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Abstract

This paper presents a comparison of wirelength distributions and interconnection count obtained

with existing wirelength distribution models with on-chip wirelength distributions and actual number of

interconnections in ASIC-like designs of a high-performance microprocessor. The actual distributions

and number of interconnections are obtained from measurements of 100 control logic designs in the

IBM POWER4 chip. In order to obtain wirelength distributions and estimates of number of intercon-

nections with existing models, two empirical parameters are first extracted from the actual design data

with the use of Rent’s Rule. These two parameters are used as inputs in the existing models. Lack of

agreement between the data and models is observed, and possible reasons for the lack of agreement are

discussed and proposed as future work to improve existing models and to improve wirelength estimates.

Index Terms

ULSI, VLSI, circuit, design, wirelength distribution, wirelength models, Rent’s Rule.

I. INTRODUCTION

An understanding of the amount of wire required to interconnect components in ultralarge-

scale integrated (ULSI) systems is important to achieve buildable and functional chip designs

within increasingly severe project constraints of real estate, number of metal layers, operating

frequency, and power dissipation[1], [2], [3], [4], [5], [6], [7]. Although assessments of wire-

length distributions and total wirelength requirements prior to actual chip implementation are

important to achieve a successful design, such assessments are complex to implement and rely

on incomplete design information particularly early in the design when designers typically rely

on previous ad hoc design experience. Early assessments are tedious and typically occupy a

large portion of the total time required to complete a chip for manufacturing. Wirelength as-

sessments continue at regular intervals throughout a project; however, general methods do not

exist to assess the accuracy of the assessments until after the design is complete and sent to

manufacturing.

The goal of this work is to assess the extent to which existing wirelength distribution mod-

els agree with actual wirelength distributions for ASIC-like control logic designs in a high-

performance microprocessor. Prior work has compared assessments obtained with the Donath

(1979) and Donath (1981) models[9], [10] with chip data at that time; these models did not

provide assessments with the accuracy we desire. A 1998 comparison of an assessment of wire
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requirements with the Davis (1998) model[11], [12], [13] obtained Rent’s parameters from fits to

the wire distribution data[11]. In this paper, we provide wirelength distributions and wirelength

requirements for 100 IBM POWER4 microprocessor designs. From the actual design data, we

extract parameters that are referred to as Rent’s parameters and then insert these parameters into

existing wirelength models[8], [9], [10], [11], [12], [13]. We then compare the results of the

models with actual wirelength distributions and wirelength requirements of 100 control logic

designs in the IBM POWER4 core. This paper presents a comprehensive extraction of model

parameters from all functional units of an actual microprocessor chip design and further use of

these model parameters in existing wirelength models.

II. WIRELENGTH DISTRIBUTION MODELS

In this paper we will focus our attention on three existing wirelength distribution models that

were published following the 1971 publication by Landman and Russo [16] of a summary of

observations by E. F. Rent in two IBM memoranda. Since this time, Rent parameters have been

obtained from linear fits to log-log plots of signal input and output terminals (IO) as a function

of the number of gates [11]. These two parameters have been described with various notation;

for example, the notation
���������

is used in Landman and Russo [16],
�
	�����

is used in Donath

(1979) [9],
�
	������

is used in Donath (1981) [10], and
���������

is used in Davis (1998) [11]. In the

discussion in the rest of this paper, we will use the Davis notation
���������

, where the notation
�

refers to the first parameter and
�

refers to the second parameter.

All three existing models assume that a design is a fully-packed tiled array of square gates,

as illustrated in Fig. 1, where the width of each block is referred to as the gatepitch, which also

equals the block height. The three models are summarized in Tables II- IV. Table II shows the

model for the total number of interconnections derived by Donath (1979) [9] and models for the

average wirelength derived by Donath (1979) [9] and by Davis (1998) [11]. Table III shows the

models for the interconnection distribution function of Donath (1979) [9], Donath (1981) [10],

and Davis [11], as well as models for the cumulative interconnection distribution function of

Davis [11]. Table IV shows the normalized interconnection distribution function of Donath

(1979) [9], Donath (1981) [10], and Davis [11] as well as models for the normalized cumulative

interconnection distribution function of Davis [11]. In these expressions, the notation of each

model is provided in Table I. Expressions for the total interconnection length follow from these
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expressions by multiplying the appropriate expression for the average interconnection length by

the total number of interconnections.

We now discuss a few specific details about each of the three existing models provided in

Tables I- II.

A. 1979 Donath Model

In 1979 Donath [9] published expressions for the total number of connections and an upper

bound on the average interconnection length for submodules arranged in tiled arrays of blocks.

For an assembly of ��� gates, where � is the number of levels of hierarchy placed according

to a method described in this work, Donath obtained an expression for the total number of

interconnections and interconnection distribution.

B. 1981 Donath Model

In 1981, Donath [10] derived an expression for the interconnection distribution of the number

of nets between K-sized groups not connecting groups of size 4K, where K is given by the

expression, ������� �"! and where Donath states that “ �#� is the number of terminals for a complex

consisting of K elements” with length $ , where Donath takes $&%(' � .

C. 1998 Davis Model

In 1998, Davis [11] et al. published expressions for a wirelength distribution for on-chip

random logic networks. They state several assumptions, including: (1) “recursive application

of Rent’s Rule throughout an entire monolithic system;” (2) a square array of homogenerous

logic gates; (3) each gate is a square with width equal to the height (gatepitch); (4) a minimum

(maximum) wirelength in gatepitches of ) ( *"+,' - ); (5) partitioning strategies [11] (see Fig.

13 in this reference); (6) total number of interconnections is given by Donath [9] as shown in

Table II.

III. POWER4 ASIC-LIKE CONTROL DESIGNS

For our assessments of these three existing wirelength distribution models, we will choose

100 ASIC-like control logic designs in the IBM POWER4 core, which is currently incorporated
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in the IBM Enterprise Server pSeries 680 and 690.[14], [15] In total, these 100 control designs

occupy approximately .0/21 of the POWER4 core area; the two microprocessor cores occupy

approximately one quarter of the area of each chip.[15] The reason we are interested in accu-

rate assessments of wirelengths in these designs is that with them we can estimate wirelength

requirements in significant portions of the microprocessor chip.

The physical design hierarchy of the POWER4 chip and examples of individual designs are

shown in Fig. 2; the 18 control designs in the Instruction Fetch Unit (IFU) are the shaded regions

on the left-hand side. Typical control designs are composed of logic books with uniform height,

and the logic books have various widths that can be less than or greater than the gatepitch. The

widths of typical logic books such as nand gates and inverters tend to be narrower than or on the

order of the gatepitch, and the widths of more complex logic books such as local clock buffers

tend to be wider than the gatepitch. In this paper, we will take the gatepitch to be equal to the

height of the logic books, since all books have the same height. In addition, typical control

designs can contain empty space between the books; a typical lower limit on empty space is

approximately 3�/�1 in actual designs. An example of the physical design of a control design is

shown in Fig. 3.

IV. COMPARISON OF EXISTING WIRELENGTH DISTRIBUTION MODELS WITH CHIP DESIGN

DATA

In this section, we present actual wirelength distributions and wirelength requirements of 100

actual control logic designs in the IBM POWER4 chip and compare these actual requirements

with wirelength assessments obtained with three existing models. The method that we will

use to perform the comparison is the following: First, we will extract the Rent parameter pair4�5�6�798
from the chip design data. Second, we will use the values of these parameters as inputs

to the models. Third, we evaluate expressions for the average wirelength and total wirelength

in each design based on the Davis model[11] and compare these values with values of average

wirelength and total wirelength measured from the actual designs. Finally, we will evaluate

expressions for the wirelength distribution functions of the Davis model[11] and compare with

actual wirelength distribution functions.

The first step is to extract values of the Rent parameter pair
4�5�6�7�8

from the chip design data. In

this step, we identify all control designs in each of the six functional units of the POWER4 core
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and count the number of input/output pins :<;#= and number of gates :?>A@�BDCFE used to implement

design function. This data is shown in Fig. 4, where for designs in each of the six units, :&;#= is

plotted as a function of :?>A@�BDCFE . By performing linear fits of the design data to the expression,

GIH
J9K :?;#=MLON GIH
J9KP LMQSRUT GIHVJ�K :?>#@�BDCFEALXW (1)

we can extract values for Y P W�R�Z for each unit; these values are shown in Table V. From the table,

we see that []\_^0`<a P acb�d]\_d and that []\_d<aeRfag[]\ih2` .
Next, we evaluate the expressions provided by the three models in Tables II- IV as functions

of the values of the parameter pairs. With these expressions, estimates of the total number of in-

terconnections : Kkj WR�L , average wirelength
G @�l#> K RmL and n K R�L , and total wirelength are obtained

and are shown in Tables VI- VIII, respectively, where the range of each estimate is also shown. In

these tables, the designs are listed in order of increasing :o>#@#BDC�E . Table VI shows that the value of

: Kpj W�RmL underestimates :rqkstut for all designs by between ^2^2v and b0^0`�v . The measured average

wirelength
G @ is obtained from the designs by averaging over all signal wirelengths according

to the expression,
G @wN xy{z}|k~�~ G�� , where

G��
is the measured total wirelength

GO� N�� y z�|~A~��� x G �
obtained by summing over the individual route lengths

G � of all interconnections � . Table VII

shows a comparison of actual average wirelength values with estimates of the average wire-

length obtained with the Davis model (
G @#l�> K R�L ) and Donath model ( n K R�L ). The table shows that

the value of n K R�L agrees more closely with the measured value of
G @ than is

G @�l�> K R�L . For the

largest designs, the values for n K R�L also tend to be closer to the values for
G @ ; the maximum

Error for the Davis model is �V[��2v . In these tables, the maximum Error for the Donath model

is �2��v ; in these tables the Error is calculated by subtracting the actual average wirelength
G @

from the estimate, and then dividing this quantity by the estimate. For example, for
G @�l�> K R�L ,

we take �r��� H �fN �����u�������k��� �X����� xk���� ���k� � �X� v ; for n K RmL , we take �r��� H �fN �_� � � ��� �X����� xk������ �X� . We obtain es-

timates of the total wirelength requirement in each design by multiplying
G @�l�> K R�L T�: Kpj W�RmL ;

Table VIII shows a comparison of values for the total wirelength obtained in this manner with

the measured total wirelengths. The minimum Error exceeds ���2v and is as high as ���2� v . For

the largest designs with :r>#@�BDCFE¢¡cb0d�b�d , the Error is greater than �Vh2[�v . Table IX summarizes the

total measured wirelength and compares with estimates of the total wirelength
G BDs�B K R�L , where
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we take £�¤D¥�¤�¦D§�¨ to be given by the expression,

£�¤D¥�¤A¦D§�¨I© ªm«¬F®°¯²±k³´ µ ¶�· ¸ ¦p¹�º�§m¨¢»¼£I½�¾�¿�¦�§�¨ (2)

This table shows that £O¤D¥�¤�¦D§�¨ approaches the total wirelength £OÀ only for the unit that contains

only a few ( Á ) macros. For three remaining units, £Â¤D¥�¤A¦D§m¨ overestimates £�À by Á�Ã�ÄÆÅÈÇ0É�Ä
for three units and underestimates £IÀ by Ê0Ã�Ä and Ë0É2É�Ä for the remaining two units. For all

designs, the estimate of the total wirelength requirements for all designs is within Ì2É�Ä of the

actual value.

In the next step, the interconnection density function for each design and is compared with the

actual interconnection density function. Expressions for the models in Table III are evaluated

as functions of the parameter pair Í�Î�º�§�Ï for four POWER4 Instruction Fetch Unit designs and

are shown with the actual interconnection density function for the same four designs in Fig. 5.

The interconnection density functions obtained from the design data are shown as solid circles,

and the cumulative interconnection density functions are shown as hollow squares. The four

designs shown in Fig. 5 are: (a) design7, (b) design1, (c) design2, and (d) design18. In this

figure, distributions obtained with the three models for the interconnection density function are

also shown, where values for Í�Î�º§�Ï are shown in Table V. The solid, dashed, and dotted lines

indicate the distributions obtained with the Donath (1979) model, the Donath (1981) model, and

the Davis (1998) model, respectively. The three solid lines that represent the Davis model are

the estimate distribution, and the lower and upper bound on the estimate. This figure shows that

the distributions obtained with the Donath model tend to underestimate the actual wirelength

distributions; the distribution obtained with the Davis model also tends to underestimate the

actual distribution, although the spread in the estimate as indicated by the upper and lower

ranges appears to capture most of the actual distributions.

V. DISCUSSION

This paper presents an extensive comparison of actual wirelength distributions in a high-

performance microprocessor chip designs with distributions obtained with three existing mod-

els. The goal of this work has been to assess the extent to which distributions obtained with

existing models match the actual distributions. Of the three wirelength distributions obtained
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with existing models shown in Fig. 5, the distribution obtained with the Donath (1979) model

has curvature similar to that of the actual distribution, but it is offset and underestimates the num-

ber of interconnections with large wirelength. The distribution obtained with the Donath (1981)

model is a straight line on the log-log plot rather than a curve similar to the observed distribu-

tion and tends to underestimate most the intermediate-length interconnections. The distribution

obtained with the Davis (1998) model, where the ranges are shown as dotted lines around the

central line, exhibits curvature similar to that in the actual distributions, and the dotted lines that

indicate the ranges of this model tend to enclose the actual wirelength distribution. However,

the ranges obtained with this model are large; the curve obtained with the Davis (1998) model

underestimates the total number of interconnections, compared with the actual cumulative inter-

connection density function shown on the right-hand side of each figure. The total number of

interconnections is underestimated because the Davis (1998) model is a function of the Donath

expression for total number of interconnections[11]; this total number does not approximate

well the actual number of interconnections in these designs.

We now speculate on possible reasons for the observed differences between the estimates of

the total wirelength requirements and wirelength distributions obtained with existing models

compared with wirelength distributions and wirelength requirements of actual chip designs:

(1) The assumptions of tiled arrays in the models are a simplification of the tiled gate struc-

tures in actual physical designs. The models also assume that physical designs are completely

tiled with logic, are square, and are composed of square blocks. The actual physical designs

considered in this work are typically (a) not completely filled with logic gates, in order to leave

space for logical filler gates and decoupling capacitors, (b) rectangular, and (c) the logic blocks

are typically rectangular, where the widths of the gates tend to be less than the height.

(2) The models typically assume unity fanout for signals in the designs. Actual physical

designs considered here contain signals with unity fanout as well as signals with fanout much

greater than unity.

(3) The square blocks are assumed to be interconnected within the physical design. Actual

physical designs considered here are composed of interconnected logic gates upon which is

superimposed a network of clocking circuitry that drives local clock buffers and latches in the

design; this circuitry is typical of control designs in high-performance chips in which the logical

signals need to be synchronized.
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(4) Existing methods described in the literature, as for example in Ref. [11], indicate that

values of the parameter pair Ð�Ñ�ÒÓ�Ô are obtained from linear fits to log-log plots of the number

of input/output pins Õ�Ö#× as a function of gates ÕrØ#Ù#ÚDÛ�Ü . These methods are based on a 1971

interpretation of two IBM memoranda written by E. F. Rent in 1960.

We are interested in future work to investigate these four reasons in order to obtain improved

wirelength distribution models.

VI. CONCLUSION

The goal of this work has been to assess how well existing wirelength distribution mod-

els agree with actual wirelength distributions for ASIC-like control logic designs in a high-

performance microprocessor. In this paper, we have presented a comparison of on-chip wire-

length distributions and actual number of interconnections in 100 IBM POWER4 designs with

values obtained with existing wirelength distribution models. The comparison shows that the

model estimates for the number of interconnections typically differs from the value of the ac-

tual interconnection count by approximately ÝVÞ0Þ�ß . As a result, the model distributions tend to

underestimate the actual wirelength distributions. Estimates of total wirelength obtained with

existing models differ from actual wirelength requirements in each unit by between à2ß andá Þ2â2ß . In this work we have learned that, in their current form, estimates obtained with existing

models can differ by as much as
á Þ2Þ�ß compared with actual values and that improved models

are needed. Four assumptions of the models are reviewed, and we speculate that these assump-

tions may be possible reasons for the lack of agreement seen between the models and the actual

distributions. We propose further investigation of these assumptions in order to help improve

existing wirelength distribution models.
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Fig. 1. Tiled ã�ä¢ã array composed of åAæ square gates, where the gatepitch ç is shown.
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Fig. 2. Hierarchical physical design methodology for the POWER4 chip, with real estate for the Instruction Fetch Unit that

contains actual transistor circuitry shown as rectangles on the lower left. The floorplan of POWER4 Instruction Fetch Unit is

shown on the left with rlms shown as shaded rectangles in order of increasing number of used gates èêékë�ì�í}î .
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Fig. 3. Two examples of physical designs with ï#ð rectangular gates, where design shown contains (a) no clocking circuitry

(zero latches) and (b) some clocking circuitry (1 latch and 1 local clock buffer). The gatepitch is ñ . ò�ó�ô}õ°öø÷ù is the area of the

design, ò ÷kú�û�ô°õ is the area of the gates, and ò ú�üpü²ú�ý is the area of the array shown in Fig. 1. In (b), ò�þ úFû_ÿ�� is the area of the latch,ò9þ ÿ���óüpö��ô°ü is the area of the lcbdriver (a buffer), and ò�þ ÿ�� is the area of the local clock buffer.
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Fig. 4. Method to extract
���
	���

parameter pairs from designs with the method of Davis [11]: The number of input/output

pins ����� as a function of used gates ����������� for six units in POWER4 chip, to obtain parameters
�

and
�

values summarized in

Table V.
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Fig. 5. Interconnection density function (solid circles) and cumulative interconnection density function (hollow squares) for

four POWER4 Instruction Fetch Unit designs: (a) design7, (b) design1, (c) design2, and (d) design18. The three models for the

interconnect density function are also shown, where the parameter pair ���
� �
! from plots of IO versus gates shown in Table V is

used in each model. For all macros, the gatepitch " is taken to be the book height of the standard cells. The solid line indicates

the distribution obtained with the Donath (1979) model, the dashed line is obtained from the Donath (1981) model, and the

dotted line is obtained from the Davis (1998) model.
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TABLE I

EXPRESSIONS USED IN THE LITERATURE TO DESCRIBE RENT’S OBSERVATIONS, AND THE NOTATION ASSOCIATED WITH

EACH EXPRESSION.

Reference Expression

Landman #%$'&)(+*
and Russo P=’’average number of pins per module’’

(1971)[16] K=’’average number of pins per block’’

B=’’average number of blocks per module’’

r=exponent

Donath ,-$-.0/21
(1979)[9] A=’’average terminals per gate’’

C=’’average number of gates in a group of 354 ; L=int’’

P: a constant; ‘‘0 < p < 1 is a constant

T = ‘‘average number of terminals required

by a group containing an average of C gates’’

Donath 6�70$8.9&:1
(1981)[10] K: number of elements in a group of C elements

A:’’number of terminals per individual complex’’

p:’’the Rent exponent’’6�7 =number of terminals on k elements

Davis ,-$';=<>1
(1998)[11] N:number of gates in a random logic network

k,p: ‘‘empirical constants’’

T=’’number of signal input and output (I/O) terminals’’
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TABLE II

EXPRESSIONS PRESENTED IN THE LITERATURE FOR MODELS OF THE TOTAL NUMBER OF INTERCONNECTIONS AND THE

AVERAGE WIRELENGTH IN DESIGNS, WHERE THE NOTATION IN EACH EXPRESSION IS GIVEN IN TABLE I.

Reference Number of Average Wirelength ( ?A@CBED and FHG�I�JK@CBED )
Interconnections LM@ONQPRBED

Donath LM@ONQPRBEDTS'UVN9W>@YX[Z\W^]`_baYD for BMcS ad :

(1979)[9] ?eS dfhgji @�kmlonqpsr�t _ba Du lonqpsr�t _ba Z av_ kmlwnyxOr�tav_ u lwnyxOr�t{z}| av_ u lonqpav_ k lonqp�~
for B�S ad :?'S df | iq�O�
� u W'Z av_ kmlon`xOr�tav_ u lwnyxOr�t ~ | av_ u lonqpav_ k lonqp�~

Donath (assumed to be given -

(1981)[10] by Donath 1979)

Davis (assumed to be given FTG�I�J�S | lon`�R� �l _=� ��_ � lwny�R� ����O� � � lv���R� ����� � l | n�lwnjps��� lon`�R� �t � lv���R� ��� � lv� � lonqps� ~5~| � lon`�R� � � n
t�lonqps��t t�lwnjpt�l � lwnjps� � t�lon`xO� _ lon`�R� �� l � � � av_�� lwny�R� ��� � �� lonqps� ~
(1998)[11] by Donath 1979)
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TABLE III

EXPRESSIONS PRESENTED IN THE LITERATURE FOR MODELS OF THE INTERCONNECTION DISTRIBUTION FUNCTION AND

CUMULATIVE INTERCONNECT DISTRIBUTION FUNCTION.

Reference Interconnection Distribution ( ��� , ������� ) and

Cumulative Interconnection Distribution ( ������� )
Donath ����� �V¡9¢>�Y£^¤¦¥y§y¨b©Y��¥ �«ª §`¨b©�¬

(1979)[9] -

Donath ����e�®¢+¯=°�§y¨m° ©v¨²±R³o´qµ° �
(1981)[10] -

Davis for £·¶8�®¸ ¹ º :

(1998)[11] �������T�¼» �°^½¿¾jÀÂÁÃ ¤ÅÄK¹ º¿� °®Æ ÄqºÇ��ÈÉ� °�§y¨²±�������H� » �° ½ËÊ À�Ì ³ ¨b©Í § Æ ÄK¹ º ¨ À�Ì ³o´qµ�Î ©°�§y¨b© ¤¦º � ¨ À�Ì ³o´ Ì Î © �§y¨b© Ï
for ¹ ºÐ¶8�®¸ÑÄ ¹ º :�������T� » �Í ½ ¾ Ä ¹ ºÒ¤\� È Ã ��°�§y¨²±�������H� » �° ½ ÊEÓ Ô Ì ³ ¨b©Í § Æ ÄK¹ º ¨ Ó Ô Ì ³o´qµ Î ©°�§y¨b© ¤\º ¨ Ó Ô Ì ³w´ Ì Î ©§y¨b© ÏÆ » �Í ½ ¾ ¤�Õ5º Ã�Ö ° ¨ À Ì ³w´ Á Î Ô ³o´ ÁO× Ì°�§`¨ Ã ÆÙØ º ¨ À Ì ³o´ Ì Î Ô ³w´jµ§`¨b© ¤ Ø ¹ º ¨ À Ì ³w´jµ Î Ô ³o´qµ × Ì°�§`¨b© Æ ¨ À Ì ³ Î Ô ³°�§ È
where

½ � ° Ô � ©v¨ Ô ³w´jµ �¾ ¨ Ô ³ ª µsÚ Ì ³o´ Ì Ì ³o´qµ ¬³oÛ Ì ³o´qµsÜsÛ ³o´qµsÜ Û Ì ³w´ Á Ü ¨ µÝ ³ Î Ì�Þ ßÌ ³o´qµ ¨ ß³o´qµ È
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TABLE IV

EXPRESSIONS PRESENTED IN THE LITERATURE FOR MODELS OF THE NORMALIZED INTERCONNECTION DISTRIBUTION

FUNCTION AND NORMALIZED CUMULATIVE INTERCONNECTION DISTRIBUTION FUNCTION, WHERE THE TOTAL NUMBER

OF INTERCONNECTIONS ASSUMED IN EACH MODEL IS GIVEN BY THE EXPRESSION à0á âVãCä`å SHOWN IN TABLE II.

Reference Normalized Interconnection Distribution ( æjç , è{é�êìëoí�î�ï )
Normalized Cumulative Interconnection Distribution ( ð>í�î�ï )

Donath æ�ç�ñóòvô²õRöo÷qøOõYùYú öw÷jøsûü òvô=ý öo÷qø�þ
(1979)[9] -

Donath æ�ç�ÿ ç�� öo÷ � í òvô²õ öw÷jø ï� ç�� ü òvô=ý öo÷qø þ
(1981)[10] -

Davis for
��� î	��
 � :

(1998)[11] è é�êìëoí�î�ï�ñ ò�� ü òvô  öo÷qø þ ������������ 
 �}î ��� � �¿î��Éî ��� ô²õð í�î�ï�ñ ò�� ü òvô  öw÷jø�þ � ��� � öìôbò �� � � 
 � ô � � öw÷jø"! òü ��� ôbò þ � � ô � � öo÷ � ! òü � ôbò þ �
for 
 � � î	� � 
 � :è é�êìëoí�î�ï�ñ ò � ü òvô  öo÷qø þ � � � 
 � � î � � î ��� ô²õð í�î�ï�ñ ò�� ü òvô  öw÷jø þ �$#&%  � ö ôbò �� � � 
 � ô %  � öw÷jø ! ò��� ôbò � � ô %  � öo÷ � ! ò� ôbò '� ò � ü òvô  öw÷jø þ � � �)( � ��*+� ô � � öo÷ � !  öw÷ �-, ���� ô � �/. � ô � � öw÷ � !  öo÷qø� ôbò � . 
 � ô � � öo÷qø !  öw÷jø , ���� ôbò � ô � � ö !  ö��� �
where� ñ �� í òvô  öw÷jø ï� ô  ö ü ø10 � öo÷ � � öo÷qø þöoú � öo÷qøsûsú öo÷qøsû ú � öw÷ � û ô ø2 ö ! ��3 4� öo÷qø ô 4öo÷qø �
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TABLE V

VALUES FOR THE PARAMETER PAIR 5�687:98; FOR EACH POWER4 UNIT, WHERE THE VALUES ARE EXTRACTED BY FITTING

THE DATA FOR EACH UNIT IN FIG. 4 TO THE EXPRESSION <>=�?8@:A�BDCFEHGI<J=K?8@:6LE�MN9POQ<>=K?8@:ASRDTVUXWZY[E .
unit macros \ [range] ] [range]

ifu ^`_ acbXdfehg�aib>jfeik�jcb1^mlfn aibJopeqgraibXsfsck�aibJ_flfn
fpu ^8j jFbXjc^tg:^pbJapoikulhbXs�_�n aibJopoqgraibXsfjck�aib>dfe�n
fxu l lib>vpohgJjcbJ_i^pk�oibXd�_�n aibJoi^HgraibXsfjck�aibJope�n
idu ^`_ j�aibXsig�_ib�lplhkulteibJ_�n aibJvpaqgraib1^`dck�aib�ltv�n
isu ^`o j�vib>vhgJdcb>dfeik�opeibJe�n aibJvi^Hgraib1^woik�aib�lto�n
lsu vtj dFb>vpvhg�vibJatjckm^8dcbJ_�n aib�ltoqgraib>v�lhk�aib>sf_�n
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TABLE VI

TOTAL NUMBER OF GATES xzyD{V|X}Z~ , ACTUAL NUMBER OF INTERCONNECTIONS xz���D�u� , PREDICTED NUMBER OF

INTERCONNECTIONS x)�:�����`� IN THE IFU, AND ERROR, WHERE x��:�����8� IS OBTAINED WITH TABLE II. HERE WE TAKE�S�K���K�S�������1�1���m�`���r�p� �V�X���[������q�r�p� ���   . THE ERROR IS SHOWN IN   .

design ¡£¢K¤K¥:¦[§ ¡£¨D©"ªmª ¡¬«D¯®[°&± [range] Error

i1 ²f³ ´pµ ¶�·h¸>¹hº:»w³i¸>¼c®�·H¹c¸J´�½ ¶p²f´
i2 ¶f¶f³ µi»`¾ ´c»p¸>µhº�µp¾c¸1»p®m»8²f´i¸>²¿½ ¶�·t¾
i3 ¶f¶p¹ ¶f³pµ ¾f´i¸X¶iº�µt²F¸X¶c®m»8²p¹c¸J¾�½ »8¶f¾
i4 ¶�µi» ¶p¹p¹ ´f´i¸1»tºr·h»f¸>µi®m»`´t¹c¸J¼�½ »8¹p²
i5 ²f²f´ ¾p³p³ µt¹�µi¸>µhº:»w·t¶c¸X²F®À²fµi»p¸>¶¿½ »8¶f¼
i6 ´f¼f· ´p´p¼ ·p·i»p¸>µhº:»8²f²c¸X¹F®�´t¶f³i¸>¹¿½ »8¶f¼
i7 ´f¼t² ¾pµt² ·p·t¶c¸X²iº:»8²�¾i¸>³c®�´t¶fµi¸J¼�½ ¾p´
i8 »w³f·H¶ »w³t¹c» ·H²f¾c¸>¼qº�»`´t¶F¸X¶c®m»`³p³i»p¸J³�½ »8¶f³
i9 »w³t¹fµ ´t¶f¼ ·t¼c»p¸>´hº:»`¾p¹c¸J·i®�´p¼p¼i¸�·f½ »`³p³
i10 »f»p»`¾ »f»w·H² ¹f³t²F¸X¶hº�¶f³pµc¸>µi®m»`³p¼pµi¸>¹¿½ »8¶f¼
i11 »`¶p¹f³ »w³pµp³ ¹p¹p¶F¸1»Hº�¶p¶f³c¸>¾i®m»p»`¼t¶c¸�»m½ ¾t²
i12 ¶�µt¶fµ ¶F»`µi» »p»p»8¹F¸1»HºÁ·p·h»f¸>³i®�¶fµp´p¼i¸>¹¿½ ´i»
i13 ¶f¹f¼i» ¶f¶f¾t² »8¶f¼p´c¸>´qº�¹f³i»f¸J·h®�¶p²fµt²c¸J¼�½ ¾p³
i14 ¶�¼p´i» ¶�µt¹f¾ »8¶p²f¾c¸>µqº�¹f³f·i¸>µi®�¶p²f¼p³i¸J³�½ ¾f·
i15 ¶f²�·t¼ ¶f¹f³p³ »`µp³t¹F¸X¶hº�¹c»w·i¸>¾i®�¶f¾i»`´i¸J´�½ ´t¶
i16 ¶�¾t²c» µf³f·t¼ »w·t³t²F¸>¾qº�¹p¹�·i¸>¾i®�µp³f·H¹c¸J´�½ »p»`¼
i17 ·p´pµf· ·pµp¼t¹ ¶fµp¾t¶F¸>¾qºr´pµi»f¸J·h®�¹p¶�·t³i¸J¼�½ ¾pµ
i18 ¹¿·H¹f´ ·p¼i»w· ¶f¼p³t¶F¸>¾qº�»`³i»`¹c¸>´c®À¹p²�·h»f¸>µ�½ ²p²
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TABLE VII

MEASURED AVERAGE WIRELENGTH FOR IFU DESIGNS ÂcÃ�Ä ÅÆ�Ç1È�ÉKÉËÊ ÆfÇ�È�ÉKÉÌ>Í Å Â Ì , WHERE THE SUM IS TAKEN OVER THE

MEASURED LENGTH Â Ì OF ALL INTERCONNECTIONS Î IN THE DESIGN. ESTIMATES OF AVERAGE WIRELENGTH

OBTAINED WITH MODELS BY DAVIS ( Â ÃVÏ"ÐÀÑÁÒ8Ó ) AND DONATH ( Ô ÑÁÒ8Ó ) WITH TABLE II ARE ALSO SHOWN. NOTE THAT Â Ã ,Â ÃVÏ"ÐÀÑÁÒ8Ó , AND Ô ÑÁÒ8Ó ARE EXPRESSED IN UNITS OF GATEPITCHES. FOR Â Ã+Ï"ÐÀÑÁÒ8Ó , WE TAKE ÕSÖKÖ�×KÖSÄ�Ø�ÙLÚuÛ`ÙLÚ-ÜDÝ�Ø Þ�ßXßXà Å�á�áÙLÚ-ÜDÝ�Ø ÞVß â ;

FOR Ô ÑÁÒ8Ó , WE TAKE ÕSÖKÖ�×KÖSÄ Ø�Ù Ú Û ãpØ Þ�ßXßXà Å�á�áãfØ Þ�ß . THE ERROR FOR Ô ÑÁÒ8Ó IS SHOWN IN THE RIGHT-HAND COLUMN. THE

ERRORS ARE SHOWN IN â .

design ä£åKæ�ç:è+é êËæ êËæKë�åpì:í&î [range] Error ïIì�í&î [range] Error

i1 ðfñ òióJò ôcó�õ�öJôFóXôc÷�ôcó>ø¿ù òpú ôcóJúqö�ôcóJøi÷�òió>ô¿ù û`ò
i2 ôpôfñ ücó>ü òióJñqöJôFó>øi÷�òióXü8ù ýtü òióJýqöròióJòi÷�õhó>ü¿ù õtò
i3 ôpôpü òió�õ òióJñqöJôFó>øi÷�òióXü8ù û8ü òióJúqöròióJòi÷�õhóJø�ù þ¯û8ô
i4 ôfòiû õhóJñ òióJñqöJôFó>øi÷�òióXü8ù òtô òióJúqöròióJòi÷�õhóJø�ù ûpó>ú
i5 ðpðfú òió>ð òióJýqö�òcó1ûp÷uõhó>ý¿ù þÿô ücó>ôhöÁõhó�ûp÷�øióJø�ù þÿôpð
i6 úpøfõ øióJñ õhóJñqö�òcóXôc÷�ücó1ûLù üfñ ücó�õ�öÁõhó>ôc÷ÀðcóJñ�ù ûpû
i7 úpøtð ücó�õ õhóJñqö�òcóXôc÷�ücó1ûLù òtü ücó�õ�öÁõhó>ôc÷ÀðcóJñ�ù þ¯û
i8 û`ñfõHô õhó�û õhó�ûHö�òcó>òi÷�ücóXô8ù ñ ücó>ühöÁõhóJòi÷Àðcó>ô¿ù þÿôpð
i9 û`ñtüfò õhóJø õhó�ûHö�òcó>òi÷�ücóXô8ù ûpóJõ ücó>ühöÁõhóJòi÷Àðcó>ô¿ù þ¯û`ø
i10 ûpûpû`ý òióJø õhó�ûHö�òcó>òi÷�ücó>ò¿ù þ£ûpó>ô ücóJøqöÁõhóJòi÷Àðcó�õfù þ)òpø
i11 û8ôpüfñ õhóJñ õhó>ôhö�òcó>òi÷�ücóJõ�ù þ õhó�õ ücóJýqöÁõhó�õh÷ÀðcóJø�ù þ)òpñ
i12 ôfòtôfò ýióJú õhóJýqö�òcóXðc÷�øióJõ�ù ýpø øióJøqöÁõhóJýi÷�úió>ô¿ù òtü
i13 ôpüføiû úió>ü õhóJúqö�òcóXðc÷�øió>ø¿ù útü øióJýqöÁõhóJúi÷�úió�õfù õhû
i14 ôføpúiû øióJý õhóJúqö�òcóXðc÷�øióXð8ù òpý øióJýqöÁõhóJúi÷�úióJø�ù ñ
i15 ôpð�õtø ðcóJú õhóJúqö�òcóXðc÷�øióXð8ù üfú øióJúqöÁõhóJúi÷�úióJø�ù û8ü
i16 ôfýtðcû û`ñió>ô ücóJñqö�òcó>ýi÷�øió>ý¿ù û`ñtü øióJúqö�ücóJñi÷�úióJý�ù õtý
i17 õtúpòfõ ýió�õ ücóJøqörõió1ûp÷�ðcó>ú¿ù ücû ðcóJýqö�ücó�õh÷wûpûpó>ü¿ù ý
i18 ü�õHüfú úióJò ücó>ðhörõió1ûp÷�ýióXô8ù øpò ýióJñqö�ücó�õh÷wûpûpóJú�ù û8ð
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TABLE VIII

MEASURED TOTAL WIRELENGTH
���

FOR IFU DESIGNS
�������
	������������ � � , WHERE THE SUM IS TAKEN OVER THE

MEASURED LENGTH
� � OF ALL INTERCONNECTIONS � IN THE DESIGN. ESTIMATES OF TOTAL WIRELENGTH OBTAINED

BY MULTIPLYING
���������! #"%$'&

FROM THE DAVIS MODEL WITH THE ESTIMATED WITH THE NUMBER OF

INTERCONNECTIONS ( �!)*"%$'& FROM THE DONATH MODEL. HERE WE TAKE +-,.,�/., �103254�6#287:9<;=0 >@?�A 	 0CBED >@?F?FG ��HIH287:9<;.0 >�?JA'0 	 0KB�D >�?F? L . THE

ERROR IS SHOWN IN L . NOTE THAT
� �

AND
���������C$'&�M ( �!)N"%$#& ARE EXPRESSED IN UNITS OF GATEPITCHES.

design OQP�R�S!TVU WYX WZR@[@PE\%]_^a`bOc\:dfeV]g^ [range] Error

i1 h�i j�iEkml�k k�n�l�oqp3k�j�l�r�ets�uql�owv u�o�k
i2 o�o�i r'hxu�kmlyn o�hmr�l�r�pyoxj�s�lyi�etj�r'k�lFowv kxu�u
i3 o�o�k n�u�hmlys oxs�s�l�r�pyoxj�r�l3uqetj�i�zmlFhwv omr#z
i4 o�j�r r#i�r�r�l�o oxzEhmlyj{pyo�k�n�l�ometj�uEsmlFkwv oxuEi
i5 h�h�z o�z�z�z�l�k r#jEk�omlFh�p!r�r|i�uqlyi�e|r#s�n�z�lFk'v r'o�o
i6 z�s�u sEomr#n�lyj r'h�sxuqlFk�p!r|uEo�omlyz�e�o�o�j�j�l�swv o�k�o
i7 z�sEh u�h�j�r�l�o r'h�h�r�lyu{p!r|uEo�n�l�r�e�o�oxuEomlFh'v r#sEh
i8 r#i�u�o u�o�s�r�l�r r#z�u�uql�iqp!r'kxs�i�l�hme�oxu�hxj�lFo'v r�r#z
i9 r#iEk�j u�u�h�omlyz r#n�n�i�l}rEp!r'kxi�n�l3uqe�o�j�z�j�lyuxv r#j�n
i10 r�r�r#n uqr|uEi�lys o�i�n�z�l�zqp!r#s�h�i�lyz�e�o�sEhxi�l�zwv z�n
i11 r'o�k�i uEj�r'omlyz o�jEo�hml�iqp!r#nxuEn�l3uqe�o�z�z�kml�nwv nEk
i12 o�jEo�j r|zEh�z�uqlyz k�j�jxuql}rEpKuEi�h�z�lyj�e�hmr#sxuqlFk'v o�hmr
i13 o�k�s�r o�r'h�sEkmlyz s�r#z�s�l�zqpKu�hxi�z�lyz�etn�j�nmr�lFk'v o�kmr
i14 o�s�z�r r|sEk�k�kml�r s�j�imr�lFo�pKu�h�hxuqlyi�etnEk�k�oml�zwv r#s�j
i15 o�hxuEs oxi�j�r#n�lys s�uEs�i�l�sqpKuEn�n�n�l3uqetnEh�n�oml}r8v omr|u
i16 o�nEhmr jmr'kxu�uqlys h�i�j�omlyu{pyk�j�iEkml�hmetzEk�z�i�l}r8v j�uEz
i17 uEz�j�u j�n�i�j�uqlyi r#jEo�z�z�lFo�p3z�s�h�n�lyn�e|r#n�n�n�uql3u�v r#n�s
i18 kxu�k�z u�jEh�sEhmlyj r|uEn�j�r�lFoqp%r#iEh�r#z�l�ome�omr'o�oxuqlynxv r#zEk
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TABLE IX

MEASURED TOTAL WIRELENGTH ~m� OF THE SIX UNITS OF THE POWER4 CORE, AS WELL AS THE CORE, AND

PREDICTED TOTAL WIRELENGTH ~����<� (IN GATEPITCHES) FOR �@�'�!�'� , WHERE ~m���<�:�!�'�!�'�E���
�x�����!�I�J������ � �!�N�%�'����~��������C�'�
AND ERROR FOR ALL SIGNALS � IN EACH UNIT OF THE POWER4 CHIP, WHERE � �!�N�!�'� IS THE PREDICTED NUMBER OF

UNIT INTERCONNECTIONS. HERE WE TAKE �-���. ��-�c¡3¢5£�¤'¢�¥ � ¥:¡3¦�§ ¨�©F©%ª ��«I«¢ ¥ � ¥ ¡3¦�§ ¨@© ¬ . THE ERROR IS SHOWN IN ¬ . NOTE THAT ~ �
AND ~ �y��� �C�'� ARE EXPRESSED IN UNITS OF GATEPITCHES.

unit ¯®±°�²I³�´�µ ¶±· ¶Y¸!´V¸.¹�º¼»V½_¾ [range] Error

ifu ¿#À Á�Á�Â�ÀEÁxÂ�Ã�Ä ÅxÆ�Ç�Å�ÅmÃyÄ{È3É�ÉxÇ�Å�ÅmÃFÁ�»|¿#Ê�Ê�Æm¿'ÉmÃyÊxË Á�Ê�Ä
fpu ¿'Á Ám¿#Ä�¿#ÉmÃ�Ä ¿'Á�Ám¿#ÀmÃ�Ê{È%¿#ÊEÉxÊ�À�ÃyÊ�»|¿|Ç�ÇEÁ�Æ�ÃyÊxË Å�Ä
fxu Ç Á�Â�Ê�Æ�Ê�Ã�Ä Á�ÅxÇEÂ�ÄmÃFÉqÈ3Á�ÆEÅxÊ�Â�Ã�Ém»tÆEÁ�ÁwÇEÀ�ÃyÄxË ÌÍÉ
idu ¿#À ¿|ÇEÀEÅ�Ê�Ê�Ã�Â ÅxÇ�Ê�Ê�Ç�ÅmÃ�ÉqÈKÂ�ÇEÄ�Ç�Â�Æ�Ã�Ám»tÀ�Â�À�Ä�¿#Ä�Ã�¿ÎË ÌÍÀ�Ê
isu ¿#Â Æ�Ê�Ä�Ä�Êm¿�Ã�À ¿�ÃyÆ�ÏfÂqÈ!¿�Ã�¿#ÏÐÂ�»|¿�ÃyÂ�ÏfÂwË ÌÑÅxÂ
lsu ÆEÁ É�É�Æ�ÀEÉ�ÁmÃ�À ¿�Ã�¿#ÏfÂ{ÈKÄ�Ê�Â�É�Å�ÅmÃyÂ�»|¿�Ã3ÇEÏÐÂxË ÌÒÇ�Ä
core Â�ÓgÔÖÕ<×.Ø ¿'Á�ÀEÅ�Á�Æ�Ê�ÃyÊ Æ�Ã�Á�É�ÏÐÂ{ÈyÁ�ÃFÅ�ÉxÏfÂ�»ÙÇ�Ã�Ê�¿|ÏfÂxË ÌÒÂ�Ê
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APPENDIX

This appendix contains tables with model estimates and actual data for the remaining five

units in the POWER4 core: FPU, FXU, IDU, ISU, LSU. The first five tables show ÚÜÛ�Ý�Þ!ßVà , ÚÐá:âVã8ã ,

and Úcä<åÐæVç_è for these units. The second five tables show é�Ý , éZÝ@ê@ÛEä%ç_è , and ëìä!ç_è (in units of

gatepitches).
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TABLE X

TOTAL NUMBER OF GATES í*î<ï�ðFñJò , ACTUAL NUMBER OF INTERCONNECTIONS í*ó�ô<õ=õ , PREDICTED NUMBER OF

INTERCONNECTIONS íÍö!÷Nø%ù#ú IN THE FPU, AND ERROR. HERE WE TAKE û-ü�ü.ý�üÿþ�� �������	��
�� � �� �������������� � �� ��� � . THE ERROR IS

SHOWN IN � .

design ���	���! #" ��$&%�'(' ��)+*-,�.0/ [range] Error

f1 132 4�5 67598;:=<;>@?A8CB9,D4�EA8�2(F 492
f2 17: :�E 132�8G1H<;>�>98CB9,I:�138;6@F :�1
f3 2�6�6 2�:�E 2J17598�4A<;5�B98C?A,I>�6�BA8G1�F 2J1
f4 >�?A2 >@17: >@1�?A8CE3<!2K>�598C:9,I6�B7598C>LF >
f5 >92�B >�E75 >�4M2�8�5A<!2�6�6A8C?9,N132�:A8G1�F 2J1
f6 >�6�: 6�?7> >�5�>98�4A<!2J1�6A8CE9,N1O4�>98�2(F 2�2
f7 >�4�5 >�5�B 67>�>98;1=<!2�:�BA8CE9,D4�6�:A8C4LF P-2J6
f8 6�?�? 6�6�E 6�:�EA8;1=<!2�B�6A8C69,I:A2�:A8;:@F PQE
f9 674�: 1O5�: 132(138�>A<;>92J:A8�4M,I:�B7598;6@F 2K4
f10 6�B�E 17E�: 17E92�8R27<;>�4@?A8CE9,IEA2K>98;B@F 2
f11 17B75 4�:A2 :A2�:98CB=<S67>�?98R2�,(2�?74�?A8C>LF PQB
f12 4�4�4 4�B�6 5�674M8�53<S6�E�?98CBA,(2K>�4�:A8;B@F P-2JB
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TABLE XI

TOTAL NUMBER OF GATES TVU+W�X�Y[Z , ACTUAL NUMBER OF INTERCONNECTIONS TV\�]+^_^ , PREDICTED NUMBER OF

INTERCONNECTIONS TQ`!acb�dKe IN THE FXU, AND ERROR. HERE WE TAKE fhgig	jiglknmGo�p�q�r	r(sKo=mSt�u v�wCw�x#y�z�zoHmSt�u v�w { . THE ERROR

IS SHOWN IN { .

design |�}	~	�!��� |��+���(� |��+�-���0� [range] Error

x1 � �J� �9���O�G�9�C�A�N�A�C�L� �K�@�
x2 ��� �7� �7�9�;�=�S�7�9�C�9�I���A�;�@� �Q���
x3 ����� ����� �7�@�A�C�3�S�O���9���M�I�����3�;�@� ���7�
x4 ������� ������� ���7���9���3���3�����9�;�A�I���7�7�M�C�@� �����
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TABLE XII

TOTAL NUMBER OF GATES �V�+�����[  , ACTUAL NUMBER OF INTERCONNECTIONS �V¡�¢+£_£ , PREDICTED NUMBER OF

INTERCONNECTIONS �Q¤!¥c¦�§�¨ IN THE IDU, AND ERROR. HERE WE TAKE ©Vª	ª	«iªl¬nG®�¯�°�±	±(²K®H�³7´ µ�¶�¶�·#¸�¹�¹®HS³�´ µ�¶ º . THE ERROR IS

SHOWN IN º .

design »�¼	½�¾!¿#À »-Á&Â�ÃÄÃ »�Å+Æ-Ç�È0É [range] Error

d1 Ê�Ë ÌKÍ@Î Ê�ÏOÍMÐCË=ÑSÒ7Ó@ÏAÐCÎAÇ(Ì�Ô7Õ�ÒAÐ�Ì(Ö ×�Ê�Ë
d2 Í�Ó�Í Í�Ô�Ó Ò�Î�Ò7ÓMÐ�Í3Ñ�ÌKÍ�Ë�ÒAÐ�ÕMÇDÕ�Í�Î7ÕMÐ�ÕLÖ ×�Ô�Î
d3 Ó9Ì�Ò Ë�Ë�Ó Ë�Ï7Ò7Õ9Ð;Ô=ÑGÍ�Ë7Õ�Î9ÐCËAÇ(ÌKÓ�Ò�Ê�ÏAÐCÔ@Ö ×�Ô�Î
d4 Ó�Í@Ï Ó�Ê�Õ Õ9Ì�Î7Õ9Ð;Ë=ÑGÍ�Ô�Ï7Ê9ÐRÌ�Ç(Ì�Ë�Ô�Ê7Õ@ÊAÐCÎLÖ ×�Ô7Í
d5 Ó�Ê7Ó Ë7Ó@Ê Õ@Ï7Ë�ÊAÐCÍ3ÑSÒ�Î�Ô�Ë9ÐCÒAÇ(ÌKÕ�Ê�Ë�ÏAÐ;Ï�Ö ×�ÔAÌ
d6 Ë7Õ�Õ Ë�Î�Ô Ê7Ó9ÌKÓ9ÐCÍ3ÑSÒ7Ó�Í�Ê9Ð;Ï3ÇIÍ�Î�Ò�Ê�Ô9Ð�ÍLÖ ×�Ô�Ò
d7 Õ�Ó�Ó Õ�Ê�Ê Ì�ÎAÌ�Ì�Ë9Ð�Õ3Ñ�Ï3Ì�Ô�ÎAÐ�ÓMÇDÍ@ÏOÍ@ÏAÌ�ÐCÒLÖ ×�Ô7Í
d8 ÌKÍ�Ò�Ê ÌJÏ�Ï3Ì Ì�Ë�Ë�Ò7ÓMÐCÔ=ÑSË�Ê�Ê�ÎAÐCÊ9ÇIÒ�Ô�Ô7ÕLÏ3ÐCËLÖ ×�ÔAÌ
d9 ÌJÏ7Ë@Ï Ì�Ë9Ì�Î Ì�Ô�Ô�Ê�Ë9ÐRÌOÑSÊ7Í�Ë�ÒAÐ�ÍMÇNÏ7Ê�Î�Ë�ÒAÐCÔLÖ ×�Ô7Í
d10 ÌJÏ7Ô�Õ ÌKÓ�Õ@Ï Í�Î7Õ@Ï7Ò9ÐCË=ÑSÊ7Ó�Õ�Ó9ÐCÔ9ÇNÏ7Ô�Ê�Ô�ÎAÐ�ÕKÖ ×�Ô7Í
d11 ÌJÏ7Ô�Ê ÌKÕ@Î�Ò Ì�Ô�Ê�Ï3Ì�Ð�Õ3ÑSÊ7Í�Î�ÒAÐRÌ�ÇNÏOÕ�Õ�ÍMÌ�ÐCÊLÖ ×�ÔAÌ
d12 ÌKÓ�Î�Î ÌKÕ@Î�Ê Ì�Ô�Ê�Ë�Ê9ÐCÒ=ÑSÊ7Í9Ì(Ï3ÐRÌ�ÇNÏOÕ�Õ�Ê�ËAÐRÌÄÖ ×�ÔAÌ
d13 ÌKÓ�Ê�Õ Ì�Ê�Î7Õ Í9Ì�Î7Í�ÓMÐCË=ÑSÊ�Ë�Ô9Ì�Ð;ÏAÇDÓ�Î7Ó�Ê�Í9Ð;Ï@Ö ×�ÔAÌ
d14 Ì�Ë�Ô�Õ Ì�Ë�ÊAÌ Í�ÒAÌ�Ê�Î9ÐCÊ=ÑSÔ7Ó�Ê�ÎAÐCÔ9ÇDÓ�Ó�Õ�Ê@Ï3ÐCÎLÖ ×�Ô�Ò
d15 Í�Î�Î�Ê Í�Ò�Ò�Î Í@Ë�Ë7Í�ËAÐCÓ3Ñ�Ì�Ì�Î�Î9Ì�Ð;ÏAÇIË�Ï3ÌKÍMÌ�ÐRÌÄÖ ×�ÔAÌ
d16 Í�Î�Ê�Í Í�Î�Õ�Ó Í@Ê�Ï7Ë�ÎAÐCÕ3Ñ�Ì�ÌKÕ�Ó@ÊAÐ�ÓMÇIË�Ê7Ó@Ï�ÊAÐRÌÄÖ ×�Ô�Ò
d17 Í�Î�Ô9Ì Í�Î�Ê�Ë Í@Ê7Ó�Ê�Ï3ÐCÍ3Ñ�Ì�Ì�Ê�Î�ÔAÐ;ÏAÇIË�Ê�Ê�Ï�ËAÐCËLÖ ×�Ô�Ò
d18 Í�Ë�Ê�Ó Í�Ë�Ô7Ó Ò�ËAÌ�Ê�ÒAÐ;Ô=Ñ�ÌJÏ7Ô�Ï7Í9Ð�ÕMÇIÊ7Õ�Í�Ò�Í9ÐRÌÄÖ ×�Ô�Ò
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TABLE XIII

TOTAL NUMBER OF GATES ØVÙ+Ú�Û�Ü[Ý , ACTUAL NUMBER OF INTERCONNECTIONS ØVÞ�ß+à_à , PREDICTED NUMBER OF

INTERCONNECTIONS ØQá!âcã�äKå IN THE ISU, AND ERROR. HERE WE TAKE æVç	ç	èiçlénêGë�ì�í�î	î(ïKëHê�ð7ñ ò�ó�ó�ô#õ�ö�öëHêSð�ñ ò�ó ÷ . THE ERROR IS

SHOWN IN ÷ .

design ø�ù	ú�û!ü#ý ø-þ&ÿ���� ø �������
	
[range] Error

s1 ���� ���� ������������������������ � ������������! "$#��
s2 ����� ���� ������%�&�'������(�(%�)� � �*���������(! "$#��
s3 ����� ��(�� ������������������#�(%�+� � �*�'�%�������, "$#�
s4 ���� #���� #���(��������-�����!����� � ������(��%�)�� "$#��
s5 ����(�( ��#��� ����(�(���+�'�.��#�#�(���� � ����(������#, "$(�#
s6 ������� ������� ��#����(%���/�-��!��(��+� � �������%����#, "$#��
s7 ����#�# ������ ��#������+�'�-���������� � ����(��*(����, "$#��
s8 �����# ������ �!�(����%�����-(����%����� � �����(��%�+�0 "$#��
s9 ���%��# ��#��� �!�'�����������-(��(!����# � ������#�(����, "$#�
s10 ����#�( �%����� ��(���%�����/�-#���!����# � (������(����, "$#��
s11 �����'� ����(�� ���������%�&�'����������#%��� � ����(����!�����, "$#��
s12 �!�(� ��(��� ��(����#��)(/������#��#%��� � ���*�'���!�����, "$#��
s13 ����� ������� ��������������������#������� � ��������!����#, "$#��
s14 ������ ���(�� ������(�%�)�/����(�����%��� � ������#�!������ "$#��
s15 ��#��� �'���� ������#����)(/�.�%�����%����# � ��(�#��������)�! "$#��
s16 �����( ��(���� ����(�!�����)�/�-��������%��# � ��������#����, "$#��
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TABLE XIV

TOTAL NUMBER OF GATES 132�465�798 , ACTUAL NUMBER OF INTERCONNECTIONS 13:<;�=>= , PREDICTED NUMBER OF

INTERCONNECTIONS 1$?A@3BAC�D IN THE LSU, AND ERROR. HERE WE TAKE E3FGFGHIFKJML.N�O&P<QGQ�R�NSLUTV WYX�X�Z\[&]^]NSL-T�V W6X _ . THE ERROR

IS SHOWN IN _ .

design `baGcYdAe\f `�gih�j0j `lk�m�n�o
p [range] Error

l1 q�q�r q�q*s t�tu%v�w/x�q�s�w%v)t�n�q�y�y�w�v&q�z {$r�u
l2 |�}�w u�u!t q�y�s�u%v+q'xUt'}�r�v)t�n~|!tw�w�v�},z {���w
l3 |�w�t u���� q�|�u�u%v�r�x.}�|�y%v)t�n~|�s}�u�v)y!z {$r�y
l4 }�y�� }%q*u |�u���t�v�}�x-w�w|�v�u�n~}�}%q�|%v�},z {$r�s
l5 }��r ��q*u |�r�u}�v��/x�q�q*tr%v�y%n~��u�sr�v��!z {$r�s
l6 ��t�q r�|!s |�w�q�r�v�y/x�q�|�|�q�v�s%n~��s|�|�v�y!z {$r�}
l7 ��sr ��t�� u|�|�r�v�r�x�q�u}�q�v�u%n�r�}�}�}�v�u!z {�s�y
l8 q�y�q�q q�y|�q t��u|%v)u/x�q�w�u�t�v�|%n�q�y�s�w|�v�u!z {$r�s
l9 q�y|!t w},t t��w|%v)�/x�q�w}�w%v�u�n�q�q�y�u}�v�s!z {�s�y
l10 q�q�w�q q�|�u%q }!t��s�v)u/x.|�|�s�q�v+q�n�q�|�s�s�y%v�s!z {$r�r
l11 q�|�u} q�|�r!w }��r�|%v�r�x.|�u��}�v�s�n�q�u�u��r�v�},z {$r�r
l12 q�u�w| q*t�!t ����y|%v�r�x.|�r�}%q�v�w�n�q�}�}�r�s%v�y!z {$r�s
l13 q�}�|�r q���u�} r�u���y�v&q'x-u�y����%v�y�n�q�r�u�s�y%v�s!z {$r�s
l14 q��}�} q�r�s�r r�s���t�v�}�x-u|�r!t�v�s�n�q�s}�s��%v�|,z {$r�r
l15 q�r�|�| q�r%q�} r�w�u�s�v)y/x-u�u�y�t�v�r%n�q�sr��r�v�y!z {$r�s
l16 q�s�u} q�w|!y sr�|�s�v)�/x-u���u|�v�s�n~|�y���ts%v�|,z {$r�s
l17 q�s�w| q�s���w w�y�y|%v)u/x-ur!t�%v+q�n~|%q�u�y�q�v��!z {$r�w
l18 q�w|�y |�u�t} s�s}�w�v)w/x-u���s��%v���n~|�y�w��r�v�},z {$r!t
l19 q�w}!t |%q�q�q w�y�q�s�v)u/x-ur�}�|�v�|%n~|%q�u�t'}�v��!z {$r�r
l20 |�|!t�q |�|�w!t q�y�s�ty%v�s/xUt'}�y�r%v�r�n�|�}���w�y�v+q0z {$r�w
l21 |�u�ts |�y�q�r q�y���s�t�v)tSxUt�t�t�q�v�s%n�|�}�u|!w�v�r�z {�s�q
l22 |�u}�u |!t�t�t q�q�y�t'r�v�u/xUt'}�w�|%v��%n�|���q�w�y�v)t!z {$r�s
l23 |�u���s q�w�w�} q�q�q�q�s%v�u/xUt�|�|%v�y%n�|���u���y�v�|�z {�s|
l24 |�}%q�� |�u�q�t q�q���ur�v�|�xUts�u���v)t�n�|�r���y!t�v�u,z {�s�y
l25 |�}���w |!t'r�} q�|�|�}�}�v�r�x.}�y�w�u�v�y%n�|�w�yr!��v�u,z {�s�y
l26 u�u�w�s u�t�q*u q���ts�w%v�r�x-��s�t}%v�y%n~u�w|�y�r%v�u,z {$r�w
l27 ur�|�s u�w�y�y q�r�s�u|�v�y/x.r�u�w�w�v�s%n�t'|!t'|�r%v�r�z {$r�s
l28 u�s���� u�w���r q�w�y}��%v�w/x.r�w�y�r%v+q�n�t'}�u}!u�v�w,z {$r�w
l29 ty|�} tu�u�s |�yr�|%q�v�|�x-s}�w���v)t�n�tw�u|!s�v�w,z {$r�w
l30 t�|�| t�t'|!y |%q�q�u�y%v�s/x-sr���|%v)t�n�}�y�u}�|%v�|�z {$r�w
l31 t'r�s} ur�w�y |�u|���w��/x-w���t�s�|�}�}!t�%q�u,z s�t
l32
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TABLE XV

MEASURED AVERAGE WIRELENGTH FOR FPU DESIGNS �%��� ����&�<�I��� � �+�<�G��)� � � � , WHERE THE SUM IS TAKEN OVER THE

MEASURED LENGTH � � OF ALL INTERCONNECTIONS � IN THE DESIGN. ESTIMATES OF AVERAGE WIRELENGTH

OBTAINED WITH MODELS BY DAVIS ( ���6�����U��� ) AND DONATH ( ���U��� ) ARE ALSO SHOWN. HERE WE TAKE���G�I�G� � �.¡£¢�¤�¡£¢�¥�¦I� §6¨�¨9© �&ª^ª¡ ¢i¥�¦ � §Y¨ « FOR � �6��� �U��� , AND
���I�G�G� � �.¡£¢~¤ ¬�� §Y¨�¨<© �&ª^ª¬�� §6¨ « FOR ���U��� . THE ERROR IS SHOWN IN « .

NOTE THAT � � , � �6��� �U��� , AND ��U��� ARE EXPRESSED IN UNITS OF GATEPITCHES.

design ®�¯I°Y±A²\³ ´µ° ´µ°G¶Y¯�·A¸
¹ [range] Error º»·A¸
¹ [range] Error

f1 41 3.0 2.1 [2.0, 2.3] 0.44 2.5 [2.3, 2.7] 21

f2 46 2.6 2.1 [2.0, 2.3] 0.19 2.6 [2.4, 2.8] -1

f3 133 4.4 2.6 [2.3, 2.9] 0.69 3.3 [2.9, 3.8] 33

f4 201 5.1 2.8 [2.5, 3.2] 0.80 3.6 [3.1, 4.2] 40

f5 219 4.1 2.9 [2.5, 3.3] 0.45 3.7 [3.2, 4.3] 12

f6 236 4.6 2.9 [2.5, 3.4] 0.59 3.8 [3.2, 4.4] 23

f7 257 5.6 2.9 [2.6, 3.4] 0.91 3.8 [3.3, 4.5] 48

f8 300 5.0 3.0 [2.6, 3.6] 0.66 4.0 [3.3, 4.7] 27

f9 356 5.8 3.1 [2.7, 3.7] 0.84 4.1 [3.4, 4.9] 41

f10 398 6.9 3.2 [2.7, 3.8] 1.16 4.2 [3.5, 5.1] 64

f11 497 4.9 3.3 [2.8, 4.0] 0.47 4.4 [3.6, 5.4] 11

f12 555 7.1 3.4 [2.9, 4.1] 1.09 4.5 [3.7, 5.6] 58
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TABLE XVI

MEASURED AVERAGE WIRELENGTH FOR FXU DESIGNS ¼%½�¾ ¿À!Á+Â+ÃIÃ�Ä À�Á&Â<ÃGÃÅ)Æ ¿ ¼ Å , WHERE THE SUM IS TAKEN OVER THE

MEASURED LENGTH ¼ Å OF ALL INTERCONNECTIONS Ç IN THE DESIGN. ESTIMATES OF AVERAGE WIRELENGTH

OBTAINED WITH MODELS BY DAVIS ( ¼�½6È�É�ÊUË�Ì ) AND DONATH ( Í�ÊUË�Ì ) ARE ALSO SHOWN. HERE WE TAKEÎ�ÏGÏIÐGÏ ¾ Ñ.Ò£Ó�Ô�Ò£Ó�Õ�ÖIÑ ×6Ø�Ø9Ù ¿&Ú^ÚÒ0ÓiÕ�Ö>Ñ ×YØ Û FOR ¼ ½6È�É ÊUË�Ì , AND
Î�ÏIÏGÐGÏ ¾ Ñ.Ò£Ó~Ô Ü�Ñ ×YØ�Ø<Ù ¿&Ú^ÚÜ�Ñ ×6Ø Û FOR Í�ÊUË�Ì . THE ERROR IS SHOWN IN Û .

NOTE THAT ¼ ½ , ¼ ½6È�É ÊUË�Ì , AND ÍÊUË�Ì ARE EXPRESSED IN UNITS OF GATEPITCHES.

design ÝbÞGßYàAá\â ãµß ãµßGäYÞ�åAæ
ç [range] Error èéå�æ
ç [range] Error

x1 ê ë�ì.í ë�ì)í/îAë�ì.í�ï*ë�ì�ê,ð ñ�ò�ì�ò�ê ë�ì.í'ó�î�ë�ì)íó%ï*ë�ì.íô!ð ñõí�ì&ë
x2 ô�ô í�ì)ô ó%ì�ò�îAë�ì)ö�ï�ó�ì+ë�ð ë�ì&ë�÷ ó%ì)ô�ë'î.ó%ì�ó�ó%ï�ó%ì.í�ë�ð øê
x3 ô�ò�í ÷%ì&ë ó%ì�ö�î)ó%ì)ù�ï~ô%ì�ó,ð ë�ì.íø ô�ì�÷%ë'î-ô�ì�ô�ô�ï�í�ì&ë*í�ð öó
x4 ó�ó�ø�ô ö�ì)ø í�ì�ò�î.ô�ì�ê%ï�í�ì�÷,ð ë�ì.í�í ê%ì)ô�ö/îUí�ì)í�ø�ï~ù�ì�ê�ê,ð øó
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TABLE XVII

MEASURED AVERAGE WIRELENGTH FOR IDU DESIGNS ú%û�ü ýþ�ÿ�� ��� � þ�ÿ�� ������ ý ú � , WHERE THE SUM IS TAKEN OVER THE

MEASURED LENGTH ú � OF ALL INTERCONNECTIONS 	 IN THE DESIGN. ESTIMATES OF AVERAGE WIRELENGTH

OBTAINED WITH MODELS BY DAVIS ( ú û�
��������� ) AND DONATH ( � ����� ) ARE ALSO SHOWN. HERE WE TAKE

��������� ü���� �"!�� �$#$%�� &�'('*) ý�+,+�-�.#$%/� &0'
1

FOR ú û�
$�2����� , AND
��������� ü ��� ��! � � &0'('3) ý�+,+� � &�'

1
FOR � ���4� . THE ERROR IS SHOWN IN

1
.

NOTE THAT ú û , ú û�
$�2����� , AND � ���4� ARE EXPRESSED IN UNITS OF GATEPITCHES.

design 576�809;:=< >?8 >?8�@06BA;CED [range] Error FGAHCED [range] Error

d1 IKJ LNM�L OKM�PRQ;OKMSIUT2LVMWOYX ZUM�O�[ LNMS\]Q�LNM�OKT2LNM�^_X `aL
d2 LK^KL bRM�O LNMWO�Q;OKMSPUT2LVM�\cX ZUMSPK\ LNMSJ]Q�LNMS\UT2LNMSPcX JKZ
d3 ^NO4\ JUM�b LNM(LUQSLNMSZUT2LVM(^_X OKMSIBb LNM�[RQ�LNM�bRT�\UM�L_X O4\�^
d4 ^KLcb ^NM�^ LNM(LUQSLNMSZUT2LVM�JcX OKM�bKb LNM�[RQ�LNM�bRT�\UM�L_X O4ZK\
d5 ^BI�^ \UMS\ LNM�\RQSLNMSZUT2LVM�JcX ZUM�bd^ LNM�[RQ�LNM�bRT�\UM�L_X LNO
d6 J�[K[ bRM�^ LNM�\RQSLNM�OKT2LVM�JcX ZUMSPBb LNMSI]Q�LNM�bRT�\UMS\cX JUO
d7 [K^K^ bRMSP LNM�\RQSLNM�OKT2LVM([_X OKM�O�L LNMSI]Q�LNM�bRT�\UMS\cX [BJ
d8 O�LB\KI [NM�[ LNMSb]QSLNM�OKT2LVM�IcX LNM�LNO LNMSP]Q�LNM�^NT�\UM�^_X O4J�[
d9 Oeb�JBb [NM�^ LNMSb]QSLNM�OKT2LVM�IcX LNMSZKP LNMSP]Q�LNM�^NT�\UMSJcX O�^BI
d10 Oeb�P�[ ^NM�b LNMSb]QSLNM�OKT2LVM�IcX OKM�LKL LNMSP]Q�LNM�^NT�\UMSJcX I�^
d11 Oeb�PKI [NMS\ LNMSb]QSLNM�OKT2LVM�IcX LNMSZ�L LNMSP]Q�LNM�^NT�\UMSJcX O�^KL
d12 O�^BZKZ JUMSZ LNMSb]QSLNM�OKT2LVM�IcX OKM�bd[ LNMSP]Q�LNM�^NT�\UMSJcX O4ZKJ
d13 O�^BI�[ JUMS\ LNMSb]QSLNM�OKT2LVM�PcX OKM�^BI LNMSP]Q�LNM�^NT�\UMSJcX OKO�^
d14 O4JKP�[ bRMSP LNMSb]QSLNM�OKT2LVM�PcX OKMSZUO LNMSP]Q�LNM�^NT�\UMSJcX JKI
d15 LBZKZKI JUMSP LNM(^UQSLNM�LNT2LVM�PcX OKM�[K[ \UMSZ]Q�LNM�^NT�\UM�[_X O4\�L
d16 LBZKI�L ^NMSJ LNM(^UQSLNM�LNT2LVM�PcX OKM�LK^ \UMSZ]Q�LNM�^NT�\UM�[_X IKI
d17 LBZKPUO ^NMS\ LNM(^UQSLNM�LNT2LVM�PcX OKM�Oeb \UMSZ]Q�LNM�^NT�\UM�[_X [BP
d18 LBJKI�^ ^NM�b LNM(^UQSLNM�LNT�\NM�ZcX OKM�O4\ \UMSZ]Q�LNM�^NT�\UMSIcX [BI
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TABLE XVIII

MEASURED AVERAGE WIRELENGTH FOR ISU DESIGNS fNgih jkclWm3n�n?o kBl�m3n�np�q j f p , WHERE THE SUM IS TAKEN OVER THE

MEASURED LENGTH f p OF ALL INTERCONNECTIONS r IN THE DESIGN. ESTIMATES OF AVERAGE WIRELENGTH

OBTAINED WITH MODELS BY DAVIS ( f g�st�u�v�w�x ) AND DONATH ( y u�v�x ) ARE ALSO SHOWN. HERE WE TAKE

z�{�{�|�{ h�}�~ �"��~ �$�$��} ���(�*� j��,�~-�.�$�/} �0� � FOR f g�s$t2u�v�x , AND
z�{�{�|�{ h }�~ ��� w } �0�(�3� j��,�w } ��� � FOR y u�v4x . THE ERROR IS SHOWN IN � .

NOTE THAT f g , f g�s$t2u�v�x , AND y u�v4x ARE EXPRESSED IN UNITS OF GATEPITCHES.

design �7���0�;�=� �?� �?���0�K�;�E� [range] Error �G�H�E� [range] Error

s1 ���B� �U�S� �N���R�S�V���U���N�(��� �N���K� �N�S�]���N�S�U���U���Y�  ��
s2 �K�U� �N�S� �N���R�S�V���U���N�(��� �B����� �N�S�]���N�S�U���U���Y� �K�4�
s3 �K�K� �U��� �N���R�S�V���U���N�(��� �N���K� �N��¡R���N�S�U���U���_� �K�
s4 ���B�  R�S� �N�S�]�S�V���U���N�(¡�� �B�W�4� �N�S�]���N�� R���U�� B� ¡c 
s5 �K�4�K� ¡N�S� �N�� ¢�S�V�W�K���N���_� �V�(�K¡ �N�S�]���N�� R���U��¡_� ��¡N�
s6 ���K¡K¡ �N�S� �N�� ¢�S�V�W�K���N���_� �B����¡ �N�S�]���N�� R���U��¡_� ��¡
s7 ���B�K� ¡N��� �N�� ¢�S�V�W�K���N���_� �B���U� �N�S�]���N�� R���U��¡_� �e d�
s8 �4�B �� �N��¡ �N���R�S�V�W�K�"�U���_� �B���K� �U�S�]���N�� R���U�S�c� �U�
s9 ��¡N�4� �U�S� �N���R�S�V�W�K�"�U���_� �V�(�B� �U�S�]���N�� R���U�S�c� �4�K�
s10 ��¡B�K� ¡N�S� �N���R�S�V�W�K�"�U���_� �B����� �U�S�]���N���N���U�S�c� �e ��
s11 �B�B d¡ �U�S� �N���R�S�V�(�N�"�U�W�-� �B���K� �U�S�]���N���N�" R�S�c� ���c 
s12 �c ���� �U�S� �N���R�S�V�(�N�"�U�W�-� �V�W�4� �U�S�]���N���N�" R�S�c� �4�B 
s13 ���B��¡ �U��� �N�S�]�S�V�(�N�"�U�(��� �V�(�N� �U���d���N���N�" R���Y� �4�B 
s14 ��¡B�K�  R��� �N�S�]�S�V�(�N�"�U���_� �N����� �U���d���N���N�" R���_� ���
s15 �K�K��� �K�K��� �N�S�]�S�V�(�N�"�U���_� �N�(�B� �U���d���N���N�" R���_� �K�K¡
s16 ���K¡B� ���N�S� �N��¡R�S�V�(�N�"�U�(��� �N���K� �U���R���N���N�" R�� B� �K���
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TABLE XIX

MEASURED AVERAGE WIRELENGTH FOR IDU DESIGNS £N¤i¥ ¦§B¨�©3ª�ª?« §B¨�©3ª�ª¬� ¦ £ ¬ , WHERE THE SUM IS TAKEN OVER THE

MEASURED LENGTH £ ¬ OF ALL INTERCONNECTIONS ® IN THE DESIGN. ESTIMATES OF AVERAGE WIRELENGTH

OBTAINED WITH MODELS BY DAVIS ( £V¤�¯°�±�²�³�´ ) AND DONATH ( µ¶±�²�´ ) ARE ALSO SHOWN. HERE WE TAKE

·�¸�¸�¹�¸ ¥�º�» ¼"½�» ¼$¾$¿�º À�Á(Á*Â ¦�Ã,Ã»-¼.¾$¿/º À0Á Ä FOR £V¤�¯$°2±�²�´ , AND
·�¸�¸�¹�¸ ¥ º�» ¼ ½ ³ º À0Á(Á3Â ¦�Ã,Ã³ º À�Á Ä FOR µ¶±�²4´ . THE ERROR IS SHOWN IN Ä .

NOTE THAT £ ¤ , £ ¤�¯$° ±�²�´ , AND µÅ±�²4´ ARE EXPRESSED IN UNITS OF GATEPITCHES.

design Æ7Ç�È0É;Ê=Ë Ì?È Ì?È�Í0ÇKÎ;ÏEÐ [range] Error ÑGÎHÏEÐ [range] Error

l1 ÒKÒ�Ó ÔNÕ�Ö ÔNÕ�ÔR×SÔVÕ�ØUÙ�ÔNÕSÚcÛ ØNÕWÒ�Ô ÔNÕ�ÓR×�ÔNÕ�ÚRÙ�ÜUÕSØcÛ ÝßÞ
l2 ÔKÖBÞ ÓNÕ�Ò ÔNÕ�Ú¢×SÔVÕ(ÔNÙ�ÔNÕ(Ó�Û ÒBÕ�Þ�Ö ÜUÕSØ]×�ÔNÕ�ÓNÙ�ÜUÕ�Ö_Û Ò4ÜKà
l3 ÔBÞBÚ ÓNÕSØ ÔNÕ�ÖR×SÔVÕ(ÔNÙ�ÔNÕ�á_Û ÒBÕ�á�Ö ÜUÕ�Òd×�ÔNÕ�ÓNÙ�ÜUÕSàcÛ Ò�ÔBá
l4 ÖBØKà ÖNÕSÞ ÔNÕSà]×SÔVÕ�ÜUÙ"ÜUÕ�Ø_Û ÒBÕ(ÔBà ÜUÕSÜ]×�ÔNÕSáUÙ�ÜUÕSÞcÛ ÓBÞ
l5 ÖBà�Ó àUÕSØ ÔNÕ�ÓR×SÔVÕSÚRÙ"ÜUÕWÒ-Û ÒBÕ(ÔKÖ ÜUÕ�Ú¢×�ÔNÕSÞUÙ"ÚRÕSØcÛ ÓBÞ
l6 àBÚRÒ ÖNÕSÞ ÔNÕ�ÓR×SÔVÕSÚRÙ"ÜUÕWÒ-Û ÒBÕWÒ4Þ ÜUÕ�Ú¢×�ÔNÕSÞUÙ"ÚRÕ�ÒYÛ ÓBÜ
l7 àKá�Ó ÖNÕSÞ ÔNÕ�ÓR×SÔVÕSÚRÙ"ÜUÕ(Ô�Û ÒBÕWÒ�Ó ÜUÕ�Ú¢×�ÔNÕSÞUÙ"ÚRÕ�ÒYÛ ÓKÔ
l8 Ò4ØUÒKÒ ÖNÕ�Ô ÔNÕSÞ]×SÔVÕ(ÖNÙ"ÜUÕSÚcÛ ØNÕ�áUÒ ÜUÕSà]×âÜUÕSØUÙ"ÚRÕ�ÚBÛ Ú�Ü
l9 Ò4Ø�ÔcÚ ÖNÕ�Ú ÔNÕSÞ]×SÔVÕ(ÖNÙ"ÜUÕSÚcÛ ØNÕ�áKÞ ÜUÕSà]×âÜUÕSØUÙ"ÚRÕ�ÚBÛ ÖBØ
l10 ÒKÒ4ÞUÒ ÖNÕ�Ú ÔNÕSÞ]×SÔVÕ(ÖNÙ"ÜUÕ(Ö�Û ØNÕ�áKà ÜUÕ�ÓR×âÜUÕSØUÙ"ÚRÕSàcÛ ÚdÓ
l11 Ò�ÔBÜ�Ö ÖNÕ�Ö ÔNÕSÞ]×SÔVÕ(ÖNÙ"ÜUÕ(Ö�Û ØNÕ�ÞKØ ÜUÕ�ÓR×âÜUÕSØUÙ"ÚRÕSàcÛ ÖBØ
l12 Ò4ÜKÞ�Ô ÖNÕSÞ ÜUÕSØ]×SÔVÕ(ÖNÙ"ÜUÕ(Ö�Û ÒBÕ�ØUÒ ÜUÕ�ÓR×âÜUÕ�ÒKÙ"ÚRÕ�Ó_Û ÖBÞ
l13 Ò�ÖKÔKÓ àUÕSØ ÜUÕSØ]×SÔVÕ(ÖNÙ"ÜUÕ�à_Û ØNÕ�ÞKÞ ÜUÕSá]×âÜUÕ�ÒKÙ"ÚRÕ�Ó_Û ÖBá
l14 Ò4à�ÖKÖ àUÕSá ÜUÕSØ]×SÔVÕ�àUÙ"ÜUÕ�à_Û ÒBÕ(ÔBà ÜUÕSá]×âÜUÕ�ÒKÙ"ÚRÕSácÛ ÓBá
l15 Ò�ÓKÔKÔ Ò4ØUÕSØ ÜUÕSØ]×SÔVÕ�àUÙ"ÜUÕ(Ó�Û ÔVÕ�ÜKØ ÜUÕSá]×âÜUÕ�ÒKÙ"ÚRÕSácÛ Ò4àKØ
l16 Ò4áKÜ�Ö ÓNÕ�Ò ÜUÕSØ]×SÔVÕ�àUÙ"ÜUÕ(Ó�Û ÒBÕ�ÜBÚ ÜUÕSÞ]×âÜUÕ�ÒKÙ"ÚRÕSÞcÛ á�Ö
l17 Ò4áKÞ�Ô ÞUÕ�Ú ÜUÕ�Òd×SÔVÕ�àUÙ"ÜUÕ(Ó�Û ÔVÕ�ØKá ÜUÕSÞ]×âÜUÕ�ÒKÙ"ÚRÕSÞcÛ ÒeÚ�Ü
l18 Ò4Þ�ÔBØ Ò4ØUÕ�Ò ÜUÕ�Òd×SÔVÕ�àUÙ"ÜUÕ(Ó�Û ÔVÕ�ÜKØ ÜUÕSÞ]×âÜUÕ�ÒKÙ"ÚRÕSÞcÛ Ò4àUÒ
l19 Ò4Þ�ÖcÚ ÞUÕSØ ÜUÕ�Òd×SÔVÕ�àUÙ"ÜUÕ(Ó�Û ÒBÕ�Þ�Ô ÜUÕSÞ]×âÜUÕ�ÒKÙ"ÚRÕSÞcÛ Ò4ÜUÒ
l20 ÔKÔcÚRÒ ÚRÕSà ÜUÕ�Òd×SÔVÕ�àUÙ"ÜUÕ�á_Û ØNÕSÚ�Þ ÜUÕSÞ]×âÜUÕ�ÔNÙ2ÖNÕ�ÒYÛ Ò4á
l21 ÔBÜBÚ�á áUÕSÜ ÜUÕ�Òd×SÔVÕ�àUÙ"ÜUÕ�á_Û ÒBÕ�à�Ö ÚRÕSØ]×âÜUÕ�ÔNÙ2ÖNÕ�ÒYÛ Ò4ØKÞ
l22 ÔBÜ�ÖBÜ Ò4ØUÕSÞ ÜUÕ�Òd×SÔVÕ�àUÙ"ÜUÕ�á_Û ÔVÕSÚ�Þ ÚRÕSØ]×âÜUÕ�ÔNÙ2ÖNÕ�ÒYÛ Ò�ÓBà
l23 ÔBÜKàKá ÖNÕ�Ö ÜUÕ�Òd×SÔVÕ�àUÙ"ÜUÕ�á_Û ØNÕ(ÓBà ÚRÕSØ]×âÜUÕ�ÔNÙ2ÖNÕ�ÒYÛ ÜKÞ
l24 ÔKÖNÒ4à áUÕSØ ÜUÕ�Òd×SÔVÕ�àUÙ"ÜUÕ�Þ_Û ÒBÕ(ÖKÖ ÚRÕSØ]×âÜUÕ�ÔNÙ2ÖNÕ�ÒYÛ Ò4Ø�Ô
l25 ÔKÖBàKÞ àUÕSÞ ÜUÕ�ÔR×SÔVÕ�àUÙ"ÜUÕ�Þ_Û ÒBÕWÒ4Þ ÚRÕSØ]×âÜUÕ�ÔNÙ2ÖNÕ�Ô_Û ÓBÜ
l26 ÜKÜKÞKá ÓNÕSÜ ÜUÕ�ÔR×SÔVÕ(ÓNÙ/ÚRÕWÒ-Û ÒBÕ(ÔKÖ ÚRÕ�Òd×âÜUÕSÜUÙ2ÖNÕ�ÚBÛ ÓBá
l27 Ü�ÓKÔBá áUÕSá ÜUÕSÜ]×SÔVÕ(ÓNÙ/ÚRÕWÒ-Û ÒBÕ�àKá ÚRÕ�ÔR×âÜUÕSÜUÙ2ÖNÕ�Ö_Û ÒKÒ�Ô
l28 ÜKáKàKà ÞUÕSÜ ÜUÕSÜ]×SÔVÕ(ÓNÙ/ÚRÕWÒ-Û ÒBÕ�á�Ô ÚRÕ�ÔR×âÜUÕSÜUÙ2ÖNÕ�Ö_Û Ò�ÔBÜ
l29 Ú�Ø�ÔKÖ ÒKÒãá ÜäÜ]×SÔäÓåÚæÔ�Û ÔäÖBá ÚçÔR×âÜäÜèÖäÖ_Û Ò4áKÜ
l30

l31

l32
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