� )�(-8��"��! #",0 $3�
i4 $'"�& "����! 9$ "���2! :$5*7"�&�46 746-8"�"��! /210 $
i5 ���!$ ����2��% )4 &����,46 #�6*7&�2��!$� :$�-;4�����&( #�10 <=&�4
i6 2���� ��&�"��! #� ����4��! #�6*>4�"�&��! )&(-.������2! #�10 2
i7 "���� &�"����! /2 46$'"�"( #"6*>4��!$�46 )"(-;4�&�2,�( /230 <=�
i9 "�4�" &���&�2% /2 4�"�"��( /�(*>4���"��( #2!-.�!$'�!$� /�30 <?$'�
i8 "���� &���"��% /� �����,�( )4+*)��&��,46 )�(-.��"��,46 #"10 <=&��
i10 ���!$ &�4���&! #& �������! /2(*)����&��( )�(-8��4�",46 #�10 <@4�4
i11 ��"�� &�2����! /� ����",46 #&6*)�,4�&��! 746-.����4�46 #�10 <=&��
i12 $'��4�� $32������! 9$ $�45�����% 9$5*�$'&��%$'"( )"(-�$3����&��( )�,0 ���
i13 �!$'&�2 $'������&! #& $3��2�&��% /�6*�$�4������! :$�-�$'������"( #�10 �,4
i15 ��&($'� $'"�4����% #" $32������% /26*�$'��2%$'�( #�!-�$'"�����2! #�10 �
i14 ��&�&�� $�4������% #& $'��2���"! #�+*�$3��"���2! )�(-�$32���2�"( )",0 <?$�$
i16 ������2 &�����&��! )4 ����"�2�2% /26*7�!$'�����! :$�-.�,45�����! )�,0 &�&
i17 45����� ��"�����2% /2 &����!$3�% /�6*>&�������&( )&(-8&�4���&��( )�,0 <?$�$
i18 4�����2 &��������% #� 4�����2��% /�6*>&�2�2,�($� )�(-;45���,4��( #�10 <?$
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TABLE VII

MEASURED TOTAL WIRELENGTH A(B�C�DFEHG/I>JKDL IN EACH UNIT OF THE POWER4 CHIP AND PREDICTED TOTAL WIRELENGTH

A G#JMG (IN GATEPITCHES) FOR ALL SIGNALS NOT ASSOCIATED WITH THE CLOCKING CIRCUITRY WITH THE PARAMETER

PAIR N�OPBQCFD�ERG/I>JMDS T�U B�C�DFEHG/I>JKDS V , WHERE A G#JMGMW OPBQCFD�ERG/I>JMDS T/U BQCFD�ERG/I>JMDS X5Y[Z]\,^9_9`F`I)a�b A%c�dKe W U BQCFD�ERG/I>JMDS X+fhg BQCFD�ERG/I>JMDEHJMDiD AND ERROR

FOR ALL SIGNALS j IN EACH UNIT OF THE POWER4 CHIP, WHERE g BQC�DFERG#I7JMDEHJMDiD IS THE TOTAL NUMBER OF SIGNAL

INTERCONNECTIONS IN EACH UNIT NOT ASSOCIATED WITH CLOCKING CIRCUITRY. NOTE THAT g B�C�DFEHG/I>JKDE9JKDFD IS USED

SINCE THE NUMBER OF INTERCONNECTIONS PREDICTED BY DONATH’S FORMULATION BECOMES ZERO FOR UkYml AND

BECOMES NEGATIVE FOR VALUES OF U�nol . THE ERROR IS GIVEN BY THE EXPRESSION,

prq�qFs�q Yut7vPwMx `F^:y)z#_9`{ | v y#_Hy t }�wMx `F^
y#z)_H`~ �/�R� b:���v y#_Hy t } wMx `F^:y)z#_9`~ � � . THE ERROR IS EXPRESSED IN � . NOTE THAT A B�C�DFEHG/I>JKDL AND

A G#JMGMW U BQCFD�ERG/I>JMDS X ARE EXPRESSED IN UNITS OF GATEPITCHES.

unit �����F���Q�Q� �k�;�.� ������� �� ���
���i�����;��� ������� �� � [range] Error

ifu �'� �����(�' �¡6¢7¡ �'£����� �¤(¢)£+¥��'��¦�§%�3�!¢#�!¨.����£� ��,¡6¢)�,© �
fpu �3� �%�'����§!¢:� �'����¡��!¢)¡�¥��'�(�� (��¢#¦!¨��'£�§�§�¦!¢)£,© �' 
fxu ¡ �1¡� �¤�¡6¢7¡ �'�� ��� !¢#�+¥���¡�£� ��(¢) (¨.��¤(����¤(¢7¡�© ¤��
idu �'� ��¡�����¡5�!¢)¤ �'����¦���£(¢)�+¥��3§��,¡����(¢#¦!¨.��¤(�� ���§!¢)�,© ª=��§
isu �'  ���� � � (��¢)  ¤�§,����§�§!¢)¤+¥>¤����� ���£(¢)¤(¨8¤�£�§,¤����(¢) ,© ª��'�
lsu ¤�� §�����§�¦!��¢)  ¦� ,¡5�!�'¤(¢) +¥7¦����������(¢#§!¨8����£���¤��(¢7¡�© ª@¤�¡
core  �«�¬®K¯F° ��¢:�3¦� � ���±²  ��¢#§�¤�����±² +¥���¢7¡�����§�§,±² (¨���¢# �����¡�¡�±? ,© ª³�,¡
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TABLE VIII

ROUTE LENGTH ´/µ�¶1· AS A FUNCTION OF THE CLUSTERING DISTANCE, ´)¸ , AND RATIO OF LATCHES TO LCBS,

¹»º ¼Q½R¾K¹ µ�¶1· , FOR CLOCK SIGNALS CONNECTING LATCHES CLUSTERED AROUND EACH LOCAL CLOCK BUFFER (LCB),

WHERE ´ µP¶1· IS SHOWN FOR THREE DIFFERENT CLUSTER DISTANCES ´ ¸ (IN GATEPITCHES).

¿?À7Á�ÂKÃ�¿?Ä�Å+Æ ÇHÄ�Å+Æ ÈMÇHÉËÊÍÌ�Î ÇHÄ�Å+Æ ÈKÇ9É�ÊÐÏ'Î ÇHÄ�Å+Æ ÈKÇHÉÑÊÓÒ�Î
(gatepitches) (gatepitches) (gatepitches)

Ï'Ì Ô Ï�Õ6Ö#× Ï'Ô
Ï�Ï Ï�Ì Ï3×!Ö#× Ò�Ì
Ï3Ò Ï�Ï Ï'Ø(Ö#× Ò!Ï
Ï'Ù Ï�Ï Ï'Ø(Ö#× Ò!Ï
Ï�Õ Ï'Ò Ï3Ú!Ö#× Ò�Ò
Ï3× Ï�Ù Ï'Û(Ö#× Ò�Ù
Ï'Ø Ï�Õ Ï'Ô(Ö#× Ò,Õ
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TABLE IX

NUMBER OF USED GATES, NUMBER OF LCBS, RATIO OF TOTAL NUMBER OF LATCHES TO THE TOTAL NUMBER OF LCBS,

MEAN ROUTE LENGTH ÜÝ%ÞRß�à�á�â AND STANDARD ERROR (SE) FOR SIGNALS ASSOCIATED WITH SYNCHRONIZATION

CIRCUITRY IN IFU DESIGNS, WHERE ÜÝ%áHã>ä AND SE ARE OBTAINED FROM A GAUSSIAN FIT TO THE SIGNAL DISTRIBUTION

ASSOCIATED WITH CLOCKING CIRCUITRY IN EACH DESIGN. FROM ÜÝ%áHã>ä AND TABLE VIII, Üå á CAN BE OBTAINED.

design æèçMé�ê�ëíìî�ï�ð
ñ ç æ�ò�ó+ô æ�õ ï�ðKö æ?ò�ó+ô ÷ø çíéFê�ëMì (se) ÷ù ë
(gatepitches) (gatepitches)

i1 ú�û ü ü3ý%þ#û ÿ6þ����Kû(þ#ú�� ���Óü
i4 ÿ	� 
 ü�
!þ� ü��!þ����Kû(þ7ÿ�� ü
i3 ý�ý 
 ü��!þ#û ü�û(þ���Kû(þ�
	� � ü
i2 �(ü ÿ ü3ú%þ�
 ü��(þ/ý���ü�þ��	� � ü
i5 ü3ú�� � ü��!þ)ÿ ü��(þ)ÿ���ü�þ#ú�� � ü
i7 ü3ý�� ü�ü ü�
!þ#û ü3ú���ü��(þ���� � ü
i16 ü��,ÿ ü�
 ü3ú%þ9ü ü'ú!þ9ü	��ü�þ7ÿ�� �Íû
i8 ü���ú ü�ü ü3ý%þ#û ü��(þ�����ü'û(þ��	� � ü
i6 ü���ý ü3ú ü�ÿ(þ)ÿ ü��(þ�����(þ#ú�� � ü
i10 ü��	� ü�ü ü��!þ)ÿ ü��(þ/ý���ü�þ�
	� � ü
i9 ú�û�ý ü�ÿ ü�
!þ)ÿ ü��!þ/ý���ü�ü�þ�
	� � ü
i11 ú��(ü ü�� ü�
!þ�
 ü��(þ����ú!þ�
	� � ü
i14 
�ý�� ú�ú ü3ý%þ#û ü��(þ����Mÿ6þ�
	� � ü
i12 
	��� ú,ÿ ü�ÿ(þ/ý ü��(þ�����ü3ú!þ��	� ü
i13 ÿ5ú,ÿ ú�� ü�ÿ(þ�� ú�
(þ�����!þ7ÿ�� � ú
i15 ÿ	
�� ú�� ü3ý%þ#û ú%ü�þ�
����(þ���� � ú
i17 ��û�ý ÿ	� ü�
!þ�� ��������� � ���
i18 ��ý�ú ý�ú ü3ý%þ�
 ú!ü���ü'û(þ#ý�� � ú
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TABLE X

TOTAL WIRE REQUIREMENTS !�"$#�%'&)(* FOR SIGNALS ASSOCIATED WITH CLOCKING CIRCUITRY, ESTIMATE OF TOTAL WIRE

REQUIREMENT ! "$#�%'&)(+�,-+ , AND ERROR, FOR DESIGNS IN IFU. ALSO SHOWN ARE THE NUMBER OF GATES ASSOCIATED

WITH CLOCKING CIRCUITRY ./"$#�%'&)(0�1 +2 " , TOTAL NUMBER OF GATES . 0�1 +�2 " , NUMBER OF LCBS .436587 , RATIO OF NUMBER

OF LATCHES TO NUMBER OF LCBS .49 1 +;: .436587 , CLUSTERING PARAMETER <= & , WIRELENGTH
= 3>587 FOR EACH LCB

SIGNAL. IN THIS CASE, THE ERROR IS GIVEN BY THE EXPRESSION, ?A@B@'CB@EDGF 3>HJILKNMPOQ R 36HPI-K'MPOS�T;SVU$W�XPY)Y3 HPILKNMPOS�T;S Z . THE ERROR IS

GIVEN IN Z . ALL WIRELENGTHS ARE EXPRESSED IN UNITS OF GATEPITCHES.

design []\L^'_a`LbcBd�egf \ [ cBd�egf \ [�h�i�j [�k d�e�l [�h�i�j mn `
n h�i�j op\L^'_a`-bq op\-^B_�`Lbegr�e Error

i1 s�t u�t v v�w v v�x y	w{zu v�v�x�z�| } x�~
i4 �	| s�y�v y v�y�zu v v�w v��	s�zJv s���w�z�� }��	s
i3 w�w s�s�w y v�x v v�u v�t�t�zs s�w�w�z�� } x�v
i2 x�v s�s�t � v�s�z�y v v�� y	s�s�z�~ s�x���z�| s�s
i5 v�s�| u�u�~ u v�x�z�� v v�| ��s�u�zJv w�y�~�z�t }�s{v
i7 v�w�| ~�x	u v�v v�y v v�� ~�t�v�zw x�y�v�z�y �	y
i16 v�u�� s�|	u�v v�y v�s�zJv t ~�z�w v�t�t�w�zs u�~	u�z�� s�x
i8 v�|	s v�t���s v�v v�w v v�x x	u�|�z�~ x�|	u�z�s }�v
i6 v�~	w ~�x�� v�s va��z�� v v�x |	s�|�z�� u�t�|�z�t v�u
i10 v�~	u v�v�v�| v�v v�x�z�� v v�| x	u�u�z�� u���s�z�u } ~
i9 s�t	w v�t	w�y v�� v�y�z�� v v�w w�y�w�zs u�x�t�z�s } y�t
i11 s�x�v v�s�w�t v�| v�y�z�y v v�w x�v�s�z�� ~�v�y�z�| } y�y
i14 y	w�x s�x�~�v s�s v�w v v�x v�x	s�~�z�| v�s���u�z�w y�v
i12 y	u�u s�y	s�y s�� va��zw v v�x v�u�~�|�z�| v�s�u�u�z�t ��v
i13 ��s�� s�w�x�v s�u va��z�x s s�v�z�w s�s�x�s�zu v�x�~	u�z�� y�y
i15 �	y�x s�u��	x s�u v�w s s�v�z�w v�|	w�w�z�| v�u�v�w�z�� |
i17 u�t	w �	~�y�� �	| v�y�z�x } }�} ~�t	u�x�z�y }�} }�}
i18 |	w�s w���w�~ w�s v�w�z�y s s�s�z�w y	u�u�s�z�y y�v�y	u�z�w s�t
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APPENDIX

This appendix contains tables with model estimates and actual data for all other units in the

POWER4 core (FPU, FXU, IDU, ISU, LSU). The five tables show ���������)�������� , � �������g� �������)�������� � ,
and � ��� ���>�a�)�������� � (in units of gatepitches).
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TABLE XI

MEASURED AVERAGE WIRELENGTH FOR FPU DESIGNS �����B�'�$���� -�¡ ¢ £¤�¥-¦�§'¨P©�ª�«;§¨J«;§B§ ¬
¤�¥L¦�§N¨g©�ª�«;§¨P«;§B§�� £ � � , WHERE THE SUM IS

TAKEN OVER THE MEASURED LENGTH � � OF ALL INTERCONNECTIONS ® IN THE DESIGN. ESTIMATES OF AVERAGE

WIRELENGTH OBTAINED WITH MODELS BY DAVIS ( � ¡�¯-°²±´³ ���'�B�$��µ -�¶ · ) AND DONATH ( ¸ ±´³ ���'�B�$��µ -�¶ · ) ARE ALSO SHOWN.

FOR � ¡�¯-°�±´³ ���'�B�$��µ -�¶ · , THE ERROR IS GIVEN BY ¹�º ¥-¦�§'¨g©�ª�«;§» ¼ º »L½-¾ ¹ ¿ ¥-¦�§'¨P©�ª�«;§À ÁÁ;Â £PÃ)Ã
º »L½-¾ ¹ ¿ ¥L¦�§N¨g©�ª�«;§À Á Ä . FOR ¸ ±´³ ���B�'�;��� -�¶ · , THE ERROR IS

GIVEN BY ¹�º ¥-¦�§'¨g©�ª�«;§» ¼ ¶ ¹ ¿ ¥-¦�§'¨P©�ª�«;§À ÁÁ$Â £PÃ)Ã¶ ¹ ¿ ¥L¦�§N¨g©�ª�«;§À Á Ä . THE ERROR IS GIVEN IN Ä . NOTE THAT �����'�B�$��µ -�¡ , � ¡�¯�° ±´³ ���B�'�;��� -�¶ · , AND

¸ ±´³ ���B�'�;��� -�¶ · ARE EXPRESSED IN UNITS OF GATEPITCHES.

design Å]Æ�Ç�È�É)Ê�Ë�Ì�ÈÍBÎ ÊgÏÑÐ
Ò Æ�Ç�È�É)Ê�Ë�Ì�ÈÎ Ò ÎBÓ�Í�ÔgÕ Æ�Ç�È�É)Ê�Ë�Ì�ÈÖ × Error Ø Ô�Õ Æ�Ç>ÈaÉ)Ê�Ë�Ì�ÈÖ × Error

f1 Ù�Ú Û�Ü�Ý Þ�Ü�ß�à�Þ{Üá�â²Þ�Ü�ß8ã Ú�ä Û�Ü�Ý�à�Û�Ü�Ý�â�Û�ÜJÚ6ã å�Ú
f2 Ù�ß Þ{Ü�ß Þ�Ü�ä�à�Þ{Ü�ß�â²Þ�Üä�ã åæÙ Û�Ü�Þ�à�Û�ÜJÚ�â�Û�ÜÞ�ã å�Ú�ç
f3 Ú�Û�Û Ù�Ü�Ù Û�Ü�ä�à�Û�Ü�ß�â�Û�Ü�è8ã Þ�Ý Ù�Ü�ä�àµÙ�Üá�âNÙ�Ü�è8ã å�ß
f5 Ú�ä�ß Ù�Ü�Ý Ù�Ü�Ý�à�Û�Ü�ç�âNÙ�ÜJÚ6ã å�Ú á�Ü�Þ�à�á{Ü�Ý�â²á�Ü�Û8ã å Þ�Û
f4 Þ�Ý�Ú á{ÜJÚ Ù�Ü�Þ�àµÙ�ÜJÚ�âNÙ�Ü�Û8ã Þ�Ú á�Ü�Ùéà�á{Ü�Û�â²á�Ü�ß8ã å�ß
f6 Þ�Û�ß Ù�Ü�ß Ù�Ü�ÙéàµÙ�Ü�Û�âNÙ�Ü�ß8ã á á�Ü�è�à�á{Ü�ß�â²á�Ü�ç8ã å Þ�Ý
f7 Þ�á�ä á{Ü�ß Ù�Ü�á�àµÙ�Ü�Ù�âNÙ�Üä�ã Þ�á á�Ü�ç�à�á{Ü�è�â�ß�ÜJÚ6ã å á
f8 Û�Ý�Ý á{Ü�Ý Ù�Ü�è�àµÙ�Ü�ß�âNÙ�Ü�ç8ã ß ß�Ü�Û�à�ß�ÜJÚ�â�ß�Üá�ã å Þ�Ý
f9 Û	á�ß á{Ü�è á�Ü�Ý�àµÙ�Ü�ç�â²á�ÜÞ�ã Ú�á ß�Ü�ä�à�ß�Üá�â�ß�Ü�ç8ã å�Ú�Ù
f10 Û�ç�è ß�Ü�ç á�Ü�Þ�à�á{Ü�Ý�â²á�Ü�Ù�ã Û	Þ ä�Ü�Ý�à�ß�Ü�è�â²ä�Ü�Û8ã å�Ú
f11 Ù	è�Ù Ù�Ü�ç á�Ü�ß�à�á{Ü�Ù�â²á�Ü�è8ã å�Ú�Û ä�Ü�á�à�ä{Ü�Û�â²ä�Ü�è8ã å�Û	á
f12 á�á�á ä{ÜJÚ á�Ü�ç�à�á{Ü�ß�â�ß�ÜJÚ6ã Þ�Þ ä�Ü�ç�à�ä{Ü�ß�â�è�Ü�Û8ã å�Ú�Ý

July 28, 2003



EXTERNAL PUBLICATION 31

TABLE XII

MEASURED AVERAGE WIRELENGTH FOR FXU DESIGNS ê�ë�ì'íBî$ïðµñ-íò ó ôõ�öL÷�øNùgú�û�ü;øùPü;øBø ý
õ�öL÷�øNùgú�û�ü;øùPü;øBøð�þ ô ê ð , WHERE THE SUM IS

TAKEN OVER THE MEASURED LENGTH ê ð OF ALL INTERCONNECTIONS ÿ IN THE DESIGN. ESTIMATES OF AVERAGE

WIRELENGTH OBTAINED WITH MODELS BY DAVIS ( ê ò�������� ë�ì'íBî$ïðµñ-í� 	 ) AND DONATH ( 
 ��� ë�ì'íBî$ïðµñ-í� 	 ) ARE ALSO SHOWN.

FOR ê ò���� ��� ë�ì'íBî$ïðµñ-í� 	 , THE ERROR IS GIVEN BY �� ö-÷�ø'ùgú�û�ü;ø� � � ����� � � ö-÷�ø'ùPú�û�ü;ø� ����� ô����
� ����� � � öL÷�øNùgú�û�ü;ø� � �

. FOR 
 ��� ë�ìBí'î;ïð�ñ-í� 	 , THE ERROR IS

GIVEN BY �� ö-÷�ø'ùgú�û�ü;ø� � � � � ö-÷�ø'ùPú�û�ü;ø� ����� ô����� � � öL÷�øNùgú�û�ü;ø� � �
. THE ERROR IS GIVEN IN

�
. NOTE THAT ê ë�ì'íBî$ïðµñ-íò , ê ò���� ��� ë�ìBí'î;ïð�ñ-í� 	 , AND


 ��� ë�ìBí'î;ïð�ñ-í� 	 ARE EXPRESSED IN UNITS OF GATEPITCHES.

design �  "!$#&%�')()*+#,.- '0/+1 2  "!3#4%�')()*�#- 2 -65.,8709  �!3#&%�')(�*+#: ; [range] Error < 7)9  "!3#4%�')()*�#: ; [range] Error

x1 = >8?@ >A?�=CB)>8?D=FE4>8?D=HG IJ>LK >8?M@NB0>8?@CE4>A?M@AG IO=
x2 >LK PQ?D= >A?DRNB)>8?DSFE4>8?MRTG >LK8K >8?DRCB0>8?MRQE4>A?DUTG U8P
x3 VAR8P WQ?MU @Q?�VCBXPQ?MWQE"@C?MRTG W8W =F?�=QBX@C?MRQE�WF?DPTG V8=
x4 >4R8W8R UQ?@ SY?�=CBXWQ?MKQE�UQ?@AG V8= >4KQ?�SQBRQ?@CE4>4PQ?�VZG I[>ZV
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TABLE XIII

MEASURED AVERAGE WIRELENGTH FOR IDU DESIGNS \Q]6^._a`�b�cXd�_e f ghCi�j�kal0mDnMo�kl�o�kak p
hQi�j�kal�mMnDoqklqoqkakcMr g \ c , WHERE THE SUM IS

TAKEN OVER THE MEASURED LENGTH \ c OF ALL INTERCONNECTIONS s IN THE DESIGN. ESTIMATES OF AVERAGE

WIRELENGTH OBTAINED WITH MODELS BY DAVIS ( \ e�t�u�v�w ]�^a_.`�b�cXd�_x y ) AND DONATH ( z v�w ]�^a_.`�b�cXd�_x y ) ARE ALSO SHOWN.

FOR \ e�t�u3v�w ]�^a_.`�b�cXd�_x y , THE ERROR IS GIVEN BY {| i�j�kal0mDnMo�k} ~ | }���� { � i�j�kal�mMnDo�k� ����� g����
| }���� { � i�j�k�l0mDnMo�k� � � . FOR z v�w ]�^._a`�b�cd�_x y , THE ERROR IS

GIVEN BY {| i�j�kal0mDnMo�k} ~ x { � i�j�kal�mMnDo�k� ����� g����x { � i�j�k�l0mDnMo�k� � � . THE ERROR IS GIVEN IN � . NOTE THAT \ ]�^a_.`�b�cXd�_e , \ e�t�u v�w ]�^._a`�b�cd�_x y , AND

z v�w ]�^._a`�b�cd�_x y ARE EXPRESSED IN UNITS OF GATEPITCHES.

design ���"�$�&���)�)�+��.� �0�+�
� �"�3�4���)�)�+�� � �.�6�A�0� ���3�&���)���+�� � Error � �)� �"�$�&���)�)�+�� � Error

d1 �8� �F���  Q�D�C¡�F�D¢F£� Q�D¤H¥ ¦O�A¢  Q�M¢N¡ F�D�Q£�§C�D H¥ ¦¨§© 
d2 �Tª8�  Q�D� §C�D�C¡X Q��«Y£"§C�D«H¥ ¦[¬L  ¤F�§¡X§Q�D�Q£"�Q�DªH¥ ¦® 8 
d3 §©�A  �Q�Dª ¤F�M N¡�§C��¤Y£��Q��¬&¥ ¬&§ «F��¬¯¡�F�q¬8£"�Q�q¬°¥ ¦[¬Z¤
d4 §A§8§ ¤F�D  ¤F�M N¡�§C�D�F£��Q�D�H¥ ¦O� «F�D�C¡�F���F£"�Q���Z¥ ¦O�8«
d5 §8¢8  �F��« ¤F�D¤C¡�§C��«Y£��Q�D¤H¥ ¦O¤Aª «F�D¤C¡�F�M§C£"�Q�D�H¥ ¦®�8 
d6 ¤T¢8  §C�D  ¤F�M¢N¡¤F�DªF£3«F�MªT¥ ¦O�8« �Q�MªN¡�F�D�Q£"¢Q�D H¥ ¦¨§©�
d7 «A¤8¤ ¤F�D  �Q�§¡¤F�D F£3«F�M�T¥ ¦[¬Z« �Q�D�C¡M«F�§C£4¬4ªQ�D H¥ ¦¨§©ª
d8 ¬A¬8¬Z¤ «F��¤ «F�M N¡X�Q�DªF£��Q�M¢T¥   ¬LªQ�D�C¡�F�M§C£&¬Z�F��¬&¥ ¦O�A�
d9 ¬L�A¢8ª «F�q¬ «F�D«C¡X�Q���Y£�¢Q�§A¥ ¦®� ¬LªQ�M�N¡�F�D�Q£&¬Z�F�M¢T¥ ¦® A§
d10 ¬L�A¢8� ¤F�D¢ «F�D«C¡X�Q�D F£�¢Q�§A¥ ¦O�T§ ¬LªQ�M�N¡�F�D�Q£&¬Z�F�M¢T¥ ¦¨§©�
d11 ¬4 8ªQ¬ �Q�D� «F�D«C¡X�Q�D F£�¢Q�§A¥ ¦[¬Z� ¬LªQ�M�N¡�F�D�Q£&¬Z�F�M¢T¥ ¦® ©«
d12 ¬4 ©¤8« ¤F�Dª «F�M�N¡X�Q�D F£�¢Q�M�T¥ ¦® 8� ¬8¬8�MªN¡¢F�DªQ£&¬L Q�D�H¥ ¦O¤8¤
d13 ¬4 8�8� ¤F��¤ «F�M¢N¡X�Q�M§Q£�¢Q�D«H¥ ¦® 8ª ¬8¬8��¬¯¡¢F�DªQ£&¬L Q�M T¥ ¦O¤Aª
d14 ¬4�8¢©« ¤F�M§ �Q�D¤C¡X�Q�D�F£4¬LªQ�D¤H¥ ¦® ©« ¬Z�F�MªN¡¢F��«F£&¬4§C�D¤H¥ ¦O¤8¤
d15 ¬L«A¢Q¬ �Q��¤ �Q�D«C¡X�Q�D¢F£4¬LªQ�D«H¥ ¦O�8¤ ¬Z�F�M N¡¢F�D�Q£&¬4§C�M�T¥ ¦¨§¯«
d16 �Tª8�©� §C�D¢ ¢Q��¬¯¡«F���Y£4¬8¬8�§A¥ ¦¨§©� ¬4 Q�DªC¡0¬LªF�D Q£&¬Z¤F�M�T¥ ¦®�©�
d17 �Tª8¢Q¬ §C�D¢ ¢Q�D�C¡«F���Y£4¬8¬8�§A¥ ¦¨§©� ¬4 Q�DªC¡0¬LªF�M§C£&¬Z¤F�M¢T¥ ¦®�©�
d18 �T�8�©¤ ¤F�D� ¬LªQ�MªN¡«F�D�F£4¬Z�F�D«H¥ ¦¨§8§ ¬&§C�M§N¡0¬8¬A�D Q£&¬Z«F�D«H¥ ¦®�Q¬
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TABLE XIV

MEASURED AVERAGE WIRELENGTH FOR ISU DESIGNS ±C²�³a´.µ�¶�·X¸�´¹ º »¼C½�¾�¿�À0ÁDÂMÃ�¿À�Ã�¿.¿ Ä
¼C½�¾�¿aÀ0ÁDÂMÃ�¿À�Ã�¿a¿·DÅ » ± · , WHERE THE SUM IS

TAKEN OVER THE MEASURED LENGTH ± · OF ALL INTERCONNECTIONS Æ IN THE DESIGN. ESTIMATES OF AVERAGE

WIRELENGTH OBTAINED WITH MODELS BY DAVIS ( ± ¹�Ç�È�É�Ê ²�³a´.µ�¶�·X¸�´Ë Ì ) AND DONATH ( Í É�Ê ²�³a´.µ�¶�·X¸�´Ë Ì ) ARE ALSO SHOWN.

FOR ± ¹�Ç�È É�Ê ²�³a´.µ�¶�·X¸�´Ë Ì , THE ERROR IS GIVEN BY ÎÏ ½�¾�¿aÀ0ÁDÂMÃ�¿Ð Ñ Ï Ð�Ò�Ó Î Ô ½�¾�¿aÀ�ÁMÂDÃ�¿Õ Ö�Ö�× »�Ø�Ø
Ï Ð�Ò�Ó Î Ô ½�¾�¿�À0ÁDÂMÃ�¿Õ Ö Ù . FOR Í É�Ê ²�³.´aµ�¶�·¸�´Ë Ì , THE ERROR IS

GIVEN BY ÎÏ ½�¾�¿aÀ0ÁDÂMÃ�¿Ð Ñ Ë Î Ô ½�¾�¿aÀ�ÁMÂDÃ�¿Õ Ö�Ö�× »�Ø�ØË Î Ô ½�¾�¿�À0ÁDÂMÃ�¿Õ Ö Ù . THE ERROR IS GIVEN IN Ù . NOTE THAT ± ²�³a´.µ�¶�·X¸�´¹ , ± ¹�Ç�È É�Ê ²�³.´aµ�¶�·¸�´Ë Ì , AND

Í É�Ê ²�³.´aµ�¶�·¸�´Ë Ì ARE EXPRESSED IN UNITS OF GATEPITCHES.

design Ú�Û"Ü3Ý4Þ�ß)à)á�Ýâ.ã ß0äæå
ç Û"Ü3Ý4Þ�ß)à)á+Ýã ç ã.è6âAé0ê Û�Ü3Ý&Þ�ß)à�á+Ýë ì Error í é0ê Û"Ü3Ý4Þ�ß)à)á+Ýë ì Error

s1 îTï8ð ñFò�ó ïCòDóCô�ïCò�îYõ"ïCòMöT÷ øOî8î óFòMöNôóFòDóFõ�ðQòDîH÷ ø¨ïCù
s2 îAðAú óYò�î ïCòMðNô�ïCòDñFõ"ïCòMúT÷ ùLñ ðQòMûNôóFòDüFõ�ðQòïA÷ ø[ù4ï
s3 îAöFù îYòDö ïCòDüCô�ïCòDñFõ3óFòMûT÷ ø®ñ8ú ðQò�ù¯ôóFòDüFõ�ðQòDóH÷ øOóTï
s4 óAñAñ ïQò�ó óFòMöNôóFòDñFõ�ðQòMñT÷ øOî8î üFòMöNôüFòDîFõ�öQòïA÷ ø¨ï¯î
s5 öAï©ü üYòMï ðQòMöNôXðQòqùAõ3üFòïA÷ ùLû úQòMñNôXöQò�óYõ4ùLûQòDîH÷ øOîAû
s6 ùLûQù4ú ðFòDñ üFòDîCôXðQò�óYõ�öQòMûT÷ ø[ùZî ùLûQòMûNôXúQòqùAõ4ù8ù8òMûT÷ ø®ñ©ü
s7 ùLû8öFù óYò�ü üFòïôXðQò�üYõ�öQòDîH÷ øOîAñ ùLûQòMñNôXúQòDñFõ4ù8ù8òDîH÷ ø¨ï8ï
s8 ù4ï¯óTú óYò�î öQòDîCôüFòMïQõ�úQò�ù&÷ ø®ñ8ð ù8ù8òDóCô)ùLûQòïCõ4ùZîFòDüH÷ øOó8ó
s9 ùZó8îYù üYò�ü öQòMñNôüFò�óYõ�úQòMñT÷ øOö ù8ù8òDüCô)ùLûQòDóFõ4ùZîFòMúT÷ ø®ñAï
s10 ùZó8óAî üYòDû öQòïôüFò�óYõ�úQòïA÷ ø[ùZü ù8ù8òMöNô)ùLûQòMðQõ4ùLñQòMûT÷ ø¨ïCù
s11 îAû8ûTï ðFòMï úQòDîCôXöQò�îYõ4ùLûQòMñT÷ ø®ñ8û ùLñQò�ù¯ô)ù8ù8òDüFõ4ù4ïCòDóH÷ øOóFù
s12 îFùLûAñ üYò�ó úQòïôXöQòDñFõ4ùLûQòDóH÷ øOîAû ùLñQòMñNô)ù8ù8òMúQõ4ù4ïCòMöT÷ ø¨ï8ï
s13 î8üTï©ó öFò�ó ùLûQòMñNôXúQòqùAõ4ù8ù8òDüH÷ ø[ùLö ù4ïCòMöNô)ùLñQò�ù8õ4ùLðQòDóH÷ ø¨ï©ñ
s14 ñAï©ûAö ùLûFòDö ù8ù8òDîCôXúQòDöFõ4ùZîFòDüH÷ øOñ ùLðQò�ù¯ô)ù4ïCòDîFõ4ùLöQò�ù&÷ ø®ñ8ñ
s15 ñAï¯óTö ïQòDû ù8ù8òMñNôXúQòDúFõ4ùZîFòMöT÷ ø®ð©ó ùLðQòDîCô)ù4ïCòMñQõ4ùLöQòDîH÷ øOü8ó
s16 óTï©úAð ùZîYòDñ ùLñQòïô)ù8ù8òMðQõ4ùZóFòïA÷ øOú ùLúQòMðNô)ùZüFò�ù8õ3î8îFòDîH÷ ø®ñ©ü
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TABLE XV

MEASURED AVERAGE WIRELENGTH FOR LSU DESIGNS ýCþ�ÿ�� ������� �	 
 ������������������������
� ������������������������� � ý � , WHERE THE SUM IS

TAKEN OVER THE MEASURED LENGTH ý � OF ALL INTERCONNECTIONS ! IN THE DESIGN. ESTIMATES OF AVERAGE

WIRELENGTH OBTAINED WITH MODELS BY DAVIS ( ý 	�"�#%$'& þ�ÿ�� ������� �( ) ) AND DONATH ( * $'& þ�ÿ�� ������� �( ) ) ARE ALSO SHOWN.

FOR ý 	�"�#+$'& þ�ÿ�� ������� �( ) , THE ERROR IS GIVEN BY ,.- ��������������/ 0 - /�1�2 , 3 ��������������4 5�5�6 ��787
- /�1�2 , 3 ��������������4 5 9 . FOR * $'& þ�ÿ�� �����.� �( ) , THE ERROR IS

GIVEN BY ,.- ��������������/ 0 ( , 3 ��������������4 5�5�6 ��787( , 3 ��������������4 5 9 . THE ERROR IS GIVEN IN 9 . NOTE THAT ý þ�ÿ�� ������� �	 , ý 	�":# $'& þ�ÿ�� �����.� �( ) , AND

* $'& þ�ÿ�� �����.� �( ) ARE EXPRESSED IN UNITS OF GATEPITCHES.

design ;=<?>+@BA8CEDEF:@G�H C�IKJ
L <?>+@BA8CEDEFM@H L H�NOGQP�R <%>+@SA�CED�FM@T U Error V P�R <?>+@BA8CEDEFM@T U Error

l1 WYX ZQ[�W \][.^`_�\][�\ba%\][�ced fg^Y^ ^�[�h�_'^�[�ZYa?^�[�\id fjci^
l2 hQXYc kb[lZ ^�[.^`_'^�[�\ba?^�[�kid \Ym cb[�n�_.cb[�k]a+cb[�Wid n
l3 hQ\Yc kb[�\ ^�[�ko_'^�[�cpa?^�[�mid \qc k][�Xo_.cb[�m]a%k][�hed ^
l4 ^qXbZ cp[�^ cb[�ko_.cb[�^]a+cb[�mid fj\ nb[.^`_.nb[�hba+nb[�ned fjhYn
l5 ^rcQn cp[�n cb[�mo_.cb[�kba%k][�ZSd fj\ nb[�mo_.nb[�cba%m][�ZSd fjhYn
l6 cQXYh cp[�\ k][�Xo_.cb[�mba%k][�\id fsZth m][�Zr_.nb[�m]a%m][.^Qd fu\Q^
l7 cQmi^ cp[�c k][.^`_�k][lZQa%k][�kid fsZB^ m][�ko_�m][�\]a%m][�Wid fu\Yk
l8 mqhQc ^][�m nb[�h�_�k][�Wba+nb[�ced fu\Y\ W][�Wo_�W][�cpaBZvX][�\id fjcYh
l9 mY\Yc cp[�X nb[�\o_�k][�Wba+nb[�kid fu\qh W][�Wo_�W][�cpaBZvX][�\id fjcQX
l10 ZvX]ZS^ ^][�n nb[�mo_.nb[�^]a%m][�hed fg^qX ZvX][�n�_EZvX][�\]aBZYZY[�hed fjcQk
l11 ZvXqcQc ^][�W nb[�Wo_.nb[�kba%m][�\id fu\qn ZvX][�Wo_EZvX][.^�aBZYZY[.^Qd fjcYc
l12 ZthQXQX cp[�^ m][�\o_.nb[�Wba%m][�ned fu\qc ZYZY[�c�_EZYZY[�X]aBZthb[�Xid fjcQ\
l13 ZthQWbZ cp[�c m][�c�_�m][lZQa%W][�Xid fu\qc ZYZY[�mo_EZYZY[�\]aBZthb[.^Qd fjcQ\
l14 Zv\qnQc Wb[�^ m][�n�_�m][�\ba%W][�hed m Zthb[�h�_EZYZY[�k]aBZthb[�ned fjhYh
l15 Zv\YWQk kb[�c m][�mo_�m][�^]a%W][�hed fjhQk Zthb[�h�_EZYZY[�nbaBZthb[�mid fg^rn
l16 ZB^qkQk mb[�W W][�Xo_�m][�cpa%W][.^Qd fwZ Zthb[�c�_EZYZY[�W]aBZv\][�Xid fjhQW
l17 ZtcbZBk kb[lZ W][�Zr_�m][�kba%W][�ced fu\Y\ Zthb[�ko_EZthb[�ZYaBZv\][�hed fjcYh
l18 ZvkYXQX mb[�c W][�\o_�m][�mba%W][�ned fjm Zthb[�Wo_EZthb[�\]aBZv\][�ced fu\Q^
l19 ZvkY\Yn Wb[�n W][�\o_�m][�Wba%W][�mid ^ Zv\][�Zr_EZthb[�cbaBZv\][�ned fjhQk
l20 ZvmQ^qn ^][�^ W][�mo_�W][�\baBZvX][�\id fjcYc Zv\][�n�_EZv\][�ZYaBZB^�[.^Qd fukYm
l21 Zvmqne^ np[�m W][�mo_�W][�\baBZvX][.^Qd fjhQX Zv\][�mo_EZv\][�hbaBZB^�[�ced fg^q\
l22 ZvWQ^qn ZvXb[�h ZvX][�Xo_�W][�cpaBZvX][�ced h ZB^�[�Xo_EZv\][.^�aBZB^�[�ned fjhYn
l23 ZvWYmQm cp[lZ ZvX][�Zr_�W][�cpaBZvX][�kid fg^qW ZB^�[�Zr_EZv\][�cbaBZB^�[�mid fukQ^
l24 hQXqhQn np[�k ZvX][�Zr_�W][�kbaBZvX][�ned fjhYc ZB^�[�\o_EZv\][�k]aBZB^�[�Wid fg^rn
l25 hbZvmQX kb[�k ZvX][.^`_�W][�WbaBZYZY[�Xid fu\Yk ZB^�[�n�_EZB^�[�X]aBZtcb[.^Qd fjcYc
l26 \YXYXQX np[�X ZYZY[�mo_EZYZY[�ZYaBZthb[�ced fg^qX Zvk][�mo_EZtcb[�W]aBZtnb[�kid fjcQm
l27 \YXYkbZ ZvXb[�n ZYZY[�Wo_EZYZY[�hbaBZthb[�kid fsZvX Zvk][�Wo_EZvk][�X]aBZtnb[�mid fu\Yk
l28 \]ZB^Y\ mxZ ZthyXo_EZYZg\zZth{ned \qh Ztn|Zr_EZvksh}Zvm{Xid cYh
l29

l30

l31

l32
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