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ABSTRACT

G ]

&

This thesis investigates methods for.solving the (éarrier)

frequency assignment ' problem which |is concerned with

- ™~

avoiding or minimiziﬁa\third-order intermodulatioh noise in

communication systems. This noise is due to . several

carriers using a common power émplifier which has nonlinear
\

characteristics. The work presented i? this study focuses

on satellite communication systems b’éi is wvalid for any

communication system with several 1equi}—leve1“ carriers
N

: } ] -
sharing a common nonlinear repeater. !

“‘*—_—
\

Unlike most of the previous studies of this problem which
were concerned with the intermodulation fréé‘case, our_study
primarily examineé heuristic methods  for obtaininglfrequency
assignments that vyield minimum wor§t-case intermodulafion.
Two heuristics are fﬁrmulated and their performance is
compared with a recently proposed method that has appeared

in the literature. The results indicate that both of the

proposed strategies provide siqnificéntiy better execution-

time performance.
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Chapter 1

. INTRODUCTION o :

P

The objective of a commuqication svstem is to transmit
information signails (waveforms) from one noint to another

(or possiblv manv other). The information c¢an be video,

'voice, data, or a comhination of these. )

The points between which the informmation is to he sent mav
be located in close Droxihity or mav be continents or even
planets apart. During the informatﬁon transmission, various
anomalies and interference effebts enter the system

operation. The common name for these effects is "noise".

Noise can he classified into three:

i} Thermal noise, -
ii) Tntermodulation noise (IM-nroduct),

iii) Interference.,

Thermal noise is due to the random motion of electrons. 1t
is present in —any active device and would still bhe present
-

even after the electronic gquipment has been nperfectly

insulated from external interference. Tt is an inescapable

hackground to all electronic orocesses. The higher the

—
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temperature, the faster thg electrons move, and the higher
the power of the thermal noise. The effect of thermal noise
is reduced by employing a low (thermal} noise amplifier

(LNA) at the first amplification stage of a receive system.

Intermodulation products (noiée) are generated whén two o&ﬂ
more carriers are passed through a nonlinear device.
Depending on whether the associaéed nonlinear device is
active or passive, intermodulation is classified as active
or passive respectively. Passive intermodulation products
are ge;erally small in power ané ~very often can‘bg ignored.
-Active intermodulation products are often of conqein because
active devices are much more nonlineaf, Earfiéularly when
they are operated near or at their saturation regions to
nearly fully or fullY utilize their available RF (radio.
frequency) powers. In sgtellite communiéation, the_availabie'
RF power of a high po@er amplifier {HPA) 'is fixed .and
expensive. It is therefore desirablé to operate as close to
the saturation region as ‘possible. An effective way to
achieve this 1is to assign frequenciés‘ of the carriers
properly so that the number of products falling into the

carriers is minimized, as locations (frequencies) of the

products depend on locations of the carriers.

Interference, the third type of noise, is generated when
other systems in the environment are interfering with the
system under consideration. In thié case, it is desirable

to construct a suitable system (low antenna sidelobe gains,

N
N

]

\

\
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low signal sidelobe power spectra, and so on) in appropriate
environment that accomplisheé communication operatidﬁ with

minimal interference.

The quality of a received signal reflects the performance: of
the system. For a digital signal, it is specified in'terms
of the bit-error-rate (BER) or equivalently the probability
that a received bit is erronous (a one is received as a zero
or vice versa), and for an analog signal, it is the signal-
to-noise ratio (SNR). There is a one-to-one relationship
hetweaen ;ny of these two specifications to the ratio of the
carrier power to the total noise power (CNR) at the‘input of

the demodulator.: The greater thié’carrier—to—noise ratio

{CNR), the better is the quality of the signals that are

received,

Let
PC : carrier power,
PT : Eﬁermal noise power,
Pry intermodulation ncoise power,
P, interference noise power, and
Py, : the total noise power.

’

Then, CNR, carrier-to-noise ratio is given by:

C .
CNR = — .. {(1.1y
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In general PT and PI are fixed for a given communication
system. Hence the term L in the total noise Py is the
only quantity available for adjustment in trying to increase
CNR. We note furtheFmore that wh%n'PC is increased, PIM is
increased more rapidly than PC . Then it is desirable tor
keep PIM at a level as low as possible eﬁen when PC is high.
This can be achieved by properly arranging the carrier
frequencies.
Intermodulation problem in various commuﬁicatidﬁ systems has
heen the subject of intensive reseafch since 1950. Babcock
[3) was the first to analvze this problem for radio systems.

Y

His work was concerned with the frequency of occurance of
intermodulazlon products. He obtained intermodulation-free
(IM-frqe) operating cHannels by ;oﬁtrolling IM-products
through propef channel selection., =~ His investigations
provided optimum frequency assignments without third-order

IM-product for operating channels up to 9 (i.e. K < 9) and

suboptimum assignment for 10 operating channels (K = 10).
J . '

Robinson and Bernstein [29] approached-the problem using the
concept of diffeéence sets {a good survey of the concebt of
difference segg is given by Marshall Ha}l [20]}). Using the
constructive procedure of perfect difference sets as
explained by Singer [33], Robinson and Bernstein [29}

generated the IM-free assignments for up to 24 channels

(i.e. K < 24). However, these assignments have not been

shown to be optimdm. -~



PAGE
Gardner ([13) has presented the frequency assignment problem

in terms of a series of interesting mathematical games,

It is desirable to analyze the intermodulation minimum (Iﬁ—
minimum) assignment problem in terms of bandwidth available.
For, it may not be cost-effective or possible to have

'

tremendously large bandwidth to yield TM-free assignment.

.

TN

in the IM-minimum problem, thére are specified number of
operating channels (K} and availabhle channels (handwidfh N).
That is, K frequency carriers are assigned to N channels in
such a way'that in the resulting assignment, the maximuﬁ
number of IM-products falling on any operating channel wil}
be minimum. Johansen and Paulsen [18] carried out an
investigation on the behavior of the carrier—to—noisg ratio
by selectively spacing tﬁe carriefs s0 as to avoid IM-

products as much as possible.

Fang and Sandrin [9] also étudied the prnblem of IM-free
assignment with the help of ‘difference triangles.
Exhaustivg enumeration method was used to obtain the optimum
third-order TM-free assignments for 2 to 11 operating
channels (i.e. K < 11). However, as the numher of operating
channels increases this = method rapidly becomes

.computationally .intractable,

. i S
Because of the impracticality of obtaining IM-free optimum

assignments for large K, and because of the poor bandwidth

-utilization that such assignments yielded, recent
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theoretical studies have been diréctqd towards finding the

lower and upper bound values on:

a) the total IM-products, and

b) the maximum number of wnroducts falling on any

assiqned channel (carrier) -

for the optimum channel assignment for a given (%,N) pair,
Maxemchuk and Schiff [231 and Hirata [15) have carried 6ut
! [

theoreticglﬁenalyses in this area., (The results from Hirata
! N ) ‘

[lS]A however, cannot he of practical use as.he used 2

instead of 4 as the power ratio hetween the two third-order

’ ‘ 4
IM-products; see page 29). &

Eng and Stern (8] considered a slightlv -different problem
(Lhe passive intérmodulation problem) . The? proposed a
practical method for solving the minimum order and type of
ITM-products that fall in ; specified Erequeﬁé; "band. It
invqlves forward and hackward tree searches. These are also

)

discussed extensively in [22, 24, 25].

Atkinson et al. [1,2] generated close upper and lower bounds

on N for IM-free assignments using the concept of difference
sets [29]. Thev have also given suboptimum TM-free
solutions for K < 101. Previouslv suboptimum solutions were

known only for K < 24.

Recently a practical and effective method has heen proposed
- 1
by Okinaka et al. (261 for the IMrmimimum-problem. Their
. /’

approach orovides a means for obtaining an approximate
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solution for any q}yé; K and” N. The solution generated by
the proposed algorithm does however depend on the assumed

initial channel allocation. The algorithm is basically made

e

up- of a series of insertig%\ and deletion operations of
carriers into the available "channels. Therefore it 1is

referred to as the Sequential Insertion and Deletion (SID)
' v

algorithm throughout the thesis. /

In this thesis, formation of IM~§?;ducts are briefly

discussed. To avoid or minimize them, the frequency
assignment problem (FAP) is studied 1in detail. A very
efficient algorithm 1is given for solving the FAP. An

3 . . .
improved version of the SID algorithm is also given.

The original objective of this thesis was to obtain optimum

®
IM-free channel allocations for any K value. However, there

are two problems with'optimum IM-free investigation; namely:

i) It is not possible to solve it for large values of
K because of computation time,

ii) Even if it is solved, the bandwidth utilization
would probably be very poor and solution therefore

has nb practical value, -

Because of the above stated problems, the goal was altered
by 'fixing ¥ to solve an IM-minimum freqﬂéncy assignment
problem. It turned out unfortunately that this problem is

no less difficult than the,problem of 1M-free, in terms of

. ’

time complexity.
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It was, therefore, decided to direct the research effort
towards ways of obtaining suboptimum assignments for any
arbitrary values of Kuénd N.

The proposed algorithm, DELIN, 1in this thesis uses improved
criteria in channel éelectivi;y when deletien and.insertion
operations are carried out. This results in better stopping
criteria for the proposed gigorithm, SID, by Okinaka et al.
[261. This thesis also includes the development of initial

channel allocation method for.tHe SID.

Okinaké et al. (26} conclﬁg;SWthSt the influence of the
initial channel allocation on the result is insignificént.
However, the same 1is not true for the computational time.
In this thesis, it is shown that a "good” initial assignment

decreases the computational time significantly.

A very practical and efflclent heuristic algorithm, IN, for
solving the IM-minimum FAP is proposed in this thesis. ?his
has resulted in fairly good reduction in computational time
(i.e. at least by a factor of 3 with respect to SID
algorithm). The results are also satisfactory éompared to
lower and upper bound values, some of the -known optimum

values, -and also to the assignments given in Okinaka et al.

[26]. (

. This thesis also includes some IM ~minimum and/or * . IM-free
N

Moptimum assignments which are not known previously. Those

assignments are obtained for a given value of K, along with

-
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N, where N starting from K, unp to IM-free bhandwidth value

for that K. The largest (K,N) pairs experimented are (20,24)

and (9,40) in this case.

The thesis also contains a discussion on the use of

backtracking technigue in obtaining -the IM-minimum frequency

assignments for successive values of K.

-~
The principle of communication satellite |is briefly
described in Chapter 2, since‘IM—noise (IM-products) 1is an

imoortant factor 1in designing a satellite communication
s
1

system?

Relevant characteristics of IM-products are described‘élong

with a few examples for some orders in Chapter 3.

Typical problems such as the optimum and suboptimum IM-free
frequency assignment - problem, and TIM-minimum frequency

assignmeht problem are explained in Chapter 4,

The solution: procedures for the previously mentioned
frequency assignment problems (FAP) are discussed, and
practical and efficient heuristic algorithms (DELIN, N,

INU) are presented as solution techniques to the TM-minimum

FAP in Chapter 5.

Computational results obtained from program EXHAUST, ’DELIN,
TN, and INU are summarized in Chapter 6. The performance of
the proposed heuristic algorithms and the comparative study

with the Okinaka et al. [26] algorithm are presented in this

Chapter.
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Finally Chapter 7 contains the concluding remarks.

All the computational results are also presented in tabular

form in the Appendix.

P

—a
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_Chapter 2

SATELLITE COMMUNICATION

2.1. SATELLITE COMMUNTCA™ION SYSTEMS

A Satellite Communication system has two major components;
namely one or more earth stations and communication
satellites. Such a svstem can have séveral different forms
[11] as shown 1in Figure 2.1. System T is a ground-ggound
configuration which has an uplink from a ground-based earth
station to a satellite, and a down-link from the satellite
hack to a ground station. System 1I is a qround—cfosslink-
ground system which has a satellite crosslink between two
satellites prior to down-1link transhission. Svstem 1T does
not vet exiét.’ Worldwide communications between remote

earth stations in different hemispheres can he carried out

by such crosslinks, Svstem TITT is a ground-user-relay
system invo‘vinq carth stations, near-carth users, and
satellites. "Svstem TII does not exist vyet, but probahly

will exist in early 19907 s.
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% Sateliite
N

Earth

User

Earth

Figure 2 1. Satelite systems. I. Ground-ground,
. Ground-crosslink-ground, IIl. Ground-user retay. [11]
-
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2.2. EARTH STATIONS

An earth station is a transmittiﬁq and/or receiving power
‘'station operating in conjunction w{th an antenna subsystem,
Farth stations are’ usually classified as being either large
or small depending upon'the level of their radiated power,
and their antenna sizes. Lérqpr statinns'may use antenna
dishes as large as 30 meters in diameter. Smaller stations

-~

may use antenna dishes as small as 0.6 metet in diameter.
9

A given earth station mav be desiqgned to operate as a

transmitting stattion onlv, a receiving station only, or as

both.

In_a transmitting earth station, the baseband information
signals (voice, television, and data) which provide the
input to the svstem, oriqinate from various possible

sources. These signals are first multintexed (MUX), encoded,

P

and (frequency or phase) modulated onto intermediate

- frequency (IF) carriers. These are then translated té radio
frequencies (Rf) for high power amplificétion (HPA) and
transmission. The transmit &drth station antenna is finally
used to direct the energy ' of the carriers in the form of
electromagnetic waves to the direction of the' satellite,
For the uplink path to exist, the traqsmit earth skation
must locate within a region on Earth. This region is called
the transmit area and its size (can be as large as 1/3 of
the Farth) ;nd shape are governed by the design of the

satellit;>h receive antenna subsvstem. The first component

-

o
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6f a receiving éarth station, after a reéeive antenna, 1is a
low noise amplifier (MNA)  which is =then followed by a
.frequency translator to IF. At the TF, the specific uplink
carriers that are to be received are Eirst separated, and
then demodulated to basehand. The baseband is then decoded,
demultimlexed (DEMUX) and transferred on to the destination.
Fot the downlink Dth to exist, the receive earth'§tation
.antenna muit he pointed to tﬁe satellite‘and. must locate
within the receive area which is governed by the design of
the satellite”s transmit antenna subsvstem. Thp transmit

antenna and receive antenna are the same. .
Figure 2,2 shows block diagrams for both transmitting and

receiving earth stations (11).

from ’ Baseband Antenna
source ~
--> v IF Freg. |RF
~-=> MOX —-->|Fncoder |-->| Modu- |-->| Trans-|--> HPA --
-3 : lator lator
Antenna
—_— (

RF | Freq. ‘ , -—>

-> LNA -=>| Trans-|-->|Demodu- -=>|Decoder |-->| DEMUX |[-->
.lator lator -2

to

destination

J Figure 2.2. warth Station Block Nia ram
N, g q
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2.3. COMMUNICATION SATELI,ITES

A  communication satellite typically costs  ahout 20-50
; )

million dollars to manufacture and about the same amount to

Place high' up in the SKY. At the présent technology, it has

a design lifetime of 10 vears.

No

To avoid pointing adjustment (tracking) of earth station
antennas and to he able to provide communication service fogr

‘ [N
24 hours/day, all cnmmunicatigq’saﬁellites ate stationary

~
N

with respect to any point on the Farth.. / To he so without
requiring any energy, the satellites must he located in the
geostationary orbit which is on the equatorial plane and

about 36,000 Km agbve the Earth.

A communication saéellite acts 1like a radio relav 1in the
sky.l As shown in Fiqure 2.3, the feceive antenna suhsystem
s used to receive carriers sent from the FEarth. The low
noise amplifier is used to perform amplification without
adding too much (thermal) noise tb the transmission. The

carriers are then separated by the demultiplexer for power

‘Fmplification. T™hev are then combined together and beamed

down to the receive area on the Earth.

A satellite transponder refers fo satellite components that
perform amplification and frequency translation of carriers
associated with a certain frequency band, typically 36 MHz
or 54 MHz wide. Frequency translation is necessarv to avoid

interference hetween uplink carriers and downlink carriers.
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Receive Transmit
Antenna _ Antenna
x &
_Freq. )
=-> .NA -=>]| Trans-|-->| DEMUX - -—> MOX -
lator

Figure 2.3. Satellite Block Diagram

-

The frequency spegtram used in - a satellite link is governed
by ITU, ° an organ of the United Nations. For the fixed
satellite sérvice, it consists of . 4/6-Afz (C-band), 12/14
GHz (K -band), and 20/30 GHz (Ka—baﬁd).-gizz\?\$5$ number in
cach case refers to the frequency of‘the downlink, and the
seconqrnumher refers to the frequencv of the uplink. The
‘bandwidth of the C-band and the xu’;bandwis 500 MHz and that
of the Ka—band is 1000 MHz. Using the C-band is subject to
terrestrial microwave interference aﬁ this band is also
shared with terrestrial microwave ftransmission. One may
encoﬁnter, using the Ku—band and particularly the Ka—band,
outage o? 'impairment due to rain. There 1is not vyet any
satellite operating at the K, -band presently in North

America.

Most satellites lhave more than one transponder, and
bandwidth handled by a transponder is different from one
satellite design to another (e.g. ANIK-C has transponders

with a bandwidth of 54 MHz, ANIK-D has those with 36 MHz).
s .

¥
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How this bandwidth is utilized depends on the earth-station

egquipment. Subvose 36 MHz bandwidth is available, and voice

signals are desired tn be transmitted. TFRarth voice signals

typically have a bandwidth of 45 Kiz. In this case, 800

(i.e. 36000/45) channels (slots) will be available,

Assuming 800 channels are availahle and 100 carriers are to

be assigned (i.e. N=800, K=100), the relation among the

carrier, its frequency bandwidth, the channel, and the total

number of available channels (handwidth N) is shown in

Figure 2.4,

'

pilot
frequency
carrier vacant vacant carrier
Y
center
Cmm >
Cmmm=>
C——mm2 (e ’
45 45 45
KHz KHz KH=
o mmm—mr e Available Bandwidtho———c-cce—ommmmmaoo >
(36 MHz)

Figure 2.4. Bandwith Representation of a Transponder
with voice channels 45 KHz apart

(M = 800 and K = 100)
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For the purpose of illustration the frequency assignment
presentation has been simplified as follows: Each slot has
been given a number starting with 1. This, is called
"normalization". Each carrier is represented simply by an
arrow (the fact that is has a "width" 1is suppressed). The
l-st and N-th :s]ots afe always assigned; the remaining 98
carriers (i.e. 100-2) are assigned in between. The resulﬁing

configuration is shown in Fiqure 2.5,

carrier carrier

| 1
AN L

1 2 3 4 ..., 798 799 800

Figure 2.5, simplified Bandwidth Representation of

a Transponder; N = 800 and K = 100

The considerations in this thesis are confined to ‘the
specialized case where all the carriers have the same power

and the same bandwidth.

At the transovonder, the carriers tend to modulate one
another because of the nonlinear characteristics of the
lsatellite’s hﬂ%h power amplifier (HPA). 1In order to avoid
thé IM-products causing interference, the tranmsmission méy

be operated below the full power so that no .carrier
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saturates the amplifiér. This might not be desirable in
térms of the efficiency of. satellite capacity since it will
decrease the carrier-to-noise ratio (Equation l.1). Another
solution is to ar;ange the carrier frequencies .so that the
resulting output willl bé IM-free. But this may require a
large freguency bandwidth and therefore ma¢ not he cost
effective. A modified approach could then he to arrange - the
carrier frequenciés within the available bandwidth to

minimize the IM-noise over the bandwidth.

The proper arrangements of carrier frequencies, namely the
optimum/suboptimum channel allocation (freguency assignment)
is the subject of investigation 1in this thesis and |is

studied in detail in the following chapters.

r

2.4. MODULATION, ENCODING, AND DECODING

As in any communication system the basic components of
satellite systems are transmitter and receiver, other than
the satellite. These will be briefly described in this

section along with the-figures of the complete system,.

In communication iinks, information 1i8 transmitted by
"moduléting" it onto electromagnetic carriers. They are
then propagated to Fhe receiver. At the receiver, the
information is demodulated ‘(extracted) from the carrier to
complete the 1link. In "analog” moaulation systems, the

information waveforms (voice, video, sometimes teletype,
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etc) are modulated directly from the source ‘onto the
carrier. At transponders, the frequencies of the radio link
(RF frequencies) are m§de to carry a lower intermediate
frequency (IF) centered at 70 MHz.  The higher Freqﬁencv fs
said to bhe modulated hvy the information that is to carry. A
demecdulation orocess is then required to recover the data.
The electronic circuit whiéﬂ" dbes the. modulation and

demodulation is called a MODEM (a combination of the first

letters of "MOdulation" and "DEModulation" (Figure 2.6).

Carrier
Cos{w,t + o)

v
Raseband
Waveform | | Modulated
{(Signal) Carrier
. Carrier Carrier
————— > —————> —_————— —————
m{t) |Modulator] c(t) Demodulator
Recetived Recovered
Carrier Baseband
Transmitter Receiver

Modulator Demodulator

Figure 2.6. Anolog Communication - Rasic Components

In "digital" communication systems, source information is
first converted into sequences of data bits (binary
symbols), which are then "encoded" onto RF carriers for

o

4
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carrier modulation. At the receiver, the demodulated

waveform are "decoded” bhack into the desired data sequence,

"from which the source information 1is retricved. The

electronic circuit which does the conversion of analoa

signals into a digital form before transmission 1is called

CODEC {a combination of the first letters of "COde"

and
"NDECode” (Figure 2.7).
Encoded
Baseband
Waveform Carrier
\Y
Digital Bits ' v Carrier c{t)
-————-- >| Fncoder |----«--- > —=-—>
Source Modulator
TRANSMTITTER
Frequency ,
——2 ILNA | =————— > e —— - > HPI\ ! —_——>
Translator
SATELT.TTE
Demodulated Raseband .
§
| i
Carrier \Y Bit
———————— > ———————3 | —————————
Nemodulator Decoder Necocded

Bits

RECETVER

Figure 2.7. Digital Communication Block Diagram
along with the Satellite
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Chapter 3

INTERMODULATION PRODUCTS

ITntermodulation nroducts (IM-products) are nroduced when two
or more carriers (svectral comoonents) are passed through a
nonlinear device. These products can be a significant source
of commnnipation impairment 1if their power levels are high
(comparable with the carriers” power level) and fall into
the ‘carriers‘ channels (frequencv' bands occupied by the

carriers). To avoid the impairment, one can take either .or

hoth of the following actions:

The fi§;t action 1is to reduce the power levels of ‘the IM-
products by operating the nonlinear device at igs,"linear"
region {see Fiqure 3.1). That is, one does not.make full use
of the available (saturated) output‘power‘thét ﬁge nonlinear
. . I
device can sﬁpplv. For a nower amplifier such as a
T;aQelinq Wave Tube Amplifier (TWTA}, a nonlinear device
thch perform the last amplification on carriers hefore the
carriers radiate as electromaqnetic waves in space, tha
available ;ower is large and such an operation means  a
tremendous waste of power. For a’power amplifier onboard a

i .
satellite, the availabhle power is also very expensive, such
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an operation 1is definitelv not desirahtle.

The .other action is to reduce the number of nroducts falling

into the carriers” <channels hy proverly assigning

frequencies {(channels) to the carrijers, as the frequencies

of the products demend on the frequencies of the carriers

constituting them, This action can be taken only if there

are sufficient freedom of moving the carriers around. That
is, if the nonlinear device”s usable bandwidth is

sufficiently larger than the carriers” combined bandwidths,

The thesis work 1S associated with the second action, Aand
this chapter provides an introduction to intermodulation

analysis for nonlinear devices, intermodulation nroperties

and terminologies relevant to the thesis work.,

.

9~
m -2} Saturation /
©
o -
3
a T4
5
a
3 -8 Linear region
z
= .
- / :
T B
o -8 o -
—10 1 1. Il ! | i )

-12 —10 -8 -8 = —4 -2 0
Relative input power, dB

Figure 3.1. TWTA TInput-Outnut Power Characteristic

(Nprmaiized PGGer)
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~

3.1. NONLINEAR DEVICES -——

1

Nonlinear devices ave normally classified into three categories

L7
with respect to memory [37], namely:
i) Memoryless nonlinear devices,
ii) =ffectivelv memoryless nonlinear devices,
iii) Nenlinear devices with memory.
Memoryless nonlinear devices resnond te input signals
without delav. They can be characterized by
v{t) = flu(t)] .. (3.1}
where u(t) is the input voltage and v (t) is the output
voltage. TIf u{t) ébnsists of K narrowband carriers (whose
. " ¥l
bandwidth is much smaller than carrier frequency), then
K
uf{t) = E Ai(t) Cos[wit + wﬂt)] .- (3.2)
i=1 X
which can be put into the following form:
ult) = A(t) Cosfwt + ¢(t)] g 3.3
* !
where A({t) is the amplitude, w is an arbitrary frequency,

and y(t) is phase of the composite carrier.

Through the use of first order Chebyshev transform [4] and
thé bandpass assumption {(the condition where the bandwidth
of a nonlinear device 1is verv 'small with respect to
operating Fréquency: the nonlinear device only allows the

- fundamental components to pass through), v({t) can'then be
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written as: -
vit) = G{A) Cosfwt + y(t)] (3.4

where G(A) 1is called the AM/AM characteristics of ‘the

memoryless nonlinear device.

Memoryless nonlinear devices do not exist in reality since,
. 2

by definition, they must respond instantanecusly to input

signals and furthermore must introduce no phase shift at

their outputs.

TWTAs are of effectivelv memorvless nonlinear type. These
devices have Both AM/AM and AM/PM transfer characteristics.
That is, if the input u(t) is given by Equation 3.2, then
the output is:

-

vt} = G(A) Cos[wt + y(t) + E{A)] .. {3.5)

where F{A) is the AM/PM transfer characteristics which

represents an amplitude-dependent phase shift in the output

——

signal.

-

The third ciass of amnlifiers, nonlinear with memory, are

not of interest in this thesis.
A

3.2. ANALYSIS OF INTERMODULATION PRODUCTS

If input to a memoryless nonlinear device u(t) consists of K
narrowband carriers as described by Equation 3.2, and the

device is characterized by Equation 3.1, then by expanding
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v(t) to a multiple Fourier series, ‘the output nof the device
™.

can be writteni in the following form:

® K
vit) = N Ak ,k_,... k) .CoS Sk, [w ot o+ U (t)
(6) =5 Ak, k) { K lw (e
Kook veee k7> - izl
1 2 -k~ .
(Kj.+k2+"' IS(): 1 ..{3.6)
where A(kl,kz,... kx) are the Fourier coefficients, and
H ”5 ,...H{ are integers that must satisfy the constraint:

K

Tk. =1
AN 1
i=1

The output consists of original signals plus infinite TM-

products.
IM-products are categorized hv three properties:

i) center frequency {location),
ii) power spectrum, and

iii) spectrum shape.

(i) ™he center freaquency of each TM-product depends on the

locations of the carriers by the follbwing egquation:
K
F(F&,kz,... kK) = E kifi <0307
i=1 : -
where K is the number of input frequencies (carriers), £ is.
1
the center frequency of the i-th input signal. The

coefficients ki are positive/negative imtegers.

Power amplifiers are bandpass by nature and design: their
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bandwidths are verv small with 'respect to their operating
frequencies. That 1isg, thevy only letl the fundamental
products tb pass throuq%,and filter out the other oroducts.
The fundamental oroducts are those whose freguencies are in
the operating frequen?v ranges of the bandpass devices, i.e.

they are those-satisfving the following constraint:

K . )
> ki =1 : .. (3.8)
i=1 - '
The order of each IM-product is defined by _
X .
order = 2 |k | r .. (3.9)
= i .
. i=1
(ii) The power of an IM-product: is independent of the

carrier frequencies but is a function of the carrier input
power and the characteristics of the nonlinear device. IM-
produckt lqvel {power) decgeases rapidly with increasing™
order. Fo} example in most cases,  fifth and higher order
nonlinéarities generate IM-products whose power i;
sufficiently small to be neglected [5]). In satellite
Communication.svstems, it is normallv sufficient tQ consider
only third-order TM-products [24]. Hence fifth and higher
order effects are, for the most nart, - iqnored throughout

this thesis.

(1ii) The gnectrum shape of an IM-product depends on shapes

of the cgtriers and 1is obtained by a process known as
convolu¥ion. Details of this prbcedure are beyond the scope

?;ftiis presentation.
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3.3. EXAMPLE COF TMNTRRMODUTLATION PRODUCT {3 CARRTERS)

Consider the case where input consists of three carriers:

v = AlCosel + A2Cosﬁ2 + A3C9583
with Gi= wit +A%ﬂt) i=1,2,3

and . ble) =0 in the interest of simplicity.

r

A nonlinear device (memorvless and bandpass) with input u
and output f can always be described by a power series [30];
hence

f{(u) = cu + cu® + ¢ ud : ..{3.10}
1 2 3.

Here the real coefficients c, are determined by the
:] .

particular device and its omerating. environment.

Using the appropriate trigonometric identities {and

eliminating terms which do not pass through the =zonal

" filter), the output can be simplified to v = 0 + P where:

= [c,A_+(3/2)c_(A_A%+A A2)+(3/4)c A3)Cos®
_Q [ 1™ ( / ) 3( ] 3) (3/4) ) l] 1
2 2 3
+ [clA2+(3/2)c3(A1A2+A2A3)+(3/4)c3A2]Cos%
2 2 3
+ [clA3+(3/2)c3(A1A3+A2A3)+(3/4)C3A3]Cos%
and
= 2 _ "2 e
P (3/4)c3[A1A2C0$(291 92)+A1A2Cos(262 81)
2 2
+ - + -
A1A3C05(261 93) A1A3C05(283 el)
2
+ (3/2)c A A A [Cos(s +g -85 )
31 2 3 1l 2 3

2 n2
+A° A Cos({28 - +A A“Cos (20 _ -8
2 3 ( 2 83) -3 ( 3 2)]

+Cos +g -
(81 3 92)

+nos(B_+8 -9
( o+, 1)1
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Here Q denotes the wanted outout signals (carriers), whereas
P denotes the IM-products. Observe that in the first term
of P (the one whose coeﬁficient is (3/4)c3) the terms are of
the fofm {2A-R) , whereas in the second term of P (the one
whose coefficient is (3/2)c3 ) the terms are of the form
(A+B-C), where A, B, C reoresent one of the ej‘s which are
frequencies. These terms are referred to in the literature
[36] as "third-order TM—productsf‘and they are Jdominant.
Moreover (A+B-C) terms are called:[23] "third-order triple
IM-products", and (2A-B) terms are called "third-order
double IM-prOducté". For éonvenience in the sequel, we
shall frequently abbreviate these to simply "triple product"

and "double.pfoduct" respectively.

Note that there are no fifth-order or higher order producls
and that ¢ does not have anv effect at the oupput. In
general, the even terms in £f{m) do not have any effect on
the odd products; and if the order of f({u) is m, then there

will not be any product whose order is greater than m.

When the amplituaes of the carriers are equal (Al= A2= Aa),
the amplitude of trinle products is twice the amplitude of

double products, hence there is a four times factor in power

level [40}.

From Equation 3.6, the coefficients k for Example 3.3 can
’ i
be stated as H_zl, k=1, k =-1 for triple, and k =2, k =-1
2 3 1 2
for double products. Both types of IM-products satisfy the
bandpass constraint (3.8). The order of triple and double

products can be verified as three using the Equation 3.9.
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3.4. NUMBER OF INTERMODULATIOM PRODUCTS IN FUNDAMENTAL ZONE

AND TN EACH CHANNEFL,

—
¢
’ "
-

The total number of fundamental TM-preducts for each order
is independent of the .locatons (frequencies) of the K
carriers. For some selected products, the numbers are given

in Table 3.1.

‘Total Number of
Form Order TM-product
2A-B 3 K{K-1)
A+B-C 3 K (K-1) (K=2) /2
;A—B~C 5 'K(Krl)(K—Z)/Z
A+2R-2C 5 K(ﬁ—l)(xfz)
A+B+C-D-E 5 K (K-1) (K=2) (K-3) (K-4) /12

o
Table 3.1. Number of Possible IM-Products of Various Forms '
(assuming K input signals)

However the number of IMzproducts - falling .into chéﬁnel of
-each carrier is directly related.to'the location (frequency)
of the K carriers. This number can be. determined by forming
all éoséible combinations of IM-product of the specified
form that is of interést, and checking to see how many are
falling into one of thelqarrier éhaﬁnels.

k]
To set the stage for the presentation in the remaining

chapters of this thesis, we provide below a number of basic
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definitions and related results. These are directly

motivated by our previous discussions.

#

Definition 3.1. ((X,N) Assignment)

A (K,N) assignment, g, is a set of K distinct frequencies,

(f

A f

2r-+- fi ), selected from the set {1,2,3,...,N| with the

condition that 1 and N are alwavs selected.

With regard to this definition, we note the follnwinq?

i) 1In reality, a frequency assignment involvinq?K carriers

"has the form Fi=Fl +n AF with i=1,2,...,K where AF 1is the
i .

smallest possible frequencv increment and n, are distinct

integers in the range [0, (N-1)] with n1=0 and nK=fN—l).7Hore
(Fx-Fq) is the bandwidth. Let fi = [(Fi—Fl)/ AF]+1l = ni+1
(where 139 denotes a real freqﬁencg, and fi is its inteqger
representation), then the assignment can be characterized by
the set of K fi’s which are in;eqers in the rangel[lnv and
it is this representation that is commonly used in frequencv

assignments studies [8] {e.g. Tigure 2.5 and 1in the basis

for Definition 3.1). K}

ii) oOur specific problem here is the case where all carrier
frequencies are of the same type {(i.e. handwidth and power

are the same}.

4



—

-

" PAGE 32

Definition g.g.' {Third-order Triﬁle Product TM-Source)

The ordered triplet of distinct frequencies (fa,fb,fc) taken
-from. the (X,N) assignment, g, 1is a third-order trinle
product TM-source {or simply a t-source) if ; 3
.-/- '
fo ¥ fp = f = f
éﬁd fp £ g. In this circumstance, r g is said to contain a

Jthird-order triple TM-product on £ .
: : P

Remarks: Two t-sources -which differ onlv in  the relative
positions of the first and second elements are considered to
be identical. The third element of a t-source is referred to

as its neg-cons#ituent.

We note the following with respect tno Definition 3.2:

i) fp cannot equal either ﬁa or ﬁ; because otherwise,

f. would equal either fa' or %, which vicolates the
distinctness requirement; '

3 iiy 1f fé =fc (i.e. the triple oroduct on fp is
coincident with its neqéconstituent), then the
triple product on fp is said to be unsymmetric;

iii) Tf f #f then the triple product on f, is said to

P c
be symmetric,

v
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Lemma 3.1

If the (K,N) assiaganment, g, contains a symmetric third-order

triple product on fp Plie (f, + £y ~ £, = fp ) with fp 4 £,

then g also contains symmetric third-order triple products

on f fb, and Fc.

ar

Proof

By assumption fa+'fb- fo= f, with all f_,f

£ . f distinct.
! b’ e P

-

-

Thus we can write:

£t + f - f = f

a b P o
£ +f -~ f =Ff

p c a b X
f + f - f =f

P c b a

from which the rasult follows .from NDefinition 3.2.
-]

O.E.D.
Nefinition 3.3. (Third-order NDouble Product IM-Source)-

The ordered pair of distinck, fre u@ncies (f ,f ) taken from
*b 1 ’ b c

the (K,N) assignment, g, is a third-order double product TM-

source (or simply a d-source} if

2fp - fo = fp ' : "\

and f € g. 1In this circumstance, q is said to contain a
P

third-order douhle TM-nroduct on fp.
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We note the following with respect to hDefinition 3.3:

i} f, cannot equal either f, or f_ because otherwise,

which violates the

fo would equal £,

distinctness requirement;.

ii} Recause fc and fp' can be interchanged, the

existence of a double product on fp always implies

the existence of a second double product (namely

on fc);
iii1) Because f = 2f - f = f + f - f and re-
" P b c b b .
arrangement gives f + f - f = f |, we observe
P c b b

the existence of an unsymmetric triple,product on

fb .

Lemma 3.2

A (K,N) assignment, g, contains a third-order douhble IM~=
product if and only if it contains an unsymmetric third-

order triole TM-product.

Proof
Suppose the double product Zﬁb - f ='§) exists in g. Then

C

we can write:

wherej%),ﬁz, and Q) are distinct., ™hus, by definition, g,

contains an unsymmetric triple product on f .
P
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Suppose g contains the unsvmmetric trivle product:

3

£, + f, = f, = f, for which € 7 f,_.

Because unsvmmetry implies faé fb, we can write 2fb— f = f

Thus by definition, g contains a double product on f .

Corollary 3.2

Tf the (X,N) assignment q has no third-order trinle 1IM-

product, then it has no third-order doubhle IM-product.

Our concern in this thesis is primarily with integrating. the
charadteristics of (K,N)' assignments. The €Zﬁracteristic5'
are related to the distribution of third-order triple and
double TIM-products on frequencies within the assignment
itself. Lemma 3.2 is especially valuable hecause it proQides
a means for establishing the 1location of third-order double
IM-products once all third-order triple TM-products have

heen identified.
In particular we can proceed as follows:

Let S,(a) = {(£,,F ,F ) = (F_,f,

= | .
§,(9) (£ ) : (f

f_) is a t-source for q)

£.) is a d-source for q)

Assume now that SB(g) is availabhle: The set Sz(g) can, as a
consequence of femma 3.2, be constructedlhv identifying each
source (fa,fb,fc)e S3tq) which corresponds to an unsymmetric

_triple IM-product and placing into S,(g} the ordered pairs

4 -

(fc,fb) and (fc,Fa).
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Now let q he a (K,N) assignment containing the freguencies
(£, «..Fyl. For 1 <1 <K, we‘use the notation N3(fi:g)
to denote the number nof third-order triple products falling
on f; as a consequence of the (K,Ns . assiganment g. We then

define the worst triple intermodulation for g as:

L

WIM3(‘1) = max {NB(fl:g)} -c(3.11)
1 <1 <K

vﬁiﬁilatly, we define the total triple intermodulation for g
\
as: ’//
// K
o

Tanyis) = ) Ng(fgiq) - .. (3.12)

i=1

The quantities N, (f4:9), WIM,(q), and TT#,(g) are defined in
an analogous way within the context of third-order double
IM-products. We notef furthermore that, as a consequence of

Lemma 3.2, the folloy}nq is true:
K

§ N,(f;:q) = TIM,(g) = 2 NI‘J L. (3.13)

i=1
where N, is the cardinality of the set S3tg) where

o s (9) = {(f 'kb'f Yy = (f ,f ,f ) is an wnsymmetric
3 a < a b ¢ t-source for g}

The following example is presented to 1illustrate the

calculation of the third-order triplte and double TM-products

w

of a given (X,N) assignment. We construct all possible

-,

products for both types, and then illustrate the use of

Lemma 3.2 to determine the double products.

Pl
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(Calculation of Third-order Triple and Double
IM-Products for a (K,N) Assignment)

' » Example 3.2.

QOnSider the (4,5) assignment (i.e. K=4, N=5) with carrier

'

—ﬁfequencics (1,3,4,5). From Tahle 3.1, the possible number

IM-Products for Fxample 3.2,

‘—//of triple nroducts is K(K-1}) (K-2)/2 = 12 and the possible
' number of-double products is K{(K-1) = 12 in this case. These
are diven in Table 3.3.
.
Triple Product NDouble Product
“Combinations |Frequency | Combinations |Frequency.

fi.e. A+B-C) {Fgq™n 3.7) {i.e. 2A~B) (Fq”n 3.7)

1 + 3 - 4 0 2 x 1 -3 -1
I N I
3ia-1 | 6 | awi-a | 2
T1ea-os | N I
BT O P
3es-1 | 7 | 2xs -1 | o
T1vacs o o |Taxa-a |2
1es-a | 2 Tzxa-as s
Caes-1 | 5 | 2x3-s«| 1 | 7
R B
I A
Cavs-o3 s | 2xs5-4 | 6

Table 3.2. All Possible Third-order Triple and Double
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The number of third-order IM-products ?f each type falling

onto carrier freguencies is given with Table 3.3.

" Number of IM-Products
falling on f

hS
Inout Channel

£ Triple Double
1

1 0 1

3 1 1

4 1 Q

5 0 2

Table 3.3. Number of Third-order Triple and Double
IM~Products fallinq.on the Carrier

Frequencies of Example 3,2. "

We illustrate Lemma 3.2, bv first identifying with a * the

\\Ensymmetric triple products in the first column of Table

i) 1 +5 -3

il
%)

and i1) 3+ 5 -4 =4

These can he,maniculated into:

i
(S}

i) 2 x 3 -5 and 2 x 3 -1

I
H

i1) 2 x 4 -5

"
i

and 2 x 4 -3

it
LW

which are the four third+«order double products that appear

in the third column of Table 3.2.
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The IM-products produced in a TWTA due to input/output
amplitude nonlinearity and conversion effects (AM/AM  and
AM/PM) are predominantlv due to third-order distortion for
input powers up to satgration. If the number of third-order
products falling onto each carrier frequencv is known, the

: : :

assignment can be evaluated with respect to the certain
defined measures. One  such evaluation measure of a given

assignment in terms of baseband performance is called TM-

advantage.

The IM-advantage of a (K,N) assignment, g, in terms of

triple intermodulation is defined as:
0
IMA3(q) =10 loqlo [WIM3(q } /.WTMj(Q)] .- (03.14)
where qo represents a (K,K) assignment ({which is unique).

The quantitv IMA, {g) is defined in an analogous way within

the the context of third-order double IM-nroducts,

(K,K) assignments have been extensively studied [40] and in
? .

particular, it is known that the "center frequency"” in such

an assignment acquires the highest number of third-order THM-

products.

As a consequence the following formulas can be used to

0
determine the values of WIM3(qD)[38] and WIM2(g):



0
WIM, (g )

0
WIM, (97)

-~

2
(3K - 10K + 8)/8 k\a/
(K+1} /2

[(3k%- 10K + 9) + 2(-1) ¢

il

(k. - 2)/2 \

K even

1/8 K odd

K even

+

K odd
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.. (3.15)

.. (3.16)
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Chapter 4

ANALYSIS OF THE FREQUENCY ASSIGNMENT PROBLEM (FAP)

The frequencvy assignment problem (FAP) is concerned with the
effective use of the available bandwidth in communication
sy;;ems in which the multiple carriers use a common power
amplifier and hence give rise to IM-products. The amount of
IM-noise falliﬁg onto carrier frequency slots can be reduced
(and possibly eliminated) by properly arranging the carrier
frequeﬁcies within the 'available bandwidth. The problem is

therefore concerned with the best ~hoice of the K

frequencies which comprise a (K,N) assignment, g.

The FAP can be approached from either of two points of view,

namely,

9 N
a) Total elimination of IM-noise on the carrier slots,

h) Toleration of some IM-noise on the carrier slots.

In the first case (the IM-free channel allocation) there is
generally a verV inefficient utilization of the available
bandwidth, hence this approach has very limited practical
relevance, particularly when there is a need to accommodate

a reasonably iarge numher of siqnai channels [15].
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Solutions corresponding to the second. approach are QQpically
obtained by searching for a signai channel. alleocation for
which the worst-case intermodulation is within a vermissible
level. Dramatic improvements in - bandwidth utilization can

usually be achieved without serious ‘degradation.

. . .
In the discussion of this Chapter both approaches to the FAP
are examined from the point . of view of typical solution

approaches.

Historically, most of the research efforts on the FAP has
focused on obtaining 1M-free chan;;T\allocation 2], (31,
(91, (131, [23), (29}, (32]. Anv (K,N) assighment g for
which WIM;(g)=0, provides an IM-free solution to the FAP. If
a (K,N) assignment g is TM-free and there exists no (R,N)i
assignment'with i > K that is TM-free, then g is sqid to be
optimél. An TM-free assignment that 1is not optimal i§
suboptimal. Typically the problem is switched by choosing a

particular K and then attempting to  establish a least N for

which an TM-free assignment can be found.

Babcock (3] solved the optimum IM—free ~FAP for K in the
range 3 ¢ K < 10, and also provided a subdptimum solution
for K = 11, TLater similar results were obtained by Fang and
Sandrin [9}. These rpsﬁlts along with the ones generated in

this thesis can be found in Chapter 6 and Appendix.

Practical (i.e. efficient) methods for determining optimum

IM-free solutions for arbitrary K has not Yet Dbeen
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developed. Exhaustive search Eemains as the only assured
method, but it is computationally impractical (even the case
of K = 12 has not vet been solveﬁ). However work with
suboptimum approaches has progressed and in particular we

"—note the recent work of Atkinson et al. [1, 2].

In the following sections, various techniques for

investigating the IM-free FAP are given.

4.1. THE DIFFERENCE TRIANGLE FRAMEWORK

A difference triangle is usually represented by a difference

set whose constructiv procedu;e‘cah be found in [33]. A

procedure for constru ting;several difference triangles from
a difference set is Ahown in detail in [29]. The concept of
a difference set also provides a° connection with related

problems in coding [29] and graph theory [13]:

The probiem of finding a third-order 1IM-free frequency
assignment can be shown to be equivalent to the search for a
difference triangle with distinct inteqer:elements (9. 1If,
in addition, suéh a difference triangle has the least

possible largest element, then the coEresponding frequency

assignment is optimal (9].

The main purpose of studying difference triangles in this
case is to recognize whether a .qiﬁen assignment 1is third-
order IM-free or not. To verify that an assignment 1is

third~order 1IM-free (not necessarilv .optimum), one can
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construct the associated difference  triangle and examine it
for repeated entries in the triangle. If no repeated entries

exist, then this assignment 1is IM-free. However, this

" procedure is \Sot sufficient for determining ontimality of

the assignment, since a means for ensuring that the

-~

largest’- element has no

difference triangle has the 1least
. ) .

known solution.

Shown below is a tvpical form of a difference triangle which
is associated with the (5,12) assignﬁent of (1,2,5,10,122.
The constructive procedure for a,d{fference triangle 1is as
foilows: the frequencies of the assSignment are listed along

the top and right edge of the triangle. The Jj-th entry in

the i-th row with j > i is -ob‘tained:as-fj - f .
. 1 2 5. 10 12
1
2
-difference set — 5
.
10
) 12

NMotice that there are no repeated entries in this difference
triéngle; this éonfirms that there: are no third-ordér IM-
products.__;;e diagonal elements qf_a difference triangle
which has distinct entries, represent a difference set [9].

Hence the set (1,3,5,2), is a difference set. Note that it
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is also possible to construct a difference triangle from a

given difference set.

4.2, THE GRACEFUT. GRAPH LABELLING FRAMEWORK —

The concept of graceful graphsj provides an alternate
framework for representing the IM—frée FAP. The graceful
labelling problem, however, is itself not an easy problem to
solve [6]5 Some interesting recent results that have direct
relevance to the IM-free FAP can be found in {32]. 1In thié
section we illustrate the equivalence hetween the TM-free

FAP and the oroblem of constructing a complete graph with

graceful labelling.

A complete graph 1is a graph in which sach pair of distinct

vertices is joint by an edge; e.qg.

When it is possible to assign distinct non-negative integers
to the vertices of a qraphlwithout loops so that:
7 i} the largest such label is less than or equal to the
number of edges e, and - -
ii) the absolute differences between the paif of labels
at the end points of each edge are all distinct,

then such a graph is said to be graceful (14}, [32].
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A frequency assignment can he represented by a complete

graph whose vertices denote the carrier frequencies.

CConsider, for example, the three-cé%{igr case shown below:

_—

) f
2
1 | £1-f2 H‘hh“‘ijil=jzil_hq‘“5hq
i o f,
f -
N 31_

It all"differences are distinct, then the assignment is IM-

free.

Nuﬁgrical examples of complete graceful graphs for three and

four vertices are given below:

-

The results of graceful 1aQelling process vield the set of

vertices {0,1,3} and {0,1,4,6} respectively. To represent

them as frequendy assignments, we add one to each entry and

obtain (1,2,3) and {1,2,5,7) respectively. These
assignments are known to be optimum IM~-free, If we extend
the discussion to more carriers, we can observe that

graceful labelling is not possible.. For example, for five
carriers, it is known that the optihum IM~free assignment is

{(1,2,5,10,12). By transforming this assignment into a
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»

labelling, we obtain (0,1,4,9,11). Note that a complete
graph with five vertices has ten edges (i.e. e = 10). Thus
it is clear tﬁat graceful labelling is not possible for such
a graph in which the smallest bossible, largest label is
eleven. This violates the condition that the latgest label

must be less than or equal to e for graceful labelling.

Golomb [14} showed that it is not possible to obtain a
comp1e£e'graceful gravh for more than fpur vertices (K > 4},
He posed at the same time the question of finding a
labelling of a complete graph with K vertices, using the
smallest ©possihle labels so that al¥" of the differences
{(i.e. edge labels) would he distinct (32}. These labellings
are called Golth’s ruler;\ lA Golgmb ruler correspends lto
the ootimum IM-free FAP. Howevér, solutions for this problem
have been ohtained onlv for small values of K by cxhaﬁstive

search.

The TM~-free FAP however is not of particular relevance to
the objectives of this thesis, and therefore will not be

pursuerd further.

4.3. THE IM-MINIMUM FREQUENCY ASSIGNMENT PROBLEM (FAP)

A (K,N) Iassignment qg which wnrovides . an optimum TM-free

solution to the FAP has the property that

WIM = 0.
3 {q)
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Such optimum TM-free solutions, however, have limited
practical wvalue, m™his is because the cost of such

communicationn systems is directly related to the bandwidth

requirement, N, and the value of N becomes unrealistically

|
large as K increases (N = O(Kz) f1,21}). As a result,
practical solutions to the FAP are formulated in terms of
permitting some amount of iﬁtermadulation effects. The
problem then bhecomes mne of finding (K,N) assignments that
utilize the availabhle ‘bandwidfh N in as efficient a way.as

possihle without the «constraint of totally eliminating

intermodulation effects.

-y

. A

A
The common measure used for evaluating the. guality of a
{K,N) assignment, ¢, 1is based on worst-case effects. For
this purpose, we define the maximum or worst-intermodulation

{worst—-1M) associéted with the (k,N) assignment, g, as:

WIM(g) = ma N{f :g9) L. (40
1 <ifpx 1
where N(f ;9) = [ a N (f :q) + a N (f :9) ]
i 33 i 22 i

A

where a3 and a2 are parameters that provide a means for
hlending the effects of third-oﬁdeﬁ triple and double IM-
products. (Typically the vaiues chosen for a . and a, are 1
and 0.25‘ resvectively, since these reflect their relative
contribution in terms of signal ©vower.) The carrier

frequency (or frequencies) which yield(s) the maximum value

is (are) called the "worst.frequency(ies)“.

The IM-minimum frequency assignment- problem (FAP) can then
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he stated as follows: Among all possible (K,N) assignments

-

(with K and N fixed) find an assignment g* for which WIM(g™)
g

has the least possible value. 1In general q¢* is not unique.

‘Solving the IM-minimum FAP rapidlv Becomes comdutatiqnally
intractable as N increases because the only known solution
methods rely on exhaustivg search. Consequéntly, approximate
solutions obtained via heuristic vrocedures nrovide the only
practical alternative. The discussions in the remaining

sections of this thesis are, in fact, devoted to this topic.

As an illustration of the nature of the computational task
involved in an exhaustive search prﬁcess,. consider the case
where K=10, N=56. The number of pnssible (K,N) assiqnments
is in the order of 109. For each su¢h assignment, 360 third-
order triple products need to be eveluated (i.e. sums of the
form (A+B-C)) and 90 third-order doubie products need to he

evaluated (i.e. sums of the form (2A-B)).

The best known reported work with heuristic wprocedures is
that due to Okinaka et al. 1261, and thelr approach is
outlined in Chapter 5. The investigatiopns in this thesis

include experiments with their method as well as with some

variation;,on it.

Related atudies in the literature have bheen concerned with
. » .

establishing Upprer and Lower Bounds on WIM(g ) where g 1is5 a

solution to the TM-minimum FAP (23]. Our discussions in the

sequel examine the avproximate solutions generated by
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heuristic wprocedures with which we experiment within the
context- of these estimates, In Chapter 6, we will compare

our results with known bounds on the ootimum solution,
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- . Chapter 5
SOLUTION PROCEDURES FOR THE

FREQUENCY ASSIGNMENT PROBLEM (FAP) ///

e

In this Chapter various procedures for obtaining both true
ard approximate solutions for the IM-my{nimum FAP are

discussed. Included are a description of the Okinaka et al.

\

heuristic [26] and two newly proposed alternate approaches

whose solution speed is generally superior.

5.1. IM-MINIMUM FAP VIA EXHAUSTIVE SEARCH

True solutions to IM-minimum FAP can be thained' by
exhaustive search in which all possible channel éllocationa
are examined. Such an approach, howﬁve;, becomes infeasible
when the number of carriers and the bandwidth ratio become
large because-the‘ number of possible channel allocations

becomes unmanageable (as in optimum IM-free case).

- .

One of the program packages (called EXHAUST) developed 1n
the context of the research project desqribed in this thesis
is based on exhaustive evaluation for finding the true

solutions for both the IM-minimum and IM-free FAPs. The
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basic input to this program is the number of carriers K.
The procedure in the vrogram sta%ts with a é) assignment and
finds the true TM-minimum assignment(s) for the cases (XK,N)
with M = K+1, K+2, ... until an IM-free- assignment is
found. This sequential approach therefore generates, for a
given K, the IM-minimum assignments. for each bandwidth (i.e.
M) up to the 1limiting case where an IM-free solution is

possible.

For any particular (K,N), there are, in general, multiple
solutions to the TIM-minimum FAP (i.e. multiple (K,N)
assignments, q* » which have the same smallest value for
WIM(g * }). In order to refine the reported results, = a
secondary criterion was therefore applied 'In the EXHAUST
program among the eguivalent IM-minimum solutions. . This
criterion was based on examining total intermodulation and
choosing only those solution candidates that vyielded a
smallest value for TIM(g*). The ﬁse of total intermodulation

as a secondary criterion in the search procedure is used

extensivelv in other phases as outlined insthe sequel.

Certain l1imited results have been bbtained with the EXHAUST
program and these coFrespond to selected (K,N) cokhinations
with K 5"20 and K < N < 40. In the 1literature [e.g. 5], .
optimum IM-free assignments are available for up to 11
carriers (i.e, K < 11), wgereas IM~minimum assignments have

never (to the author”’s -knoﬁledge) appeared in the =

literature. These results can he found in Chapter 6.
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5.2. IM-MINIMUM FAP VIA BACKTRACKING

4

Backtracking has proved to be an efficient solution strategy

for a variety of problems. 1Its applicability within the IM-

. minimum FAP context is briefly examined in this section.

Generally, in order to apply Backtracking, the desired
solution to the problem must be expressible as an n-tuple
such as (x;, X3, ..., x;) where xi’s?arg chosen from some
finite set. Often the problem calls for finding one or all
soiution vectors which satisfy an objective function {16].
In  the case of the FAP, the desired solution 1is an

assignment expressible as a K-tuple {fl, £, ..., fK) where

2
£f,;°s are chosen from the finite integer set (1, 2, eees NY.
Furthermore, solving the IM-minimum FAP calls for finding

vectors which minimize the worst-intermodulation.

13

The underlying idea in Backtracking is to build up the
solution vector (i.e. assignment) one component {i.e.
carrier) at a time, and to use boundiné values (i.e. worst-
IM values for K~i, i = 1, 2, ..., (K-2), for fixed N) to
test whethey 'the vector being formed has any chance of
success [16]{. The objectiﬁe i1s to identify partial solution
vectors which cannot possibly lead to an optimum solution b?

avoiding fruitless computations that would i;herwise be

carried out in an exhaustive search.

-~

-

Figures 5.1.(a), {(b), and (c) illustratewthe application of

the backtracking method fof solving the TM-minimum FAP for
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each of the cases where N = 7, -8,' aqd 9 respectively. In
each case, the value within a nodé is the worst-IM for the
assignment that 1is comprised of the carriers that lie on

branches of the path to that node. We assume that the tree
. .

is constructed from top to bottom, and left to right. The
starting branch is alwavs labelled 1,N because of the
underlying constraint. The root node has no worst-IM value
because none can be computed with only two carriers (hence
the *1.

There are basically two criteria which we could mak®. use of
when applving Backtracking to drop branches from Ffurther

consideration. These are: ¢

i} All paths from a node can be oruned, 1f the worst-
IM value associated with that 'node is greater than
or equal to the smallest worst-IM value currently
existing at the level where K = N-1,

ii) A-particular nath from a node at level K = j can he
pruned, if it leads to a 1¢a§ node and the worst-IM
value at the node is greater than or equal to an

existing node value at level K = j + 1,

The likelihood of occurrence of (i) is very small (in the
three examples conside:;d, it never occurred) . This is
because of the éharacteristic of the FAP that as W becomes
large, the worst-IM values differ_signifiéantly from level

to level in such a way  that-as level increases, worst-IM

values increase too.
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Figure 5.1(a). Backtmoiagram For FAP With N=7
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Figure 5. 1(b). Backtracking Diagram For FAP With N =8
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Figure 5.1(c). Backtracking Diagram For FAP With N =09
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Occurrences of (ii) are one out of 32 assignments in Figure
5.1.(a), nine out of 64 assignments in Figgre 5.1.(b), and
nine out of 128 assignmeﬁts in Figure 5.1.({(c). Those
branches which could Bé pruned are indicated by an X. As N
increases, the percentage of the assignments (2N'"2 in total)
that can be discarded does not incrgase but, unfortunately,

decreases.

Therefore Backtracking (in the manner shown here}) does not
provide a particularly effective means for handling the IM-
minimum fAP, hpt, as presented heré,"it theoretically makes
possible the generation of true IM-minimum assignments for
given N, and all K < N. IM-free‘assignments {i.e. those
with zero worst-TM value)} are also -found. However these are
3
not necessarily optimum. Déterminiﬁq whether or not they
are optimum tequires adﬁitiona} comparisons of these
assignments with those obtained for the same X, but

different N.

é.é.'IM-MINIMUM FAP VIA THE OKINAKA HEURISTIC

Okinaka et al. [26] have ©presented a heuristic algorithm
which éives'an approximate solution tb the IM~minimum FAP.
For convehience, we refer to .their approcach as the
"Sequential Insertion-Deletion” (SID) Method in the sequel.
We now describe the method as presented in {26]. It will Be
noted that their procedure contains some arbitrariness. This

defect is dealt with in the nexé\iiction.
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In the SID method, two tvoes of opbcrations called "deletion®
and "insertion" are alternately carried out on  some

initially prescrihed assignment.

a

The deletion operation transforms a (C,N)' assignment into a
(C-1,N} assignment, while the insertion operation transforms

a (C,N) assignment into a (C+1,N) assignment.

In the deletion operation, one carrier is selected from the
current assignment and removed from it. The specific carrier
that is selected ié-the one whichlcauses the most reduétion
in WIM(g). 'The procedure is summarized in Fiqure 5.2 (the

style of alqgorithm nresentatinns follows that sudqested by

"Gren [271) .

Get a (K,N) assignment g

Delete the carrier in ¢ to ohtain a

(K-1,N) assignment §

At — — —————— ] —— kA o ek b i o e M Bt o S ——————

Choose that § for which WIM{g) is smallest

Tigure 5.2. Deletion Procedure
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In the insertion operation, an additional <carrier is
inserted into an unused slot in the current assignment. The
.slot selected is the one which causes the least increase in

WIM(g). The procedure is summarized in Fiqure S, 3.

-y

Get a (K,N) assignment g

Insert a carrier into g to obtain a -
(K+1,N)} assignment §

T e e et = - ——— e — —

Choose that § for which WIM(G) is smallest

Figure 5.3, Insertion Procedure

The SID method begins with a (K,N) assignment and
successively applies , deletion-inkertion and insertion-
. e ; 2
deletion operaticns. If the [carrfer slot deleted in the
deletion operation 1is differekh fro he slot selected in
! m—Lhe

the next insertion operation (or vice versa), then this pair
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of operations (i.e. deletion-insertion or insertion-
deletion) vyields an improved assianment {lower worst-=IM)
which then becomes the "current" assignment, This succession
of deletion-insertion and insertion~deletion operations aré
repeated until no further improvement can he obtained, - that
is when the assignment is repﬂated.-‘Tt should he ohphnsized
that this process gives an anproximate solution to  IM-
minimuml FAP which 1is dependent on the initial frequencv

assignment that is used to inttiate the procedure.

The SID orocedure outlined in Fiqure S.d_correSpondslto éhe
presentation as given in [26]. Onfortunately the alqorithm
contains a flaw that can lead to an unending loop. This can
occur because the control criterion estahlishing completion
is based on comparing an intermediate assignment (eigher g
or §) with the existing current assighment g (Sce * and #*+
in Figure 5.4). A situation which can, with reasonable
likelihood, occur is one wﬁefn. these intermediate
assignments are distinct from g, but have the same WIM
value. The iteration therefore reneats bhut may vield an
tdentical circumstance and this mav continuo-end]esslv.

This matter, as well as another shortcoming of the éID

o
Drocedurelare dealt with iD the formulation of one of the

alternate heuristics described in the following section.



Get an initial (K,N) assignment g
Initialize DI <-- “SUCCESS”
‘Initialize IN <-- “SUCCESS~
Initialize FIRST <-- 1

T e ————— o ———— . A — — —— ————

L - AL AN S e A ek —— — ————— - — ————— . —— ——r ——

Invoke Deletion operation which yields a
(K-1,N) assignment §

Invoke Insertion operation which yields a
(K,N) assignment g

TR MR e v e e L A e e ——— i e Ak Bk = . — — ————— —

Then | set DI <-- “FAILURE”
{i.e. no improvement in
deletion-insertion phase)

Invoke Deletion. operation

N which yields a (K,N) asg. §

Until no reduction in WIM(J) can
be obtained

T e e e e T e oy ———— — — ——n " — — v o—

T T R A S M S M S L AR e e s e e e — - ——————— e . — ry -y ———

Then set ID <-- “FAILURE”
(i.e. no improvement in
insertion-deletion phase)

et e G b —— e M —— L — T — = — — &b —

Endwhile

Figure 5.4, SID Algorithm
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5.4. PROPQSFED ALTERMATE HEHRISTIC METHODS .FOR TM—MTN:}MUM FAP

In this section three alternate heuristic avproaches to IM-
minimum FAP are proposed. The first of these can be viewed
as a refinement of the SID method described in the previous
section, with the principal difference heing in the =trateqy
used for selecting carriers in the deletion and insertion
phases. The other th alternatives are based on a different
underlying concept. Comparative performance results for

these three approaches are given in Chapter 6.

5.4.1. The DELTN Proponsal

As presented in Figure 5.4, the STID alqgorithm contains a
significant arbitrariness. - This occurs in both the deletion
and insertion aétivities cdntnined in the procedure. In
car;icular, it can he notedlfrom Figure 5.2 and 5.3 that
hoth these steps embodv the implicit assumption that a
unique assiénment with a least worst-TM value %s generated,
This is, in fact, not true in general and conéequently some
‘ o
refinement 1is necessary to more precisely define the

procedure.

~The DELIN pronosed heuristic deals with this indefiniteness
ByAincorporatinq a secondary criterion hased on least total
intermodulation and this criterion is used to refine
{reduce} the set of equivalent assignments that have the

same least value for worst intermodulation. The application

~— -
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of this additional criterion does not quafantee a unique
result but - our experiments have demonstrated that it
provides a subst®ntial reduction in the number of equivalent
results. When more than one assignment’remain in this set,
the one initiallv Aiscovered is taken as the result. 1In
Figure 5.5 and 5.6 we show the ' modified deletion and
insertion nrocedures  which inéorporate the. secondary
criterion of least total intermodulation. |
As a result of the use of the tntal=IM criterion, the DELIN
procedure can convenie;tly cirCquent the possible cycling

that can occur in the SIN nrocedure.

A way of circumventing the endless lonp problem referred to
earlier which could be considered is to replace the

termination conditinon of (*) and {**} with:

TF ( WIM(3) = WIM(g) ) then
and TF { WIM(®) = WIM(g) )} then
respectively. However hecause there are generally many

assignments that have the same minimum’ worsthM, such a
check would 1likely terminate the problem prematurely. 1In
view of the incorporation within the deletion and insertion
procedures of the secondarv criterion hased on total—-1M,
these conditions can be extended and made more useful in ' the

following wavy:



Get a (K,N) assignment g

TN AT m e e s e w —————— —— = - = —— = -

TN OTETR AT N O S S e e e e s e = e — o —— —

Delete the carrier in g to obtain a
(K-1,N) assignment §

TN G D e R L o e e - —— = e T . —— i —

Evaluate WIM{(J) ,TIM{(J) and record these values

Else | If, among the assignments with smallest
WIM(J), there is a unique § for which

TIM(J) is smallest

Else Choose the one that was
4
initially discovered.

____________________ g ————— " ——

Endif

Figure 5.5. Deletion Procedure for DELIN
’ A,




]

.-Get a (K,N) assignment g

T — - ———— —— o ——— -

Insert a carrier into g to obtain a
(K+1,N) assignment g

———_—_—-.__...—_____—____—_._—...__—-—4..--.—__..-__—.-——.-_.—

Else If, among the assignments with smallest

WIM(G), there is a unique g for which

TIM(g) is smallest

Else Choose the one that was

initially discovered. .

‘
T T T T e e e T e . e e e

Figure 5.6. Insertion Procedure for DELIN and IN
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IF ( WIM(3) = WIM(g) and TIM(J) = TIM(g) ) then

and IF ( WIM(Q)

i

WIM(g) and TIM(§) = TIM(g) ) then

The DELIN heuri 'caig, in fact, based on these conditions.

DELIN process' as described above represents. our
implementation of the SID method. The assiénments produced
by thié implementation usually differ from those reported.ﬁy-
Okinaka et al, [26], but the WIM @alues are essentially the

same (IM~-advantage values differ by less than four percent).
4

#2-4.2. The IN Proposal

7

g

The DELIN prqgedure (i.e. our implehentation of the Okinaka
et al, .[26:)heqristic) can be viewed'as a perturbation
process which ,.successively refines an initially specified
(K,N) assignment to geﬁerate an approximate solution to the
IM-minimum FAP. An alternate approach that * can be
considered is one which is based on a constructive strétegy.

The IN and INU heuristics that are outlined in this section

and in the one fqllowing, are formulated on this basis.

. : -
The Insert procedure as outlined in Figure 5.6 provides the
underlying mechanism upon wﬁich the IN process is based.
The procedure is executed (K-2) timés in succébssion,
creating from a basic (2,N) assignment, a sequence of‘(J,N)
assignments, with J = 3,4,...,K. The final (K,N) assignment
in this sequence provides £he approximate solution to the

IM-minimum FAP.
!

F

-
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Two noteworthy features of this process‘are:'

i) there is lne reguirement for an initial "priming”
assignment to initiate the procedure; i.e., it is
self-starting, -

ii) a by—préduct of the solutiqh for the .(K,N) case is
a solution for‘eagh of 'the cases {J,N)" with J.= 3,

4, ..., (K-1) (thi;\éan\gsparticularly signifiéant

and valuable in system design).

*

A Pseudo-code algorithm for the IN heuristic is given in

Figure 5,7. ~

¢

Get ‘the values for K and N
Create a (2,N) assiqnment-called‘%
by placing carriers in slots 1 and N
- I. /
For ‘each’'I = 2 to (K-1)
. ‘“_-—1_-___:-.__-'_-_0—'--__——_T_'_ ---------------- : “\5’

~|' Replace g . with g .
. I I+

" using the Insertion procedure

W

\ﬁ.
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5.4.3.. The INU.Perosal “

‘The INU ;procedufe is ,a variation of the IN.procedure in
which an alternate strategy is usaQy to select a (J,Nx
assignment from the set E{(J,N) " which contains ‘the
assignments that minimize the- worét-}ﬁfﬁ\‘ Like the 1IN
procedure, TNU is a constructive p:odess whi&h successively
generates a sequence of- (J,N) - assignments with J =
3,4,...,K? A fundamental feature of each new assignment in
this sequence is that a carrier 1is placed into a slot which
.was previsusly unassigned. Thus:in -anticipation of this
‘insertion, - it 1is relevant at Ehe‘thh -step to take into
account the intermodulation which ﬁalls on unassigned siots,'

since such slots will be utilized in subsequent steps.

More specifically, liet U{gJ) d hote ~he unassigned slots
.associated with the (J,N) assighment g4 The characteristic
featurezof the INU procedure is that the salution candidate
g selected from E(J,Nl is the one for which L[U(gJ )] is
smalheét where L[U{g))] denotes the ieast intormodulation
_falliﬁg on a'slot within ﬁ(g). The case of non-uniqueness
ié handled Ey simply choosiné the-fifsl candfdate_tnat was
discove:ed‘by tﬁe procedure, In effect, the INU approach
replaces tﬁ%;)total 'intermodulation 'céncept of the 1IN
heuristic with the "unassigned slatﬂ_concept'when making a
selection from E(J,N). A pseud04cbde‘;statement of tﬁe INU
procedure  is the. same as given in Fjgure 5.7 with the fact
that INU uses the modified inéertion ”;;ocedure which

{ncorpo;ates,the concept of unassigned slot. 1In Figure 5.8

we show the modified insertion operation for procedure INU.
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]
Then Choose that g
Else | Evaluate U(g) for the'assignments
for which WIM(g) is smallest
If there is a unique § for which
L[U(g)] is smallest -
Then | Choose that §.
Else | Choose the one that was
initially discovered.
Endif
N i 4 b
Endif

Get a (K,N) assignment g

T o o T O L S it S L e e . i e S o - " ———— T} i S o s .

Insert a carrier into g to obtain a
(K+1,N) assignment g

T i i e i et e . e ks S ———— s e s T o e s

T e o L . S R i L i T — ——

Figure 5.8. InsBertion Procedure for INU
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Chapter 6////—_’_///

g .
COMPUTATIONAL RESULTS

This chapter summarizes the computétional results obtained
from experiments with the INTERMOD7program. This program
includes the FORTRAN code of the four FAP solution
procedureé, namely EXHAUST, DELIN, 1IN, and INU that are
outlined in the preceding chaéterl In response to an
initial prompt, the user can‘speéify the particular solution
option that isAdesired. The INTERMOD program is comprised of

approximatelﬁ}l400‘linés of FORTRAN code.

6.1. RESULTS WITH THE EXHAUST PROCEDURE

The IM—minimuﬂ results obtained by: the EXHAUST program do
A;E appear in the literaéﬁre except'fgr those whose results
are in fact" IM;free; Table 6,1 is the summary of the
results for 168 different (K,N) pairs. For each pair, the

© following iﬁforhationris.provided:

i) the worst-IM value of the solution({s)y obtained,

ii) the number of solution(s) (assignments) that share

3

this IM-worst value,

e
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i1} the minimum total;IM among the ,various'éolutions.
in (i;),

iv) the number of solutions that share the minimum
total-IM value given in (ifi),

v) the'figure identification‘in the Appendix where

the actual assignments cdrresponding to {iv) are

expliditely - given ',Eogether with the

intermodulation falling on each carrier.

‘Some of’ the results in Tﬁble 6.1Twe;e obtained with the
INTERMOD program running on an'Amdaﬁl mainframe while others
were obtained using a DEC Rainbow micfocomputér. In the
latté; casé, substantial execution timgs were enqountered;
e.g.‘elagsed time for the case (K=9, N=24) was 6.5 hours and

the elapsed time for (K=9, N=38) was 15 days.
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. Mo oor Lases :
Mo of Cases e X ’L'th h ben Location af
MUATEaNFicalN IRV he Same ,
K N PWoarst-Ir{\Wwith the Sanne Assignments
ST T S tarity | Worst-1M and .
Aorst-Ir Min Total-ir |0 Figure
4 | 4 p; T 3 1 Al
4 9 ! 3 z 2 AlZ
4 6 ! b 1 < A3
a7 0 | 0 | Al .4
S| S 4 ! 1E) o ALS
5 S| 3 < i .z Al B
97 2z £ ¢ & \ At
S| B, 1 & 3 g Al.8
N - B ]
S| 9 1 i3 2 J A1 G
5 {10 1 36 ! 4 SR
S 111 1 &0 | 1 Al
4 . — = (/—h\ -
S {12 O z N & \ Al12
: \‘
Table &.1. Summary Of Trije =g esults Obbained
By The Procedure EXHALIST ‘
o - \
a _ ~
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Ma af ’38’ .
Mo ar Casgec o 10 8t Leses Location of
. Minirnum | With the Sam N :
} Moo Worst-1Wath the Same Asblgnments
o Tatal-i Wwor=t-1H ;:ﬂd N Fi ,
Wor s Min Total-ip |7 Figure
519 7 ! 34 ! AT
o[ ? S 3 24 3 A4
6 8 3 it S L Al15
6| 9 3 Q ok 2 A6
6 114 g R e 2 AL 17 .
& |11 % 23 7 Ly TA18
‘ : .
6| T3 ! ! 3 2 A1.2C
6 |14 ! 70) N a AT.21
SRRE ! 150 g L AL.2Z
6 [1a [ 7 304 g 57 A1.23
6 [17] T~ dB0 57 A1.24
= vr‘* .
& 1 18h 0 o .y g AL.Z2S,
. —

Tahle &.1 (Cantinued}
— S

Summary Of True _|i‘1-r‘1in'5rﬁum Hesults Obtained-

Y

By'TM%ercedure EXHAUST

A

o
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e AL Lases [’li'wimur.n ‘ii’?tho E r:ialies Location o
KoL N [worst-IM{with L\he—‘bame o N ¢ same Assignments
Warst -IM | Total-it ~.-'Jgr‘:utfim and In Figure
Min Total-IM .
7 Z 1 ] £ ! 1 > A126
171 6 & 2 A6 z A1227
7] 9 2 : G | A126
7110 5 N 29 3 Al2Y
7 4 1) 24 & A150
7112 _3 g - 2 ] Al 3
7113 3 4 6 & A132
: 7114 . 113 L 2 A1 35
JAE RS 2 R " 4 A4
7 116 , S13 a £ A1.35
7117 1 2 7 g A1.36
7| 15 G- 4 A1.37

&)

6.1 (‘-tom.inued,}

“a

zx(;__

by The Frocedurs EXHALST

CoSummary Of Trye IM=Mimimgen Pesylls Obitained
. 3
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o ol Cases i ::jr;:if;:im LOC_?UOH O'rf

Kb W [Waorst-imaith the Same Totaiitt | Warst-1H and ASblgnmean

| erstn | Min. Total-im |7 Figure
7 |19 ! 54 ey e A1.38
7 |20 | 146 3 g A1.39
7 |21 | 268 - I B A1.40

1722 ! 643 2oz 1 Arad
7123 A2z 2| se Al1.42
7 | 24 | 2mia | 0 e T s
7 {23 Lo | 3300 o 46 Al.44
7|26 Q o 9 N Al .45
sl 8| 15 | 100 P Al 46
81 91 it l“. 50 o Al.47
& |10 G 2 G z A1.48
= &1 & L od ! Sz Al1.49
| 8 |12 ! 2 45 2 A1.50
Table 6.1 (Continugd?
Summary Of True IM-Minimum Results Obtained
/""“‘—"‘\\' By .The Frocedure EXHAUST | -
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—
o~ ~ .~
a S :
] NG af Cases o NE‘]‘ i LBses Lacation of

) Minirnum | With the Same PO

K | N [werst-ir]wWith the Same Assignments

Tatal-1m | Worsat-1M and -
Waorst-iM Min Total-iv | Figure
8 |13 B 23 38 4 AlSH
g 114 5 20 33 . A1S2
g |15 4 4 51 2 A1.53
g |16 |, 4 66 ; \ag 10 4 / A154
. : |\

8117 4 334 2 g R
8 |18 3 24 20 g \1.56
8 |19 3 192 e 2 ANS7
3 \\5

8 |20 3 A6 15 5 m.sa\

8 |21 2 13 K & | a1se .

8 |22 2 P 1) A1 B0
8|23 2 Dbz J ] AlB1
8 |24 } v oz . A1 B2
8125 1 10 & 2 [ AlB3

Table 6.1 (Continued'f{
Summary Of True iM-=Minimum Resulls ngtatraed ™~

By The Protedure EXHALIGT

—_ s . : .
- . .
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o Sf Lases Minirnum \r.\i’ci]f;hozhceazt:ne LOCQUDD O'r
ol N JWorst=ImWith the Same iﬁai- i1 | Worst=lM and Assgnmenl;
Worst-IM Min. Total-ir | N Figure
8 |26 1 26 5- 2 Al B4
8|27 1 134 4 4 Al1.65
g | 28 1. 344 g 22 Al.6b
h8. 29 1 716 3 14 AlB7
d | 30 1 1646 2 12 Al.68 |
3 {31 | 5182 2 20 A1 69
g |32 1 6236 | 2 A1.70
& | 33 ! IDI‘;;O . ! 4 AL.7H
8 {34 ! N/A N/ A N/A N/A
8 | 35 J 1 G l [ 9]
9| 9| 20 " 152 | A1.72
91 10 16 2 124 2 CA1.73
g1 11 13 35 104 2 A:'1 74
Table 6.1 (Cx:mtmu_em‘) )
Surnmary O Trye [M-Mininmurn EESUILSQDbtained”
y By The_\PT*oce[_jure 'E)(HALJST

‘NSA .-

Not  Available
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No. of Cases . Ne ol Loses Location of
O Fhinimum | With the Same Assignment s

Kop N JWaorst=iMPwits Ihe Sane ratal-its | Warst-1t1 and :

| Warst-iH | Hm. Total-1M In Figure
312 11 4 5} —3 AT 7S
g [13] 10 17 77 6 AlT76
g | 14 9 4Q) 66 2 A1.77
3 |1s| 7 | =8 N A1.78
q |16 7 74 5% 4 A1.79
g |17 6 29 47 6 A1.8B0
g |18 6 260 42 B ATBI
9§19 5 42 36 2 A1 .82
9 {20 4 8 37 2 A1.83
g 21 4 38 30 & \al 84
g {22 4 232 27 4 A1.85
9 {23 3 2 b g A1 86
9 |24| 3 . 26 2! 2 187
9| 25 3 186 20 Al.BE

i 5
N

Table 6.1 (Continued)

Summary Of True IM-Minimurn Resulls Obtained -

By The Proc&d_l}jr‘e EXHAUST
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Mo . .of Cases . rdq.af'Cases Location of
t ;’ er e [Minimum | With Lhe Same Assignments
Nk vgoiii:!?jyg“ltnﬁ.Jdnje Total-Itt] Worst-ir and n Fi )
waorst-In Min. Total-if |- Filgure
g |26 3 Goo 18 2 A1.89
g |27 S 267Q 17 g2 A1.80
g |28 2 30 15 2 A1.91
N ' .
g |29] 2 94 | a3 4 A1.92
_W/ ‘
g | 30 2 A7E o 2 Al1.G3
g 131 2z 1.542 1] |2 A1.94
afz2| E g 4 A1.95
9133 oL 2 8 2 Al
o34 .\ \ 14 3 4 A1.97
9 (35| 1 74 5 4 A1.98
9136f 198 .5 2 A1.99
91 37 1 414 g 10 A1.100
9|38 1254 3 6 A1.101
: 4
Table 6.1 {Continued)
'SLunnnary:Of-True IM-Minimum Resulls Obtainéd W
By The Procedure. EXHAUST

™
LR
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No. of Cases Minirnum \r\i,ft.hazhiazzfm -ocalion of
K | N |Worst-tMIWith the Same Assignments|-
Aworst-im 7 Tota%%ff VJQPSL_]M and In Figure
Min. Talal-IM :
9| 39 1 2364 5 12 A1102
a |40 | 5296 3 40 A1.1037
g {41 1 A | s L oA ON/A
9 | 42 | h/A M A N/A A
9 laz| e NZA N/ WA b A
9 | a4 2 MY A NS A N/ A N/A
glas| o | 1 ol (9]
10 |10] 26 - R 1Yo ! AT.104
10 |11} 21 .3 184 3 A1.105
10 {121 18 .8 .'ﬂ158 S A1.106
ol s | 3 ] s > A1.107
10 {1al 13 2 1272 2 A1.106
10} 15 12 7 109 4 AY.109

Table &.1 (Contitued)
- Summary Of Trye IM- Phnlwunn Qe:ulis Obrained
B*’ThPF3FOCCGUFe\EXFDXHﬁT

. NZA :tﬂﬂ.HvaHabnf

L

=~
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Nq. of Cases Minira :jd(:rho ;th_ﬂ;me Locgtiom of
K | N [Waorst-1mWith the Same o ‘ Assignments

Worst M Total-1H \VLN‘S'L“|T'1 and b Figure

Man. Total-ir.

ta| 16 1 32 GS 2 A1 110
ta | 17 10 44 64 2 AL
10| 18 9 , 49 76 2 ATT12
11‘ 1 33 | 305 1 Al 113
RS > 26¢ > AT 114
ey 1aty 23 S s 2 ATTIS
111 14 20 - 2U < Al 116
111 15 15 < 177 2 AV 1YY
11116 16 3 159 2 Al T16
1117 15 5C 145 % A1.119
‘J;_‘L 18 12 8 130 2 A1120

Table 6.1 (Continued) | |
summary Qf True M-Mirmum Bezults Ohtzined
- By The Procedure EXHAUST
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N -
' o of Lase Minirmum ii/?t‘hO:hCeBZZiwe Loc-a.tion of
K| N [Worst-[M[With the 5 mel i | warst-IM and ASS‘QWGMS
» worst-ir Min. Totgl-ir |7 Figure
1212 40 1 41 \ 1 AT 121
12113 33 1 35@/’ 1 CA1.122
1z{ 14| 20 4 314 3 AL 123
121 15] 26 % 2650 4 A1.124
2] 16| 23 £, 25 > A1.125
2017 2 ; 230 > A1.126"
12118 193 5 210 2 A1.127
. 4
131131 a8 | 536 | A28
i3 14| a 2 470 2 A1.120
131 15| 35 | 427 | A1.130
13 18| az 5 377 2 A1A3
3l 12 28 ot 41 2 A1132
13013 ze 4 314 ? A1.133
Table 6.1 (ngtiﬁued) .

summary OF Trye M-Minimurs Resylls

By The Praredure TXHAUST

Qbtained
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,-./“
' N .
| : Na of Cases Mirnirnem :.\{']t.hm h(:a‘585 Locabion of
SIRSN i ! 3 .
Ko N [Worst=IMWwWith the Samaej: VILh the Same Assignment s
Worel -t Total-1t | Wor=t-t1 and | ‘
orst-iM <Min Totat-im |- Egure
14| 14 57 | 686 ] AT 154
14| 15 49 z CH08 3 A113S
14l 16 a3 g 546 3 AT136
14| 17 59 S 497 g CA1E7
141 18 35 q =3 4 Al.138 .
14419 33 48 416 ? A1.139
15| 15 67 | 2 |
/ y B 1 S A1.140
15] 16 Ste 2 770 2 \ A1.141
15117 St R 599 | f{ At 147
15| 18 47 3 637 7 \ AL 143
15| 19| 42 ) =86, v Y A ag
15{ 20| 39 8 | sa3 2 J\m.ms
. e TN

Table 6.1 (Continued)

Summary OF Trie

By The Précedure

’

|f‘1—f’11hil‘ﬁu_m\ mesylts Obtamned
EXHAUST
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Nog. af Cases o NO!‘-\ 0 CBSES Location of
. N Lworst—irl with the Same Miniraum | With the Same Assignments
{ /0rs o 24l | Total-IM Worst-1M and n Fi _
| Worst - Min. Total-IM lgure
- [~ . .
16f M6 7717 1064 e AL 146 |
\ K. ol
16l 17 67 i 960 1 a1 ta7
161 18 60 4 876 3 Adk.148
16| 19| s5- 7 " | 804 2 i A1.149
l}
171 17 86 ] 12§5 L A1.150
171 18 76. R & 1_1!?6‘ 2 A1.151
Yy
171 19 6 1 /)1()’82 - A1 152
. - N B -
17| 20 64 A 1 994 2 A1.153
171 21 59" Z 928 2 AV 154 |
18] 18] 100 ) ' 1560 ! A1.155
18] 19| 89 3 1422 3 A1.156
18| 20| a0 a 1314 3 A1.157
16] 21 74 o 1215 2 A1.158
18| 22 63 2 1139 . 2 A1.159

Table 6.1 (Conlinued) ]
'Sunwnary(M’TrueJM;rﬁnnnﬁhﬁQesuHﬁ Obtained
‘By The Procedure EXHAUST
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Tahle 6.1 (Continued)
Summary Of True IM-Minimurn Pesylts Obtained
By The Pracedure ERHAUST

% e
af Cas " o
No. of Cases " N9 TLESES ogtion of
_ _ ) Minimum { With the Same -
K | N JWorst-IM[With the Same] _ Assignmentls
1 ' Total=1t1 } Warst-111 and n Fi
- Worst - | Min Taolal-im |'M Figure
EVEC NERE 1 1857 1 AT 160
19|20 o1 2 1704 2 A1.161
19{ 21 91 | 1579 { Al 162
19| 22| - 8a 7 1468 2 A6
9l 23| VYo . 26 1374 5 Al 164
20| 20| 126 N 2190 ; A1 165
2021 113 | 20720 | AT 166
201 22| 103 g 1676 7 A1167
20| 23 95 | {762 | A1 168
3
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6.2, SENSITIVITanF DELIN TO INITIAL STARTING ASSIGNMENT

The " DELIN  option in TINTERMOD . represents our program
implementation of the Okinaka%eé al, heuristic [26], and our
particular 'interest is with comparing the performqnce of
our IN and INU heuristics with Ehat'of DELIN. However an
intrinsic requirement of DELiN " is an  initial (K,N).
assignment wﬁich serves to "prime”™ the DELIN solution
p;ocess. In IZQLK the uclaim isl ﬁade that this initial

starting assignment has 1little .consequence on the final

result obtained. Because our performance comparisons are

carried out in terms of solution time, it was felt that somqé
experiments should be undertéke;ﬁQRth_pELIN to explore the
sengitivity of its soiution time to thé.initial assignment.
Such experiments could prdyide the basis for eﬁsuring that
the chosen initiél assignm.nts in the tests with DELIN did

not unreasonably impair-its performance.

In these experiments, both random and prespecified
assignments were considered for the:(K-Q) carrier positions
available in a (K,N) assignmgnt (recall that carriers must
always occupy positions 1 and N). Iﬁ‘the random assignment,
these (K-2) positions were allocatéé using a random number
generator. In the non-random assignments, the remaining
{K-2) <carriers were arranged into groupings around a center

frequency; e.q., '

i

-
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The above assignment shows three groupings around th énter

frequencies of cl,cz, and c3.2 Within each grouping, the

carriers occupy adjacent sloq;. around the center frequency.

In the non-random tests, several prespecified patterns were

congidered; namely:

i)

ii)

iii)

iv)

Even (uniform): In this case the spacing between
carriers in the assignment is set equal or as
equal as possible taking into account the
constraints imposed by the values of K and N, It
should be noted that this pattern is the starting
pattern used by Okinaka et al. [26]. |
Left Clustered: In this case (K-2) cérriers are

placed in (K-2) adjacent slots immediately.to the

right of slot one,

-

Right Clustered: Here (K-2) carriers are placed

in (K-2) adjacent slots immediataly to the left of

slot N.

~

Middle Clustered: - In 'this case (K-2) carriers are

placed in (K-2) a65;5ent slots centered at the
(N+1)/2 (N odd) or N/2 (N even).

Edge Clustered: In this case (K-2) carriers are
split into two equal groués which are then left

clustered and right clustered.

S
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vi) Triple Split Clustér: Here (K-2) carriers are
divided into threa equal groups which are then

left, middle, and right clustered.

Extensive tests with these various initial assignment
strategies were carried out. The deneral conclusion
obtained from these tests is that the even 1initial

assignment is significantly better in terms of solution

-time. Thus all the DELIN tests réported in the following

were obtained using this choice for initial assignment.
Exceptions to this general rule are cases where the results

of IN or INU are used to initiate NDELIN {see Table 6.3),

The results obtained also confirm that the quality of the
final result (as measured by IM-advantage) producéd by the
Okinaka heuristic (as implemented in DELIN) is not sensitive

to the initial starting assignment.

6.3. COMPARATIVE PERFORMANCE OF DELIN WITH IN AND INU

The main results of this thesis study are outlineé in this
section. These results are contained in Table 6.2, 6.3, and
6.4. Table 6.2 shows assignments obtained for sixteen
different (K,N) pairs wusing the DELIN, IN, and INU
procedures. In addition, results ffom Okinaka et al. {26]
are given for comparison purposes. * In each case the IM-
advantage value is also provided. We' note théﬁ- for each
(K,N) pair, the quélity of the asﬁignment in the four cases
is‘\esséntially the same, although the assignments are

different.

-~
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Frequency Assignment and IM-advantage \Value (dB)

K| N = .
Okinaka e!. al. [DELIN with Even IN INUI
20140 1 2 F S5 & 1 2 * a s 2 = a4 6| V 2 3 a 9

71006 17 19) 2 11 a3 a7 qa g 12 13 a8 201 9 116 17 19
24 26 27 32 34] 22.24 29 W2 3323 26 277 31 34| 24 27 28 33 34
36 37 38 39 «0| 36 37 38 39 40 |36 37 3B 39 40| 36 37 38 39 40
(4 45) T es7y (4473 (457) |
2060l 1+ 2 3 e a9} 1 2 3 a 7| v 2 a 5 s| ! 4 7 10 1
12 13 19 22 2710 12 17 20 24 15 4 2122 30 12 13 18 26 27
32 41 43 47 Sd| 32 I7 41 a4 48 35 37 J0 45 49 I6 40 44 47 48
S5 5658 59,4055 SB S8 59 60 | S5 gg SE S9 60| S3 0SS 57 S3 6O
(673 {6 £Q) ' (6577 (62
olsd’l 1 2 3 4 8] 4 4 s a | 12 4 5 9 4 a4 5 2 @
‘ 11 16 28 30 41117 8 27 23 73 1302+ 28 R3S [ 14 20 22 35 o
45 52 $7 51 £2| 40 4% S5 59 68 &5 46 59 k1 T 400 S0 57 A0 68
70 73 76 79 BQ|?3 74 76 7a 80 | 72 74 77 79 80 | 63 73 77 79 80
(8 18) (7 99) (822 (8 22)
200108 1 2 3 5 10 v+ 3 6 13 14 12 4 8 13 t 2 3 4 10_
17 20 31 42 45) 17 25 31 36 374 19 Z1 31 40 494 i 17 32 35 g2
48 55 67 80 B85} 43 S7 A4 82z B4 | B 66 6780 82] S6 60 70 77 89
89 90 96 98 100| 91 95 97 99 1go | 89 92 85 95300 | B8 93 97 99 100
@54 (954) (9 24) {954)
Table 6.2 Frequency Assignrnenls With IM-acfvantage Values

Obtained Fram Variaus Heuristics.
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Frequency Assignment and IM-advantage Value (dB).. }

“I" Okinaka el. al. |BELIN with Even IN N
eo ] 12 3 4 SE 1 2 3 4 s v 2 3 4 S| | o2 4 5 7
' 6 7 10 13a5| 7 8 8 10 97| 7 3 '3 14 IS8 10 11 12 13
18 22 26 27 32| '8 23 27 .28 32|18 21 22- 2% 30| 18 22 24 26 20
34 35 @) a2 43 | 34 36 40 4% 45 |34 35 OR7 40 45 32 36 a0 41 44
47 49 S0 S4.55 |46 45 52 53 S5|a? 49 SI 53 551 47 48 51 53 55
56 57 S8 59 6056 57 58 S9 60|56 57 S8 S3 /g | 56 57 58 59 60
(4 30) (433) (4.25) (422)
3090123461234?1‘245_?12345
915 16 13220 9 10 11 16 201 8 10 13 19 21| 5 5 43 e 20
28 31 I6 39 42} 26 29 32 38 43| 25 31 38 41 45 2o ;29 3137 46
47 59760 G4 68| SO S5 52 62 65| Sy S8 S8 53 pu S0 52 60 63 ’56'
"TQ-78 79 gt a3 69 7S 78 8D 82| 72 74 79 80 B4 70 75 78 82 g3
85 86 B8 89 90| 86 B7 B8 89 90 fe 87 88 89 90| g5 g7 gy go 50
(637) (6 33) (6.27) (6 40)
301200 12 3 4 6} 1 2 3 s gl 1 2 4 80| v 3 5 ¢ 7
313 17 18 321 8 13 s 46 23 12 13 a8 21 | 9 10 16 22 26
39039 48 S10S6| 26 32 a1 a9 5o 38 42 45 50 61| 32 40 48 55 b2
62 63 76 77 85| S8 67 71 83 37| 63 b6 76 BI\92] 73 76 B1 88 OO
90 96 ioz_meno 90 95 99 102 114f 92 95 102108 114 99100 105 108 110
P13 117118 119120 115 117 118 115 120|116 117 118119 120{ 113 117 118 119 120
(7 85) i788) (763) (7.71)
3015012351‘013456'246813581_0
1418 20 29 39 10 16 27 27 37 © 13 21 11 32| 13 21 23 25 39
40 45 52 66 7Ol 40 Se 66 68 69] 33 41 45 S4 Ba| S5 6d 70 7?1 85
75 81 87 104116) 88 91 93 @93 13| 74 81 90 96 102] 92 97 106 {10 11}
P17 126135 140 1431119 126 127 135 126 | 112 128 170 133 136119 120 130 138 141
145 147 148 149 159|140 142 145 149 150 144 146 1477149 150|143 144 147 148 150
(8.95) (8 88) {888) (888)

Table 6.2 (Continued )
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Frequency Assignment and IM-advantage Value (dB)
— ;

" Okinaka et. al. |DELIN with Even IN INU
8012345123451234512345
678!01367'891057*3&‘26?8'1.1011
16 18 22 24 25115 16 17 22 2s5|'3 v 18 20 24 4 g 16\ 20 22
2228 32 35 39026 31 r3.37 39)25°28 31 35S 32| a5 a5 33 35 34
43 45 4B 48 52]42 44 Sy S22 S4 45 46 43 s3I L e 56.52 55
61 62 64 65 66|56 53 62 &4 BS|SE 59 A1 63 67 g5 o9 g0 g5 pe
70 71 72 74 75068 69: 72 73 75|89 M 72 74 75 68 69 73 74 7%
76 77 .78 79 89|76 V7 78 79 go |7 77 78 79. 80| 25 77 v 73 go

(422 (423) (azt) (a2l )
rz0p 12 3 4 51 1 2 3 4 5|/ 1 2 3 4 5| 4, a2 3 4 5
- 6 7 8 121518 11 12 13 21 B t1 12 13 7 6 7 g 10 1§
V7?22 31 32 34f 25 27 28 32 8| IR 21 30 31 32 ?20""22726 31 32
39 45 55 57 65| 41 42 S0 53 SS| 3B 42 45 SO S4| 40 43 48 S5 S6
67 70 77 78 82| 64 65 71 71 83 61 63 66 76 771 6o 65 73 76 81
88 91 96 97100 87 89 99 100 102] 81 88 92 94 95| 8B g9 g9z 99 100
105 109 111 112 1131107 108 111 113 134102 108 141 113 14| 105 108 110 112 113
P16 117 118 1191201 115 917 118 119 120 (116 117 118 119 129 Y16 117 118 119120
- (625) (&21) (621 « (B24)
Table 6.2 (Continued!
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Frequency Assignment and IM-advantage Value (dB)

184 195 198 199

(8740

196 197 198 199 200

(866

‘I Ok_ihaka et. al. {DELIN with Even IN INU
agliso] 1 2 3 .5 7 12 3 4 6| 1 2 3 4 7
g8 10 13 20 2! g8 10 13 2t 22 8 10 13 15 23
S 70 31 37 4 3031 32 42 45| 24 25 39 a1 as
45 56 58 66 T 50 94 66 72 78| 55 57 g9 70 74
71 72 79 92104 /A 89 91 97105 106 | 82 95 gg 101 108
108 115117 1265 132 110122123128 138 116 120 123 130«134
136 145 143151 152 144 145 148149 152 140 147 148450 153
154 156 158 159 150 1S5 156 158 159 160 | 156 157 158 159 160
(763 ( 754 ) _ (7.63)
golzo0l 1 2 2 4 § 1z 3 4 8] v+ 2 3 4 5§
| 9 10 13 20 26 9 13 15 2! 22| 10 16 18 20 26
32 38 45 S4 56 3t 40 45 46 SS| 31 34 42 48 53
71 .75 gz 8% &6 62 56 81 86 94| 64 70 73 77 104
104 106 117 128 132 N/ A 97 111114125 123{1G8 115 120 123 135
144 146 161 164 175 137 142 153 163 167 143 156 160 163 159
176 184 185 190 192 171 175 187 190 192

170 179 180 188 192
193 197 198199 200
(872 )

Table 6.2 (Continued)

N/A

T
/

/
P

Assignment is not available because execulion
terminated due Lo excessive computational time.
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Frequency AssignmenL-and IM-advantage Value (dB)
" Ckinaka et. al. |DELIN with Even [N INU
50 b2 3 4 sty 23 4 st 2 3 a5 o2 3 4 s
- B 7 8 910 6 7 9 10 11f 6 7 8 9 11| 6 7 8 10 1
16 17 18 19 22/ 1213 16 17 21} 1213 15 19 21| 15 16" 17 20 23
24 2528 31 36|23 24 27 31 37|23 27 28 31 34| 2528 31 32 38
38 41 a2 44 45[39 41 43 45 52 36 40 44 45 48| 38 39 41 47 52
53 55 58 62 64| 5456 60 62 €3[| 5158 &1 62 66| 54 56 S8 - 60 66
67 .68 73 75 7|67 68 €9 76 7B| 67 BB 73 7S 77|67 70 72 77 79
81 8BS 86 83 89|81 82 56 g 88| B0 82 &S 86 87| 80 61 865 83 89
90 9192 93 94190 91 93 94 65| 89 G 92 94 95| 90 82 93 g4 oS
96 97 98 99100/ 96 97 S& 99 100 | 95 97 98 99100 | 96 97 98 99 100|
(413 ) (410 ) T 4e) | (414)
50 12 3 4 5 I 2 3 4 s| 1 2 3 g4 E
6 7 8 3 12| 6 8 9 10 13| & 8 10 1) f’}
20 21 24 29 33 16 21 23 31 32| 16 21 23 25 27
36 39 43 46 48 33 41 45 46 S4| 33 39 40 a5 48,
S8 60 64 66 76 S7 S8 65 66 74| S5 56 64 70 71
77 B85 90 96 98 N/ A 80 81 90 92 96| 81 85 86 92 97
99 105 109 113 118 102 107 109 112 119} 95106 110 111 119
123-128 131 134 135 123 126 128 130 133 120 128 130 133 137
138 139 141 142 144 136 139 141 142 144] 138 141 143 144 145
146 147 148 149 150 146 147 148149 150( 146 147 148 149 150
(615 ) (610 ) (6.14 )

Table 6.2 (Continued)

N/A

Assignrnent is not available because execution
termineted due Lo excessivE computational Lime.

.
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Frequency Assignment and -IM-advantage Value (dB)
K| N
Okinaka el. al. |DELIN with Even N INU
S¢l200] + 2 3 4 g v 2 3 4 6| 1 2 3 4 0§
6§ 10 11 14 |5 | 8 9 1315 21| 7 9 10 16 18
" |20 27 33 35 4 ' 22 30 31 39 40| 20 26 31,34 42
45 S1 52 60 74 : 45 46 55 62 66| 45 48 52 64 70
76 18 81 92 ap . |75 81 86 94 97| 73 77 82 89 94
FI6 110 116120 136 M;’A‘ FOB 1L §14 125 129]10471Q08 11S 120 123
140 142 143 145 157 - 1437142 149153 163|135 140 143 146 156
164171 173 179 180 167 171 175177 179|160 163 169 170 179
184 185 188 192 195 {87 189 190 192 194|180 188 189 192 193
196 197 192 199 200 | 156 197 198 199 200{195 197 198 199 200
(7S ) S irssy o ( 7.43)
sal2so] 1 2 2 .4 S 1oz 3 4 8l 2 3 4 6
B B 10 11 18 20 1 7 8 103210 7 13 14 15 18
24 26 33 42 4| 25 31 39 44 45| 27 31 33 416
S7 6t 72 73 77 S1 S8 66 69 gI| 47 S2 61 65 77
Bl 93 106 111 129 BA 97 108 110116 B0 97 100 102 121
131 179150 1S3156{ . p/A 123 135 140 151162128 131 138 148 154
165 171 184 191 197 170 177 172 194 198[163 170 178 185 196].
203 208 214 216 225 202 210 211 223 225[203 206 212 220 226
233 236 237 240 243 227 232 234 239 243|230 234 238 241 242
245 247 248 249 250{ 244 245 248243 250243 247 248 249 250
J - (8.65) - . (B5S6) ( 8.56 )
Cosr ' ‘

Table 6.2 (Continued)

NZA 0 Assignment is nat available hecause execution
terminated due to excessive computational Lime.
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The results given in Table 6.3 provide some insight into the
possible ysefullness of using the assignment obtained from

either IN &r INU to inipiate DELIN. Table 6.3 considers the

same-;ixteén cases used in Table 6.2, and results shown
under'the "Even" heading aré a. repetition of the results
given in Table 6.2 uﬁder the "DELIN with Even" heading. Iin
the, remaining two columns are shown tﬁe assignments
generated by DELIN when it is initiated‘with the assignment
obt;ined from IN and INU respectivély;l The objective then
is to compare the IM-advantage Valués in the 1last two
columns of Table 6.3 with those in the last two columns of
Table 6.2. It can be noted that ghe values in the former
case are only infrequgntly larger and "any difference .is
relatively minor. This suggests that there is little point
in the approach of using DELIN to ﬁry to improve ("refine")

the results obtained from IN or INU.
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frequency Assignment and IM-advantage Value (dB)

-

K. H Chtain€d from DELIN -using the Initial Assignment
Even output Tram IN | output from INU
.20 40 1L3a51~23‘:612345'
2 1t 11 17 19 e 12 33 18 20 9 1116 17 19
©22°24 29 32 °33 |23 27 28 31 34§ 24 27 28 33 34
) 35 37 38 39 a0 % 37 3B 39 40| 36 37 38 3:9 40
(457 ) (4 S52) ™~ (457)
24 A b2 rooa 7)Y 2 a4 5 8 2 4 7 11
19 12 17 20 26 13 14 21 22 ZQ > 18 26 27 32
3237 41 a4 a8 | 35 37 40 45 49| 36 40 42 48 S3
95 5B 58 52 62 | sgige 5859 0| S5 5?7 S8 S9 6O
(669 ) {653 ) (669)
20 ts1¢] i 5 G 1t 12V4'89 ! 4 5 6 B
17 %8 27 33 33 13 2125 3 35| 14 20 22 35 I
40 4% 55 58 A3 a5 4h S0 At 7t 40 S0 57 B0 68
77 74 75 79 aa 2 74 77 79 80 | &g 73'7?' 79 80
(799) (822 (822
20 100 1 1 Ho 13 td 1 2 4 & 13 1 2 3 4 10
1725 31 36 37| 19 2173 40 4S|4 17 32 35 g
43 97 64 82 B4 | 61 66 6780 82| S6 60 70 77 go
9195 97 99 too | 83 92 a5 96 100 sg g3 97 99 100
( 954, ( 924 ) ( 9.54

Table 6.3 Frequency Assignments With IM-advantage Values
Obtained Fram DELIN With Various Initial Assignments.
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Frequency Assignment and iM-adavantage Value(dR)
K M Qbtained From DELIN using the Initial Assignment
 Even cutput from iN | autput friom INU
30 6 R . - BT T S
78 3 10 T e Y s a3 1St 7 o8 10 12 13
18 23 27 28 Zxtie 3 zzf 29 301 98 23 24 26 3
Ja4 36 @) 43 48 | Fdem3T 37 80 49 | 3T 36 400 41 44
. 46 48 53 53 g5 |4 48 51 53 s | 47 43 §1 53 59
56 S7 S8 53 60 |S6 57.58 SG go| S6°S7 S8 59 6O
{433 (437) (433
30 30 T2 3 4 3 I T
' 9 1w 1 1s M 710 iz o1g 21 7 012 13 1% 20
I AL T 1 B
WSS R ORZ RS ed 58 59 53 B 50 52 k0 61 65
BE OS5 VB 80 B2 72 74 79 30 B4 15 45 78 g2 g3
. 56 87 B8 89 90| sp 87 88 89 901" gg g7 s 89 o9
{633) (640 (6 40)
30 els 2 % s g b2 a4 B o1 13 5 & 7
Q1 086 23) 12 07 a7 21 3 9 10 16 22 26
2B T2 a4l a9 s2| 3p 42 43 so 61| 32 40 48 55 S5
58 &7 71 33 871 gn 7z 76 @1 od| 62 76 81 BB 90
90 BS99 o T an 102 19T 1E11E] G99 100 105 108 113
TIS 117 g 19 120 fv1e 1172 18 319120 16117118 119 129
{ 78R ( 728 ) (780)
30 1S L T - S| T G- Y
1016 22 27 FT{ a 43 4 51 32| 13 21 23 29 39
40 .56 66 68 B9 13 41 45 56 74| 55 64 70 ?1 85
(' g8 91 9% @9 13| 31 90 a6 1oz 12| 92 97 105 110 115
. 119 126127 135 126 | 119128 130 133 136[120 130 127 141 143
140 142 145 149 150 | 144 146 147 149 150|144 145147 143 150
(888) (899) (899)

Table 6.3 (Continued)
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Frequency Assignment and iM-advsnLagé Value (dB)
" Y = | Letained Trom DELIN using the Initial Assignment
wEvgn autout from IN | output from INU
40 30 1234512_3451234_5
5 7 8 -9 10 5 7 8§ 9 121 g 285 g9 i
IS 16 17 22 25| '3 14 18 21 24 4 18 20 22
26 X1 33 7 39[29 28 31 35 37} 55 a9 33 35 39
42 50 52 sS4 45 95 43 S3| 40 45 50 52 S5
S5 59 62 64 65|56 S9.61 &3 67 57 59 60 65 E6
68 69 72 71 75|69 TV 72 V4 TS| g5 72 73 74 75
76 71 78 79 80|76 77 78 79 80| .5 77 38 79 80

(42%) (4213 (423)
W 120 [ 2 3 4 5 o2 .3 4008 1 2 X 4 3
& 11 12 13 21 B 11 12 13 a7 ) 7 9 10 |6
25 27 268 X3 I8{ 18 21 30 31 33| 20 22 26 31 33
{ 41 42 S0 53 SS| 18 42 45 SO 541 40 g3 43-‘55 55
o4 65 71 73 B3I 6t 63 66 TE T?| 67 S 73 75 81
87 89 99 100 102} 81 88 S92 394 99| gg 9¢ 97 g9 10{5
107 108 111 143 114]102 108 111 113 114 {105 108 110 112 113
— IS V7B 119 120 116 117 113 119 12 116 117 118 119 120

(6211 C(B24) (627)

Table 63 (Continued) 7
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Frequency Assigﬁment and M-advantage Value (dB)
K N QObtained from DELIN using Lhe Initial Assignment
Even autout From IN | output from INU
a3 = 121 4 8 -2 3 a 7
) B o0 1293 15§ 10 13 15 23
22 30 31 42 45| 24 25 19 At a8
S0 54 og 72 78} S5 57 &9 70 74
YA §2.91 97105 106 | A2 55 Qs 10t 10G
110 122 122 128 131{ 116 120 123 138 134
133144 145 143 152 140 147 148150 153
155 156 155 152 160 | 156 157 158 159 160
( 7658 ) (763)
44 200 {1 2 I 4 8 1 2 3 4 9
a 43 15 21 22040 16 18 20 2%
2 oq0 45 48 ST 31 34 42 52 g4
62 66 B1 84 94§ 69 93 77 yp4 108
N/ A Q7 t11 114125 129|111 115120 123 135
’ 137 142 1SZ 1A3 167|143 156 16D 163 169
171 175 167 190 192{170 179 180 188 192
19¢ 197 198 199 200{ 193 197 198 193 200
(5650 (B72 )
Table £.3 (Continued]
N/ A Assignrnent is niot available because execution

terminated due to excessive computational tirme

\
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Frequency Assignment and IM-advantage \value (dB)
Obtained from DELIN using the Inital Assignment

K H

Even autput from IN { output from INU
50 100 P2 3 -4 511 2 3 a st 12 3 4 5
5 7.9 w |l e 7 8 g9 1| & 7 8 10 1]
~ P23 e T 212 1T 1S 13 25012 15 4 17 29
23 3427 %) X723 27 28 3 3423 28 31 32 35
3G g1 43 45 82 35 40 <4 45 47 38.39 41 47 52
454 56 60 62 B3| 48 51 61 52 563154 S6 S8 60 66
e BB B9 76 78{ 67 88 73 7S 1767 20 Y2 77 79
81 82 B6 BY 83| 80 82 B85 86 &7 (BO 8! 86 88 89
90 91 93 94 95] 85 91 92 94 55|90 92 83 g4 55
96 97 OB 98 IDQ| 95 97 98 99100 |96 97 98 99 100

(410 (417 (416)
50 1501 2 3 4 S| 4 2 3 4 5
6 8 9 10 13] 6 8 10 11 13
16 21 23 21 320 16 21 23 25 27
33 4y 45 a5 S4| 33 39 40 45 48
57 S8 66 74 8Q] S5 56 64 70 7|
MY A B1 87 90 92 96f 81 85 86 92 97

102 107 109 112 119
123126 128 130 133

136 139 141 142 144

99 106 Jit0 111119
120 t24 128130137

138 141 143 144 145

T4b 147 148148 150{146 147 148149 150
(B 14} (618)
Tahle 6.3 (Continued) - -

N/A

Assignment is not availahle because ezecution
terminated due to excessive computalional time
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Frequency Assignment and IM-advantage Value (dB)

K N Qbtained from DELIN using the Initial Assignment
Even output from IN | autput from INU
SO o 200 b2 3 4 6 01 2 3 a4 5
q 3 S 13 15 2% 7 9 10 16 18
22 030 3138 4Qf 20 26 31 34 42
45 36 S5 62 kel 4B 9B 52 64 7O
781 86 94 ar| 73 77 52 89 94
NS A TQB 111 114125 129]104 108 115 120 123
P37 142 148 153 13135 140 143 146 160
167 171 175 1772 179162 169 175 175 179
a7 8% 190 152 194)180 188 189 190 192
.l¥§é 197 198163 200|193 197 198 199 200
(753) {7589
50 250 g 12 3 4 st 1 2 3 4 6
708 11 1z 210 7 13 1a 15 18
- 35 31 33 45 51| 27 31 33 41 46
S8 59 71 &I ga| 47 52 k3 77 80
Q7 100 108 110 116 97 100 107 121 128
N7 A 122 135 149151 162|131 138 148 154 163
170 177 179 194 1881170 178 181 t85 189
202 210 211223 225|203 206 212 220 226
227 232 214 2359 243|230 234 238 244 242
24d-245 248249 250 250

€867

243 247 248 249

(863 )

Tahle 6.3 (Conhnued?

N/ A

Assignrnent 15 not avatiable because ezecution
terminated due Lo excessive computational tirne.
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The purpose of Table 6.4 is to provide éolution time (CPU)
for the three heuristic methods (for each of the sixteen
- cases considered previously). It should, in pérticular, be
observed that the solution time_ £ of IN is always
significantly less than that of fBoth DELIN with "Even"
initial assignment (by a factor_of at least 3) and INU (by a
factor of about 1.5). From the fourth and f%;th columns in .
Table 6.4, it can be noted that the solution time of DELIN
is substantially improved when its'starting assignment is
obtained from either 1IN or INU. This, of course, 1is not

surprising.
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" Execution Fime ( Seconds ) for

DELIN using the Initial Assignment

FN cuen autput aulput IN INU
fram N fraom INU
20 40 26 3 5 8 12
20| &0 a4 g 25 1 4 27
20| ac 76 13 E 21 a2
20| 100 120 16 15 27 59
301 60 337 94 1y 86 130
30| 9q 567 216 88 159 | 255
301 120 923 336 230 231 | 330
30| 150 1162 246 530 k304 | 488
a0 80 2093 201 524 479 | 658
40| 120 3507 757 450 B8S [ 1107
40| 160 | over 50Q0 [ 255 3934 125!55 1811
40| 200 | over 63000 5 l.a 1250 16{;:4 2262
50| 100 5625 | 1230 1170 | 1803 | 2356
50| 150 | over 10800 | 1387 | 1745 | 3333 | 4060
S0 200 | over 15000 | 1260 | 3590 | 48e3 | 6299
sa| 250 | aver 12000 | 4g77 3066 | 3266 |830S

Table 64 Solution Times (In Seconds) For The Procedures

DELIN , IN and INU

* Rounded To The Nearest Integ'er =
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6.4. RESULTS-FROM "IN" RELATIVE TO KNOWN VALUES AND BOUNDING

FORMULAS

Table 6.5 provides the results from an interesting set of
experiments.carriéd out to examine - the behavior of the IN
heuristic for the cases where IM-ﬁrée results are known.

Ideally, for these cases one woul 7like IN to generate an

assignment for which the worst-IM value was zero. Table 6.5 .
gives the worst-IM values acfually obtained and the
correéponding solution times, In only two cases are the
worst-IM values equal to zero. However in the remaining
cases, the obtained value is small and, considering the
relatively short solution times, these reflect well on thé
efficiency of 1IN heuristic. Note also that the worst-IM

values shown are for the combined triple+double case,

expressed in terms of triple,
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N Worst-irt rasutting | Execulion
- - Eryre 1) | . -ije
(seconds)
[
:5. ) ' oo
4 7 L SN
S 1
9 4 ! oo
O 18 ! .05
7 26 3 1 4.07
8 35 . Ot
G 45 'S . Q.50
LG 1 oo (.59
P 73 . 1.26
e e . 2.27 )
13 12 2 4.44
14 1256 49 7286
15 196 2 12.48 i
16 T&d 7 19 &4
'y 200 3 2977
Table 6.5 Worzt-IM Results and Salution Times. For

The Procedure IN (with those K N values
for which WM-Free assignment 15 aveailable
(21,109,029
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The objective in Figure 6,1 - 6.8 is to examine the results
obtained from IN; relative to upper and lower bound formulas
‘for IM—advanﬁage for variﬁus bandwidthrratios, (N/K) . The

- N

value for.upper bound is obtained from thebaefinition
o w
by substituting the lower bound value for WIM3 (g) that is

given by Maxemchuk [23]).

Each of the figures corresponds to a value of (N/K) in the
range 2 to 9. 1In each case, the figure shows.the upper and
lower bound values, for N extending . from 0 to 200. The

points shown correspond to results obtained from IN and,

where available, results obtainéd from EXHAUST. Note that

. in Figqure 6.8 the unper bound value is not shown because the
procedure from Maxemchuk yields a value of zero for the

lower hound value on WIM,(q) in the range of N that is of

interest.
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A Im-sdvantage (48}

10 7 B . -
1 LAGEND,
’ i 6 resulte obtained
e by KENAUST
< ‘e cesults obtalned 1
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14 .® regults obtainad
by EXUAUST & IN
i] ars ldantical
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rigure 6.1, [M-advantane versus avallable bandwidth for {N/K)=2
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. by EXHAUST
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Figurs 6.2, IM-padvantage versus avallable bandvldth for (N/F)e)
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17 i LEGEND,
QO resultas obtained
147 “ © by EEXMAUET :
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L
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IN

J LECEND,

® remulta
2 . “by 1IN

obtalned

LB

0 1b "2 10 4o

Yiqure 6.9,

fp IM-advantage (aB)

Ly

la

16 ¢+

1% ¢+

14 4

124

1171

lo+

50 &0 7o an

. -

iH-advantage

V5100 116 1Mo Tia 140 1Tte L YR T T e e

VETaUe avallable

banawidel

for

(N/x) =t
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3T LECZHD ,
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4 .

1

1
o o 20 10 40
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UuB

n

LB

LECEMD,

= rasults obtalnad

by IN

3 +

o 10 10+ 3p 40 30 60 0O BO 90 100 110 130 13¢ J40 130 160 170 180 190 200

Y

Filgure 6.7, [H=advancagy Versua avallable banduidih for HLFS Sy ]
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As can be observed, the points all fall within the upper and
lower bounds and furthermore the results of IN almost always

coincide with the true results obtained from EXHAUST.

1 .
6.5; OVERHEAD OF{OBTAINING BOTH DOUBLE AND TRIPLE PRODUCTS
™~
|

1

4’ ’
Table 6.6 providesL\some insight into the solution time

overhead.incurréd when double products are included in the
analysis. From the data shown in this table, it can be seen

. that this overhead is in the order of 10%.

.\E&*ﬂ//
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Execution Time ( Seconds)
for IN when determining
K N . .
Triple Praduct | Triple + Double
Product
20 40 770 857
20 50 112 15 63
20 &0 20 64 2267
20 100 2716 29 B2
30 A0 80 .22 93.2?2
30 GO 153 .63 1712686
30 120 231.18 249 .44
30 150 | * 30427 327.47
Table 6.6 Solution Times For The Procedure IN When

Determining CGniy Trinle Products Or

Tripte + Double Products.
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Chapter 7

CONCLUSIONS AND FURTHER STUDY

7.
In this thesis various methods have been studied for solving
the frequency assignment problem (FAP) with "egual-level"
carriers in satellite communication.isys;ems. The study has
exclusively considefed third—ﬁrdér products (both double and

triple) because these have dominant power.

Our initial effort in the study was to obtain soiution to
the IM-free FAP. However no method apart from exhaustive
search could be uncovered and. the inefficiency of this
approach made it practically ipfeasible. -Furthermore it
became apparent that IM-free freﬁuency assignments are
inefficient in terms of bandwidth ﬁtilization, especially
when large number of carriers muét be accommodated.
Therefore the IM-minimum frequency :assignment problem was
considered. Solutions to the IM-minimum frequency assignment
problem vyield gignificantly better bandwidth utilization
[15), [23]. Unfortunately exhaustive search continues to be

the only means for obtaining true soiutions to this problem.

In this thesis two heuristic methods, namely IN and INU are

~

Y .
developed to obtain approximate solutions to. IM-minimum FAP.
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The results with these heuristics are compared with the
results obtaineﬁ using heuristic recently proposed by
Okinaka et al. [26])., An enhanced version of their proppsal
ha; been implemented in a program called DELIN (see section
5.4.1).- The results obtained witﬂ'the proposed heuristics
are also compared with true solutipns obtained using the
program called FEXHAUST. To our knoﬁledge, thg IM-minimum
results’' from EXHAUST have ﬁever'appeared in the literature

{except those cases where an IM-free solution is zsﬁilable).

\‘u

The results of our comparative studies are summarized below:

wa

i)fThe guality of the assignments in terms of IM-.
advantage obtained from DELIN, IN, and 1INU is
almost identical.

ii) The 1IN procedure generally runs at least three
times faster than DELIN.

1ii) The execution't{me of INU 1is generally between

that of IN and DELIN. This is reasonable since the

execution time of iNU is equal fo that of IN plus
the execution time for 'checking the unassigned
channels in the case of a tie in (minimum) worst-

M.

Therefore the procedure IN 1is .the best among three

heuristics that were examined.

Other analyses of the results obtained with IN procedure

have yielded the following observations:
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i} For the true solutions which are available from
the EXHAUST program (for small values of K), the
IM-&dventage values of the approximate solutions

obtained by IN are 1in close agreement (frequently

identical).

ii}y The IM-advantage values of tﬁe appkoximate
solutions produced by 1IN are alwavs within the
theoretical (lower and upper) bounds.

iii) The difference between IM-advantage values
obtained with 1IN and thé upper bound becomes
smaller as the bandwidth (and the number of
éarriers) increases for any particular bandwidth
ratio (N/K). This suggests that the results
produced by IN are also of good qualiﬁy for large

values of N, K (independent of N/K).

Another aspect of our study was an investigation of the
sensitivity ofhthe DELIN procedure (i.e. the Okinaka et al.
heuristic [26]) to the initial assignment. Our experiments
demonstgate that the "even™ initial assignment is the most
regsonéble from the point of view of solution time. In
particular i outperforms random assignment and other

prespecified patterns,

~
——

It should also be noted that when determining double +
triple products, all programs make use of Lemma 3.2. As a
result, the overhead from the double products has a minor

’

influence on the overall solution time.
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As a possible area of further étudy, we recommend an
examination of a generalization of the inseftion (and
deletion) procedure(s) that is (are) used in the DELIN} 1IN,
and INU algorithms. In the curfent version, frequency
carriers (slots) are inserted (deleted) one at a time; i.e.,
we use a "l-at-a-time" approach. The obwvious generation is
a "c-at-a-time" approach in which c < K carriers (slots) are
inserted (deleted) at each stage. The value of ¢ could be a
user supplied output parameter. When ¢ = K, the procedure
becomes an exhaustive search. - Solution time would
necessarilv increase with increasing values of c, but better
‘quality solutions could be anticipated. Simiiarly, 'Sther
variants of neighbourhood search procedures could be used.
For example, we might consider all assignments obtainable by
exchanging c¢ currently 'assigned slots with ¢ <currently

unaSsigned.slots.

H

A more extensive examination of branch and bound techniques
could also be productive, There 1is a general feeling that
the optimum FAP is NP-complete, It would be worthwhile to

&
under take a study of this question.

The interactive package, INTERMOD; ‘_Lhich‘ contains the
program EXHAUST,'anéIheuristics DELIN, IN, and INU is éimple
and user friendly. The package comprises about 1400 lines of
FORTRAN code. The results presentedjin this thesis were

obtained with the package running on an AMDAHL 470 V8.

.
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APPENDIX: INTERMOD RESULTS
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INTERMOD Output:

In this Appendix, we give the assignments corresponding to
Table 6.1 and the complete INTERMOD output for the_results

given in Table 6.2 and Table 6.3.

-~

For the former case the results are shown in TFigures Al.l

through Al.168. A tyéical assignment has the following

format:
F 1 2 3 5 8 9
I 1 3 2 2 2 2

This indicates a frequncy assignment of (1,2,3,5,8,9) with

one triple product falling on the first carrier frequency,

three on the second, and two onieach of the remaining =

frequencies. In those cases where the assignment is IM-

free, a suitable message appears.

The results corresponding to Tables 6.2 and 6.3 are given in
Figures A2.1-a2.3, and Figure A3.1-A3.2 respectively.

Output produced by DELIN has the following form:

SCENARID
Ssewsmsmms
X 3
Na 1y

WITH TRIPLE .
AND oousLE s

FOS YTHE IMSERT INITIAL ASSIGNMENT:
Y 2 . 12
INITIAL wORST (D < T1 = 1.00
INITIAL TOTAL (D« 7)) = 1.%0
WORSY 1 D o T = 1.00 ToTaL 0+ T u 1.%0
D = 1 0 = 2
T = 1 T = 1
r 1 2 L] [ ] 12
IM 0.0 0.2% 1.00 .29 0.0 N
o 0 1 o t 0
———————————— wmmmmm- . e e e e e e e e e
T o ° 1 ° o
IM=ADVANTAGE tDB) ==> t.3)

DATTIMEYED, JAN 01 110¢ 11>
CCPUn 0.8> sEC,
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A The above information has the following interpretation:

i) A (5,12) case is being cohsidered with_both triple
(™) and double (D) products. The initial
assignment g is (1,2,4;6;12) which ‘has been
obtained as the oﬁtput of 1IN or INU (indicated.by

"the specification "INSERT INITIAL ASSIGNMENT".

ii) The initial assignment has

WIM (g)

1]

1

rd

TIM (9) 1.5

iit) The result generated by DELIN is the assignment,

g, given by (1,2,4,6,12) (unchanged from §):

iv) For this assignment:

[
—
L)
o

WIM (g) = 1.0 (..ieenn. TIM {(g) = 1.5
WIMz(g) = 1 c e rasaeea

WIM_(g) = 1

v) N (f i) = 0.0 ; N (£,;9) = 0,25 ; N (£,59)
N (£,59) = 0.25 ; N (£.:;9) = 0
N_(£f,59) = 0 P N, (E59) = 1
N, (£,:9) = 1 i N, {f_ ig) = 0
N3(fl:9) =0 ; N3(f2:g) = 0
'N3(f4:9) =0 : N3(f5;9) = 0

vi) IMA(g) = 6.53 dB

vii) The CPU time for the solution is 0.03 sec.
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OQutput produced by eithgr IN or INU has the same form, bdt
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does not contain any reference to an initial assignment.

In the following the results of the INTERMOD are given:

Fa> L 2 3 &
I=x> 8 2 2 1
v Figure AlL.1l
SN Fs> 1 2 3 s
\¥\xx ©o 1 1 0
Fx> 1 3 s 5
Iz> © 1 1 @
Figure Al.2
Fa> 1 2 3 3
I=> 0 1 0 ©
F=> 1 2 4 6 -

Fx> 1 4 5 5

" — I P D P i e b ——

I=> o o 1 o

Figure Al.3

THE FOLLOYING_ ARE
INTERMQOULATION FREE

1 2 3 7
1 3 5 7

.

Figure Al.i

Figure Al.S

Fx> 1 2 3 5 [

I=xz> 1 3 2 2 2

Fx> 1 2 & 5 [

- - ———

TR TR R Am o S e et et -

Iz> 2 2 2 k] 1
Figure Al.6

F=> 1 R ] 7

S T ke e S A

I=.=> 1 1 2 1 1

Figure Al.7

F=> 1 4 6. 7 [

TR A e

I=> ¢ 1 1 1 0

Figure Al.B

F=> 1 2 3 & 9

— e . w . L AL el il — - S ——

Ta> 0 1 Q b Q

Fa> 1 2 % T 9

e e e i — t—— A —

‘I=> 0 ¢] 1 1 o

F=> 1 3 5 s 9

D - W . —

I=> 0 1 1 0 1]

Figure Al.9

ko



Fa> 1 2 L] T 11

1=>» 0 ¢ 1 0 o

\\H:§> 1 2 % 3 11

Iz=> V] *] b 4] ]

F= 1 2 6 8 11

Figure Al.11

“u
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THE FOLLOWINGS ARE
INTERMODULATION FREE

1 2 3 10 12

1 3 [} T 12

i k] 8 11 12

1 LY % 10 12
Figure Al.l2
Fs> b 2 3 A L3 6
I=> 4. 6 7 7 5 A
Figure Al1.13
F=> 1 2 3 & 5§ 7
I=> 3 . b 3 'y L)
F=> 1 2 3 8 § 7
I=> 3 s [ 4 % 3
F=> 1 2 4 L I3 T
I=> 3 &4 05 5 4 3
Figure Al .14
F=> L 2 3 5 -7 [}
Iz>° 2 3 3 3 1 2
F=> 1 2 & § 7 8
I=> 2 3 3 3 3 2
} Figure Al.1l5

/

Fx> 1 2 3 5 L] 2
I=> 12 3 2 2 2 2
F=> 1 2 5 T 8 g
I=> 2 2 2 2 3 1
Figure Al.1l6
Fz=> 1 2 4 6 9 10
I=z> 2 1 2 2 2 1
Fs> 3 2 3 7 9 10

1=>

1

2

2 2 1 2
Figure Al .17



Fx)> i1 2 23 & $ 11

O P P S D W D N ED SR e =B R AR W AR = S
-

s> 1 1 1 2 1 ~1

Fe> 1 2 o ¢ 10 11

1=> 1 1 1 2 1l 1

£=> 1 2 s 8 10 11

Fx> 1 3 6 3 10 11

. ——— —— A A ——————— ———

I=> + 1 1 2 1 1 1

Figure Al.18

——— . b 8 o ko — —— ———— —

F=> 1 3.7 10,11 12

- —— P W L L o S . ———

f=> 1 1.1 1 1 1

FigufE.Al.l9

F=> 1 &4 7 11 12 13

IT=> ] 1 1 0 1 0

Figu;e Al.,20

o /

i
'
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;s
Fx> i 2 3 T 11 14

F=> 1 2 T 10 12 14

e e e ——

I=> 0 o b3 0. 1 0

F=> L 3 5 8 13 14

F=> 1 A 8 12 13 14

I=> v} 0 1 o, 1 0

Figure Al.21

F=> 2 3 4 11 1%

el e — e ——— ——

I=> "0 1 ¢ 1 .4 o

F=> 1 2 3 8 12 1% .

I=> 0 1 0 1 o 4]

F=> 1 2 5 .3 13 15

A — A w E ——  wh S ——

I=> ¢ 0 b3 b (v} 4]

F=> 1 2 8 10 12 15,

I=> o 1 o 1 o o

Figurg Al,22



F=> 1 2 3 5 10 16

Anakn il i B LR R —

I=> 0 1 1. 0 Q 0

Fa>» 1 2 3 s 11 18

A kY  ———— ————— - —

I=> o 1 1 Q 0 9

Fz> 1 2 3 § 10 16

D A ek R S S b e S — A — W —

Ix)> Q 1 0 1 "] [+]

Fx> 1 2 3 T 13 1%

Iz> o 1 [+ 1 o [¥]

Fz> 1 2 3 8 12 16

F=>» 1 2 3, '8 13 16

I=> 0 1 o] 1 0 4]

F=> 1 2 3 9 13 16

RS D R el S = A e - ——

Ia> 0 1 ] 1 [ Q

Fx> 2 2 3 10 13 16

I=> 0 1 0 0 1 0
F=> 1 2 L] 7T 12 168

kb - —— W -

I=> 0 0 1 1 0 0

F=> 4 2 % g 11 16

I=> Q o 1 1 0 0

F=> 1 2 s 9 14 16

A —— . —— k. bk o — o —

F=> 1 F T 9 12 16

Fz)>» 1 2 & 11 14 16

I=> 0 0 1 1 0 0

Figure Al.23
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F=> 1 3 4 3 11 1%

I=> o 1 1 Q +] [+]

Fz> 1 3 L} 7 11 1

D e . . - -

I=> o 0 1 1 0 o

Fa> 1 3 8 10 13 1%

I=z> v} 1 ¢ -0 1 0

FEr> 1 3 3 10 15 1%

A e ——— R - —

I=>Y o 1 o0 1 o o

F=> 1 h) 7 & 13 16

=D 0 0 1 1 o Q

F=> 1 3 6 12 13 1€

F=> 1 4 & 8 185<1§

I=> 0 ] 1. 1 1] o

F=> 1 o T 11 1% 1%



F=> 1 & 10 14 15 16

Iz 0 4] 1 +] 1 "
rz> 1 5 [ 7T 13 1%
I=> [¢] 0 1 1 9 .o
Fz> 1 -] 8 1015 16

I=> Q Q 1 1 o 4]

F=> 4 ) 8 14 15 16

- L i Y ——— . ——————— - —

I=> 0o o0 1 o 1 o
I=> 06 1 © o0 1 o
F=> 1 5 10 13 15 1%

Ix>» 0 0 1 1 Q [4]

I=> 0 Q 1 1 o 0
Fz>» 1 § 10 13 14 158
1> 0 o 1 1 o o
F=> 1 8 12 13 14 16
Iz>» o 0 0 i 1 ¢
F=> 1 B 12 14 1% 16
In> 0 0 Q 1 1 0

F=> 1 T 11 14 13 16

e o —— - ——— i - —— ——— . —

I=> 0 0 1 o] 1 0
-

F=> 1 7 12 14 1% 156

Figure Al.23 {cont.)

Fx> 1 2 & 8 12 17

S ——— o A Pt Wkt —

I=> 0 o o0 1 0 -9
Fx> 1 2 4 10 1% 17

Ix> 0 Q 0 1 o 0

Fx> 1 2 & 8 14 17

F=> 1 2 & 12 14 17

T SR h e AR WE e A S e mr W W S e w————— .

Ixz> o 0 1 0 0 0

Figure Al.24
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F=> 1 2 & 12 1% 17

Fz>» 1 2,10 12 1a 17

AT D T e e e ——————— ———

I=> o 0 0 1 ) 0

F=> 1 2 10 13 15 17

-
T e e e m - — - —————

I=> 0 o 0 0 1 [+]

F=> 1 3 5 & 16 17

T e e e e e e - ————— -

I=z> 0 1 0 Q 0 ¢

F=> 1 3 § 10 15.17

TS M ke - —— - ———

I=> 0 v] 0 1 +] 0

F=> 1 3 8 13 14 17

T e o  — ———— ————— -

I=> 0 0 1 0 [ 0

F=> i 3.8 13 16 17

e e e e = . - ——— ——

Ix> 0 0 1 0 0 0

Fz> 1 L) 6 8 15 17

I=z> Q Q 1 0 2} 0

F=> 1 4 5 10 16 17

e o R v . i - - - - —

I=> o o o 1 o o

F=> 1 4 11 15 16 17

T S

I=> Q ) 0 o 1 [4)

CF=> 1 5 6 T l4 17

T SO A o T A - .. -

I=> Q 0 1 0 0 0

F=> 1 6 10 14 1§ 17

s L e o i ———— i ————— A

Ix> 0 4] 1 0 4 +]

Figure;Al.24 (cont.)

THE FOLLOWINGS ARE
INTERMODULATION FREE

1 2 5 11 13 18
1 2 3 11 .15--18
12 9 12 14 1a
1 2 9 13 1% 198
1 k) 8 14 17 18
1 &4 5 10 17 12
1 5 7 10 17 18-
1 6 & LA 17 18

Figure Aal.25
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Fz> 1 2 3 & -] [ 4 T

o ——— — —————— . I

I=> & 9 10 11 10 3§ ¢
Fx> 1 2 3 8 ¢ 319 13

Figure Al .26 ;::—-;——:—-—:--;--:——--—.—
> B A 3
N F=> 1 2 3 & 4 10 11
. I=> 3 3 & & & 3 7%
. Fz> 1 2 & 2 10 11
. . Ix> ) 3 & & & 3 -;
F=> 1 2 a3 4 1 7 [} . . <
_-__..____.____,.____...___.,,___ N . x> 1 2 & 7 9
I=> 3 7 & ¥ 7 7 9=« el P 20 1

F=> 1 2 3 s 6 T L} . ;
e T O S Fr> 2 2 s 7 4§ 30 314

I=> s 7 ¥ 7 4§ 71 = e a2 02

Figure A{;27' - Figure aAl.30 -

Ve

I=> 2 3 3 3 3 5 5
&
Fz> 1 2 3 1 3 131 13

F=> T 2 3 5 7 B 9 Fz=> 12 4 7T 10 11 12
s I=> & 5 85 8 5§ 5 I=> 33 3 s a-_;--;
Figure Al.28 ' Figure Al.31

F=)> 1 2 h ] § 9 11 113

———— e ——————— .t e o o

Iz=> 2 2 2 3 2 3 2

Fz=> 1 2 3 7 10 11 12

e e T
Fz> 1 2 3 % T 9 10 F=> 1 2 3 7 10 12_15
Iz> 5 & 5 5 5 4 3 1=> 2 3 2 2 2z 3 2
Fx> 1 2 3 5 8 9 10 ::: 2 _i‘ h_ T_fl iz_is
Te> 3> 5 3 3 a3 4 1=> 2 3 2 2 z 3 2

F=> 1 3 L3 7T 11 12 1>

Fxz>» 1 "2 [ [ § 8 § 10 o a2 T 21 312 10
Ix>( 3 & 5 5 5 4 3 x> 1 3 3 2 2 3 2
r=>\¥; 2 % 7T 8 9 10 CooFE> 103 8 4 131 12 13

I=> J & A s Y & & Ixz)> 2 3 2 3 2 2 2

Figure Al.29 . Figure Al.32



Figure Al.33

Figure Al. 34

Fa)> 1 2 8 11 12 14 156

I=> 1 1 1 2 2 1 o.
F> 1 3 5 & 9 15 16

I=> -] 1 2 2 1 1 1

Figure Al.35

(T

F> 1 2 &4 & 10 318 17

T e S v - — -

I=y 1 1 1 1 1 1 b

Fa> 1 2 8 12 14 1617

T D . D - e e WD Y e w— -

I=> 1 1 1 1 1 1 1

Figure Al.36
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F=)> 1 2 3 $ 13 135 13

---—-—-——_-----—--————_-—

Ix>. ) 1 1 1 1 1 o
Fz)> 1 2 3 ? 1516 1

TR TR e e o e - ———

I=> 1 1 2 1 0 1 1

F=> 1 3 ¢ 10 18 17 13

Fz=> 1 L) 6 10 18 17 13

Ix) Q 1 1 1 1 1 1

Figure Al.37

Fu)> 1 2 3 $ 11 15 19

Ix)> 0 1l o} 1 1 1 0

F=> 1 % 3 12 17 18 139

Fx>» i 6§ 11 1% 17 18 1%

L ——— i dnks T — T " —

I=> 0 1 0 i 1 1 0

Figure Al.38

Fz> 1 2 3 10 14 17 20

F=> 1 3 3 & 11 19 29

A o —— " —— ———— — —a— —

I=> o 1 0o 1 1 o 9o

Fz> 1 & T 11 18 19 290

T T W P g —— = —

iz)> Q 8 o 1 o 1 0

‘?igqre Al.39

Fz) i 2 T 10 17 18 21

-—-—-———q————-———---—-———-

I=> 0 0 0 1 0 1 [
Fz> b 3 3 31215 20 23

S e " —— o -

I=> 0 1 o 1 4] 0 Q

Figure Al.40



> 1 2 4 T 14 18 22

T A D i D g S i —— —— —— WP A - =

i=> 0 ¢ 1 0 0 1 o

Fx> 1 2 T 10 18 20 22

T ———— i ———— et P ——

In) 0 Q0 o 1 Q 1 Q

Fx> 1 2 8 12 17 20 22

I=> 5 o o0 1 1 o o

Fx> 1 2 9 13 17 19 22

et e e el —

Ix> o [+) 1 1 Q 0 o

F=> 1 2 11 14 186 18 22

F=> 1 Z2 11 15 17 1% 22

Ix=> Q o} o 1 1 Q0 [+

Fx> 1 3 3 13 1¢ 21 22

I=> 0 1 o 1 ., o o

Fx> 1 3 k 11 15 21 22

A D . —— T — o —— . e i — v - ———

I=> 0 0 1 1 0 0 0

Fx> 1 LY 8 8 12 21 22

W T ARE whn . iy, —— . b )

I=> o) 0 1 1 [¢] 9 \4

F=> 1 &4 & 10 14 21 22

WD M S e el i S S b e W —

Ix> 0 0 0 1 1 0 2]

Fx> 1 % T 9 12 21 22

F=> 1 3 9 16 19 21 22

TR A Sl W0 N DR mie e W M W AR S S B e S

I=> [+} 1 0 o} 1 o .0

Figure Al.41

F=> 1 2 3 % 11 1§ 23

T L e .

I=> o 1 1 o 0 Q 0

Fz> 1 2 3 5 11 18 213

Fz> 1 2 3 8 11 19 223

R A e o P e - - - ——— -

I=> Q 1 0 4 1, ¢ 0

Fx> 1 2 3 8 12 20 2>

TR D D A ey Y T S W

Is) o 1 0 0 i o ]
Fx> 1 2 3 9 14 19 23

I=)> 0 1 0 0 1 0 0

Fx> 1 2 3 11 1% 19 23

i=> 0 1 0 1 o 0 0

Figure Al.42
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Fx> 1 2 3 11 18 20 23

Ix> .p 1 Q 1 ) ] ¢

Fx)> 1 2 4 ? 13 17 2>

Iws> 0 ° o 1 1 (] [+

Fx> b3 2 3 8 13 21 2)»

T e - - ——

I=>, 0 0 1 0 1 0 0

F=> 1 2 L] 9 12 21 23

I=> 0 [+ Q 1 1 o +]

Fx> 1 2 € 10 17 20 23

F=> b 2° 7 10 1% 21 23

Iz2)> Q Q 0 1 0 1 0

F=> 1 2 # 11 19 21 23

T -

I=> o Q o] 1 ] 1 0

F=> 1 2 9 12 17 21 213

F= 1 2 $ 14 17 1% 23

e e et ———,———— -

=> 0 0 1 1 0 0 0.

F=> 1 2 10 16 18 20 23

A —— . ——— - - —

I=> 0 Q 1 0o 1 o 0

F=> 1 2 10 16 19 21 23

Fa> 1 2 11 15 18 21 23
I3> o] 0 1 0 1 o 0

FzD> 1 2 13 15 17 20 23

T s S T S -

I=> o ©o © 1 o 1 o

F=> 1 2 13 16 19 21 23

ekt e — - —— T — ————

I=x> [+] 4] 0 1 0 1 0

Fx> 1 3 4 10 15 19 2)

I=> 0 o 0 1 "] 1 o

Fz> 1 3 3 ¢ 131 22 23

Ol - — - — - =

I=z)> Q0 1 0 1 0 0 Q

CF=> 1 3 8 g 1422 23

Im) ) 1 0 0 b3 0 0




. 4

Fa)> b3 3 3 $ 10 20 22

Iz)> 0 1 1 c 0 ® 0

Fe> 1 3 3 13 18 22 2>

I=> 0 1 o 1 +] o 0

Fx> 1 -3 S 14 1% 20 23

T - —— . - — i ——— W ——n —

I=)> <] i o 1 0 (] 0

Fz> i 3 % 14 17 22 23

Iz> 0 1 0 1 .0 0 L]

Fa> 1 3 & 9 13 22 21

In)> o 0 a- 1 1 0 0

Fx>» 1 3 11 16 19 22 23

D S - — S —— = -

Ixz)> Q o 1 0 1 0 0
rFz) 1 3 12 153 18 22 23

I=> 0 [+} 1 1 0 0 4]

FE>' 1 & 6§ 8 14 22 23

I=> o0 o 1 0o 1 o 0

Fx> b L3 7 8 13 21 2>

D e . —— A D e - — W e —— -

I=> 0 1 1 o [ 0 0

Fx> 1 4 7 + 11 22 23

A - —— Tk kS — - ———

I=z> 0 1 0 1 0 ¢ Q

F=> 1 4 7 14 18 22 23

Fa> 1 L3 8 13 21 22 23

Ia) 0 0 0 1 4] 1 0

F=> 1 4 9 10 1% 21 23

1=> 0 o e] 1 0 1 Q

I=>- 0 0 1 Q o 1 0
Fx>» 3 4 13 1% 17 22 23

S me ke e

I=> 0 0 1 1 0 0 0

F=) 1 4 14 135 19 21 23

I=x> 0 0 0 0 1 1 0

Figure Aal.42 {cont.)
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Fe> .1 & 14 16 18 22 23

Tl e T —— T D o —— -

Ix)> ] 0 4 1 1 ¢ o

Fx)> 1 -] 7T 10 13 22 23

I=> o o © 1 1 o o
Fx> 1 3 § 13 21 22 23

Iz> 0 0 0 1 0 1 0

Fx> 1 5. 9 14 20 21 223

Tt  — —— o —— - —— v —

Ix> ] 0 1 [¢] 9 1 [+]

F=> 1 5 13 18 21 22 23

S A — . i —

I=> Q [+] 1. 0 o 1 0

Fz> 1 6 13 19 21 22 23

I=> ‘Q o 0 0 1l 1 0
Fz=> 1 7T 11 1% 20 22 23

- —— S —— ————— =

I=> 0 o) 1 1 *] 4] [+

F=> 1 & 13 19 21 22 23

I=> o 0 [} < 1 1 +)
Figure Al.42 (cont.)

Iz=> o 1 ] 0 Y o 0

Fxz> 1 2 3 12 17 20 24

. —————— T ——— . i

I=> o 1" 0 @ o o o

Fx> 1 2 5 11 17 19 24
I=> o 0o o0 1 © o o

-F=x> i1 2 5 11 17 22 24

T e W S i e i S —— Tk -

Ix> 0 0 0 1 0 o Q

Fa> 1 2 § 13 16 22 24

T e S e - Y A e WS S R W -

I=> Q 0 0 1 0 4] 0

F=> 1 2 7 10 20 22 24

ko — ——— e —— T . S — —— ——

In> Q 0 Q -] 0 1 0

F=>' 1 2 9 13 19 22 24

e R R kT ey ——

I=> Q 0 0 1 0 0 o

Fx> 1 2 9 15 19 21 24

I=)> o o 0 1 ) 0 ¢
o

Figure Al.43



e

Fz> 1 3 5 15 1§ 21 24

- - —— - W N S A W W e e e e -

I=> 0 b 0 ] o ] o

Fx> 1 3 S 15 18 23 2s

I=z> +] 1 0 4] ¢ ] 0

Fe> 1 3 8 12 13 23 24

Ix> 0 ] o 1 Q o 0
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‘—lll‘") os 20 200 104 1%8¢ 201 205 07 1997 202

Fas> P 108 10 111 119 120 128 1386 133 - 137

T R LS SRk i 2 e e S e o e e e 7 e e 1

In=s> _ o8 203 118 109 119 is7 211 cs 209, 20>
Fan) 13 141 14) 144 143 148 1a7 142 149 ISID

IMe=) 208 207 212 209 212 202 1% 203 114 198

IN=ADVANTAQE t?hl aw> .14
M

DATTINSFRI, AUO 23 L1943 02111 : e
KCrum 4080403 3€C.

Figure A2.3. fcontinued) -
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ICcCxwamIO
ISEmEEaas

K= 30 .

NE 200 . : '
YORSTw 154

TOTALS Taca

Fux) 1z 3 - 3 7 ] L\l° 1 13
e e - o e

——— o -

Insw> 137 13 adh 142 143 14% 1a8 a7 148 142

IMam) 143 i1as 148 14y 130 133 iay 14 149 1aa

Fead T3 TY 2 [ 3 ] 14 104 " 100 113 120 12>

-.—g---——---—-_—--------—-—---—----h_____---—-—_-----u

IN=na)> 18 132 130 133 134 1%¢c 150 130 154 1%0

Fea) 138 140 14) 148 158 160 183 i1se 170 7!7)

8 e T e T

IMEnD 144 131 l1as 149 132 1437 13> 148 143 . taz

Fum)> 140 182 143 1s2 133 1195% 117 R N ] iy 00

Inma» 1490 1es 143 1a 1as8 131 137 134 138 132

IM=ADYAMTAGE [DB} ==a)> T4

DATTINRFAI, AUG 235 1989 Cazan
ECPUm $299%,.3% 3EC.

SCEMNARIOD
SEEEwmxR

K= 8¢ '
Na 230

¥YOR3T= 122
TOTAL= 3707

Fuu) 1 2 3 - ] b 13 T4 1% 18

" . e . ot

- IMma)> 1079 1012 111 110 110 122 121 113 }1‘ 119

Fun) 27 a1 3 41 AL AT 52 §1 ii 77
IMax) 1is 120 121 120 "121 118 118 ‘115 112 112
Fum) 80 L 100 102 121 12 131 138 148 ‘£5§
IMmwn) 1018 117 1113} 0T 112 116 114 io0% 11 '}1)

Fux) 163 17t0 17 1k 188 203 208 212 220 2%

- = = ——

iM=mE>»., 111 110 118 10 118 113 114 113 112 117

+ .
Fuu> 230 2346 23 241 242 14} 247 240 EAR 230

---“_--“-"""-‘--“-""-—‘-_'"---'"---Tf_“""‘"-_"-
IN=w) 119 114 L1z 117 11% 111 110 . 112 iqy 100

IM=ADVANTAQGE {(DB) wu)> 8.538

DAYTIMEFRI, AUG 2) 198% 22817
FCFUI 4303,40 SEC,

Figpre A2.3. (continued)
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SCENARTIO .
SsSamsns . - }
e 20° -
e a0 -
FOR THL INSERT INITIAL ASSIGMMENT:
1 z 3 4 . 12 13 18 20 . g
3 s 27T 31 34 8 3T 31 30 ag
INIVIAL wOR3YT® 43 -
INITIAL TOTALS 823 )
Fiwal YORSTSE .k
FIMAL TOTALS® | 2% N
Fan) 1 2 3 . 5 s 12 13 1 10
e A e e ———— = e e e e
IMss) 3 LD ] 1 LIS L3-] (Y] 'Y a) 42 . &)
Fum) 23 27 rFa 31 b Y s ar I8 —31 LY
Insm ) 43 4 (%Y 4l al a1l 43 a2 ‘42 34
IN=ADVAMTAGE (OB} =u=> 4.5
L]
DATTIMeMON, SEP Q2 188% 18248
Lcrus .41 SEC. .
. .
3CENAR]O .
ELY Y Y YT -4
xs 20
Me g0 ;
FOR THE INSERT  INITIAL ASSIGNMENTI. -
s
t 2 . s ¢ 13 14 21 22 230
35 37 &0 49 49 33 54 48 LR} LX) '
N ]
INIYIAL wOASTH™ E -
LINITTAL TOTaALs a2
FINAL wORSTs 2 v
FINAL TOTALS a2
Fam) 1 2 L} ES ’ 13 14 21 22 lo
IM=n)> 23 Tzl 25 23 22 s 24 .27 28 2a
Fuu> 38 37y 40 as . 1s se 58 59, 5o
Inea> 24 17 24 2a 2 Y 74 74 ¢ - 11
. o
IM=ADYANTAQGE (DB) wmu=m)> L I 3 §
DATTIMMON, SE® 02 1%83 18148 .« =~
Ecrus 1.47 3EC. N
SCENARIO .
SETNEFAEN .
o 20
Nm 80
FOR TMEL INSERTY INTTIAL ASSIGNMENT I
) 1 & L ] h ] 13 21 F &1 31 35 N
LY ] o8 3 [ Y TL T 1‘~ T? T [ R
uevial voasras 19 o
INITIAL TCRTAL= 330 -~
FINAL VORSTw 1y - . T
FINAL TOT AL S 330 ) .
Fea> 1 2 s e, v a1y 31 as v
IMma)> 17 1 18 17, 1 1 18 16
rau> as st 32 €1 7L T2 TA . TT TR . w0
UL 17 17 Tas 1s 18 11 1 1+ 18- as \
IN=ADVANTAGE (DB) mna> .22 -
CATTIMBMON, SEP 02 2983 18143
Lcrus 11. sfc. o
-~ ‘ —
Figure A3.1. DELIN: Besults corresponding to .
: - 1 Table 6.3 (Initial Assignment
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-3CEMARTIO
SEEESEERE

Ks 20 ,
Nz 100 -
FOR THE INSERTY INITIAL ASSIONMENT]
1 2 ) 1) 1% 21 31 0 as
41 ‘s £ET a0 a3 49 12 s 26 1060
INITIAL wORSTa 1%
INITIAL TOTaL= 24l
FINAL voRST= 13 -
FINaL TOTAL S 240 *
Fa=)> i z - . 13 1y 21 1t AC [} ]
[Mx=x> 12 L1 11 14 13 e 10 1% ;;T—:::
Fuud 81w (% [X] .2 (R *2 13 '6 103
IMmu)> 1a 1% 11 13 13 12 L] ::__—:;--—::
IN=ADVANTAGE (DB! =m> 1,24 -
DATTIMEMON, SEP 02 13893 181934
gcrux 18,23 SEC. .
SCENARZO
EpEEEERE .
Ks 30 » N /#f’—’- .o
N= g0 7 ;
Ty . !
FOR THE INSERT INITIAL ASSIONMENTZ
v 2 .3 4% T & 13 1a 13
1% 21 2T 29 30 3s 3% 3T an a3
4T 4% %1 33 55 54 - %T 34 51 80
. L] -
INIVIAL vORST= 113
INITIAL TOTAL® 31e% -
FINAL VOASTE 110’ s
FINAL TOTALE 3164
Foau> S 2 3 - 5 3 T 1 13 19
IMuu> $1 100 109 19% .10% ' 110 10% 108 104 104
Fauy 13 21 22 24 30, 34 3 3T 48 as

IMs=)> 107 104 Low 1o 109 lie 110 110 104 107

Fuz> .Y ¥} 51 53 L% 55 .7 5 5 Lo
IM®=> 108 104 110 107 10E 10% 186 103  ab. 93
TIM=ADVANTAGE (0B) =s> 4,237
DATTIWNmMON, SEP 02 1345 18356
ECPU= $3.93 SEC. .,
SCENARTLD
[ TETREEE] .
xm 30 . .
N= 30D
FOR THE INSERT INITIAL ASSIGNMENTI
1 2 . 5 ? ¢ 10 13 13 21
26 31 3% A1 A3 %A %4 B3 €3 &a
T2 T T3 a0 [T Y [ ] 10
IRETIAL WORST= 71
INITIAL TPTAL= 134
FINAL WORST = 5
FINAL TOTALS= 1.95% .
Gy .
Fasx> 1 2 Y T 3 10 13
INE=> ‘37 0 s (T L e ' ‘1
Fua> 24 31 3 a1 .3 54 s s .3
o e A b 8 B 8k e i e e 2t e
IMua> 4% 3 s N\ 'y L 'S | T ]
Fes>_ 72 Ta Ty \JV//ls e E Y Y | °
o 2 e e o o e P e o £
IMus> X [T (R4 XY 7 . 2 5 ' "
IM—ADYANKTAGE (DB} ax> §.40 - -
. , .
DATTIMaMON, SEP 02 1905 19:11%
fcrus 216,48 SEC, | . '
Figure A3.1. (continued) ’
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Suspesss : L) :
LU ] ] .

ME 120
FOR YHE INSEAT INITIAL &4SSIONMENT
1 H . s 11 12 13 1% 23 31
¥ 42 43 30 61 S3) S8 T8 81 32
14 9§ 102 104 1l& 3116 117 114 118 120
INITIAL vORSTs 52 -~
IMITIAL TOTAL® 1173 [
: -
FINAL wOR3T = L] ]
FINAL TOTAL = 1369
Foum) 1 2 » [} 11 12 13 17 21 31
— e e e e e
Imus)> [ ] 82 hb 4% &7 47 47T 47 LYY LX)
Fand 3 2 4“8 30 [ R (3} T3 T " L X3
Immay 43 L3 ] 42 LS .9 a7 AR 4“3 &8 o8
Faas> 'S 102 103 1048 4 11§ 117 118 119 120
IMsm> as Y Y] {,2//¢tn Y “a .3 Y3 (Y]
IM=ADVANTAQE (DB) =w) Tabs \
DATYIMRBHON, SEP 02 1343 19117
€crua 337.7s sec. L
scINagID N .
ENEEEwNN
Ks e
N 180 . .
FOR THE IwmSERTY INITIAL ASSIOGHNMENT: "
1 2 . 3 ' 113 21 31 32
33 AL 43 B4 €6 TA 41 30 36 102
112 128 130 13) 134 144 14% 147 149 150
INITIAL VORSYS e - -
INITIAL YDOTAL= 1022 .
FINAL WORST = 3
FINAL TOTAL® 1040
Fau) 1 2 ) L ] 1 13 21 31 32
IMdn> 3 13 T 33 33 37 38 LYY as 3T
Fuw)> 33 .1 4 . Y 7e [§Y 10 *E 10z 112
Tannd> 3 32 31 34 33 21 e 32~ az 3%

Fus)> 11 12 130 133 138 144 1sg 147 14y 130

IMa=n> a 3s 3 37 37 s a3 37 1] 33
IM=ADVANTAGE (DB) wx> [ XY
DATTIMaNON, SCP 02 1943 19122 -
ECPUR 24%.5%6 SEC.
N
'SCENARIOQ
EFuEEzEs
[ 40 . . .
Nuy 30 } - - S
FOR| THE IMSERT INITIAL ASSIGMNMENT
1 2 3 o 5 . [ » 12
13 14 1 21 24 2% 2 3% av
LE N T S 33 s 39«1y £3 57 -
[ 3] T |2 ra e TE -T2 s 7 (X
INITIAL WORST= 20%
KNITIAH TOTAL™  7Yest
FINAL YORSTw 209
FINAL YOTAL™  T841
Fus)y 1 2 3 -~ L] [ ] 7 [ ] O | 12

IMNee> 177 143 19) 1% 208 202 209 2/0,2-"-")__!_;40'

Fus> s “as A 4y 33 s M 1 %3 .7

T R e e e S R e e ke k8 e e e o e

IMue> ~ 138 290 00 1318 290 204 202 10y 202 203

%) T 12  TUNE P 7% . 7y '

201 293  206¢. 201 203 201 1%4 1ss  fes . 177

IM-ADYANTAGE (0B) ms>  &,23 - ;

OATYIMEmOM, I€P 02 1305 193124 . P .
N LCrus 190.9) SEC.* . -

) ~ Figure A3.l.(c6ntinued)
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SCENARIOQ
EZBARER Y
K= 40
Nw 120 .
FOR THE InsEmT INITIAL ASIIQMMENT] N
T
1 H 3 ) L] To11 12 13 17
18 21 30 31 3z 34 a2 s 5o 3a
E1 %3 se 78 7T 41 4w 92 34 s e
102 100 111 113 116 116 117 114 11y 129 ‘
INITIAL woasTs 132 -
INITIAL TOTaLw AN '
FINAL ¥YOR3Te 131
FINAL— TOTaLa AaR12
Famy } 2 3 . 3 ] 11 12 i3 17
IM=2> 11s 113 1317 121 1zs% 128 131 129 30
Fua) i 1 30 31 32 2 “n 30 XY
e e e a2 T A
IM=u) kXS 12 130 1219 129 12 128 139 122
Fax> 3y [ 5 e TY . sy " 12 Y £
IM=a> 131 130 12% 123 114 130 127 1214 121 g34 .
Femy> 102 104 1311 1313 114 118 117 119 11y 120
IM=x> 123 . 127 122 124 121 113 120 120 120 311
T . .
IM-ADVANTAGE (0B} =x> E.24
DATTIM=MON, ZEP 02 198% 13140
[ 4= JVIY 737,04 sSEC,
SCENARZID
SdwaAEE=sw
LY
Nw 180
FOR YHE INSERT INITIAL ASSIGaNMENT
1 2 3 - [ ¢ 10 13 131 22
I 31 32 42 43 50 se  xg 12 T
3 2L 9T 10% 10%F 110 122 123 128 134 .
144 145 344 149 152 153 138 138 1483 189
INLETIAL vwORSTH 7
INIYIAL TOTALE 3947
FINAL YORSTH L RS - »
FINAL TOTALSX 3%ar B
Fuu)> 1 2 h ] 4 & [ ] 19 12 13 19
IN=a) [ [ 2 s " [ 3} 14 )3 . 13
Fam) 22 g 3 &2 (L) LY 34 ¥ 12 7
IMNs=)> 12 [ X1 13 13 " ' 2 i [ X3 1o
“ .
Fas) (¥ 1 ¥7 103 106 110 122 123 124 131
IMw=> 3 [ 82 3 13 13 L (%] ‘e 12
Fua> 130 184 143 148 132 1%%  1%8 152 13y 150
e e e e e e e Lo —————
IMm=y "1 2z L} ] (R} 13 3 14 [ XY a 2
IM=ADVAKNTAGE (DB] £x3 7.6

CATTYMwhON, SEP 02 1349 20:04
CCPus 12%%.14 SEC.

v

Fi&ure A3.1. (continued)




SCENARID .
-

FOR THE [INSEWT INITLAL ASSIOGNMENT:

1 2 3 - 3 [ 7 ] ] 11
12 13 i3 1y 21 23 2T 2a 31 A
1 £ )] 40 “h LS ) . 51 s t1 2 (] ]
L R4 s8 T3 TS 7T (1) 2 [} e [ .
e 11 12 L s e *? LX) 19 108
INITIAL wORSTSs LY ) } -

INITIAL FOTALS 18171

FINKL vYOR3V= 3y
FINAL TOTAL® 16144
Fus) 1 H 3 . D) 7 ] L) 11

e o

INmw)» F4 N 217 297 Ji0 308 22 3z Ao Jal 3z

Fas) 38 40 LX) .5 o7 .8 sl (B¢ .2 (X ]
-, e e e e e e e e ——— e = o e e e o ot
EM=m)> 332 >332 28 32 iz 32 31T 3z 313 3>s
Fus) [ &4 (] H 1T 890 [} [} (X1 a7
\ -—-----_—_-_-_—----------—---———--——___--__-____b__———a
v IME®> 329 333 333 331 330 333 L FE) 3z 331 333
Fumy (8] [ B} t2 1. " 18 7 L Y 19 100

THu=> 330 3 127 Az 313 31 FA R 17 291 287

IM=ADVANTAGE (DB} LR 4 helT
ODATTIMRMON, SEM 02 31945 20138
o, 1230.4% SEC, v
SCENARIO
EEERYE NN
=  sg
. Ne 1 %0
. ’
FOR THE INSERT INITIAL ASSIGNMENT:
b
1 1 3 a 3 . ’ 1 10 13
16 21 23 M 3z 33 1 L] 48 Sk
37 3 s [ 3] T LX) 1 0 "2 8
102 107 101 112 119 123 126 124 130 133
138 133 141 142 144 148 147 1es 149 1980
EMITIAL WORSTw 218
ENITIAL TOTALS 10171
PINAL wORITS 21 '
. FInAL TOTALS® 1017#
- * :
Feay’' /g 2 Y A 3 s ] ] 10 13

- —— A e e ——— e ———

x;p-> 182
\\L//,;4--> 16 21 FR 3 a2 33 .1 . Y 4

A IMm=> 210 2190 210> 203 208 . 20> 13 213 111 207

Fea)> 102 | 109 132 11 123 12¢ 124 130 133

T e e e i ke ] P 8 S e

IHsw)> 202 212 212 200 210 11 07T 208 293 0%

Fea)> 138 13 141 142 144 148 147 149 149 -190

s e 2 S e e e M e e e oy e

IMex> 12123 208 liir_lg? 10 iv7 198 194 192 103

IN-ADVANTAGE (D8} x> .14 _ :
w OATTIMSMON, SEP 02 1383 21104 .

ECPUn 1307.45% 3EC,

Figure A3.1. (continued)r
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SCEMARID
UREBEBREER N
Kn %0
MNe 200
FOR THEL INICRT IMITIAL ATIIGNMENT]
|3 2 3 - [} ] ] 13 1% 1

112 30 231 3% A0 a3 AF 3% €2 e
TS 81 s ¥4 37 308 11X 114 125 129
137 142 249 153 163 167 171 17% 177 179
LET 189 190 192 194 1% 197 190 19% 200

IMITIAL wOR3STHm 184
INITIAL YOTALSs TANY

FINAL YOR3Ta 13a
FIMAL TOTaALS= T137

Fum) 1 2 3 L L L 1 1) AR 5- T § |

INuw) 137 1335 180 144 las 148 182 130 1as 1%1

Feom) 22 3o 31 3¢ . a0 -3 LY L] 52 [ 3

Ixn=> 143 1% 2 132 133 187 144 147 187 144 192

Faa> 713 PEY ss ' 37 104 111 11a 123 129

s e 0k e =t =

Inu=) 143 142 130 148 142 14 149 1a9 ifﬂl 149

Fua> 137 142 149 133 183 i8r 171 iTs 'iTT i

e D 8 L L L

ITHuu> 1a s 141 148 131 148 1%2 192 1an lysz ‘134

Fesx) 187 1418 190 192 194 1 17T 1134 J!'l oo

INsa> 14T 1%4 143 148 " 1avw Ta Y 142 148 Tag "13s

IN=AQYANTAGE (DD} =mm> T35

DATTIMwMON, SEPF 02 1943 21127
EcCrux 1260.09 SEC.,

’ i

SCENARIO L .
ESdmEEEw
Km 30
NE 250
FOR TYHE INSEQRTY INITIAL ASSIGHMENT:
1 2 3 o 8 T s 11 13 21
23 Ity LX) 43 31 ' sa s L) (B
[} 81404 110 116 123 135 149 181 142 '
170 177°17% L1934 198 202 210 211t 223 223
TLT 232 204 233 243 246 249 Za0 2419 30
INITIAL WOR3Tw 122
INITIAL TOTALW 548
FIMAL YORETw 11y
FINAL TOTALE  assaw
Faum)> 1. 2 3 L] 3 T [} 11 13 21

IMuw) 108 109 109 1123 112 112 111 111 114 "111
Pam> - 23 31 35 a3 s1 se g 71 CIOY,
;;::;--:;;--:::-—:;I-7II;-_I;;--;;;_-;Itﬂ_I;;--;::_’;I;
Fas) "y 100 102 110 lis 132 13% Lan. 1?1 182
IMNas) 11 8 il 117 119 119 11 i1 115 \‘wl‘:T 111
F=e> 170 177 173, 31%& 183 20T 210 it 223 223

73"-1) Li4a 1313 117 111 114% 117 107 117 110 119

FEm> 227 232 234 239 243 244 243 z48  Th 280

D e o i T = 8 A o i

IMam)> 118 113 10w 113 113 114 113 114 100 .107

IM=ADVANYAGE (06} mwm> .87 :
CATTIMNBMOM, 3EP 02 1943 22143 *
Ecrus AE76.5% sEC.
Figure A3.1. (continued) T
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scEnan1o .
sEEpsves . )
An 40 - '
Ne 200
FOR THE INIZAT INITIaL ASSIGMMEwT: ¢
L 1 3 . ] * 13 18 21 a2 .

LR Y (Y -3 -3 -8 53 L4 s L% L X ] e

$7 L11 1148 12% 129 137 142 183 183 187

TTL LT3 14T 1930 192 136 197 198 18% z00
INITLAL wORST= 75 -
INIYIAL TOTALS 2743
FINAL YDR3TS s
FINAL TOTAL= 2745 .
Fus) 1 2 3 . ] ] 13 15 21 22
Inew) 7 ) [X] (3] 71 72 73 . 7y (X}
Fua> 3 a0 .3 .t 5s t2 . 1 . re
IMww) 7 a7 7 Ta 7?2 a7 T3 L2 3 T3 T5
Fee> 37 111 11s 123 129 137 1s2 183 10 1x7
IMund (¥ L RY 72 rs 70 7 (3] (X1 [ 75
Fun) 173 18T 190 1%2 195 197  1%s 133 200
IMam> 3 (X} s 3 ey’ 2 70 7 .2
IM=ADVANTAQE (DB) =m)> .48

DATTIMENMOMN, SEP 02 190% 2011%. '
ZCPum 318,30 SEC. -

Figure A3.1. (continued)
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SCENARID ‘

sresanax s
K= 20 ‘ )
N= 40 : -
FOR THE IN3ICAT INITIAL ASSIONMENTH
.
1 2 3 L 3 ] 11 18 17 1
Ts 27 Za 33 34 3% 3T e 3% ap
INITIAL wOASTs s -
INITIAL TOTALS 134
FINAL WORSYm LX)
FINAL * TOTaALw= 434
Faa)> 1 2 3 1y 3 1 11 - 1% 17 11
e e o e _——————— ——
InE=m)> Ql 41 (%] 4 & » (%8 3% Al (Y] YRS}
Fuxz) 24 27 22 33 L) 3s 37 34 3 .0
IMua> 43 43 41 [ L) ') 82 4z -:;---;:
IEN=ADVYANYAGE (0B) ma> hA.37 I~
. N
DATTIM=THU, AUG 2% 1983 14182 //
ECPUs s.80 SEC,
SCENARIQ .
EEEEEEER
Xm 20"
A= 40
FOR THE INSERT INITIAL ASSIONHENT!
"
1 [ 7 16 11 12 13 1s 2§ 1Y .
34 40 AM AT A8 53 3% 3T st a0 L
IMITIAL wWOR3Tw 30
INITIAL TOTAL® 827
FINAL WORST= 27
FINAL TOTAL™ 43 .
Fru) 1 2 a T 11 123 1 s 27 . 32
Inwm> 20 24 20 2a FY Y 27 23 27 v, 27
Fx=> 38 a0 AT an 53 35 27 2 3. o0
o o e e e A £ A R e e 1 e e e o 1 et
IMe=) z2¢c 22 2 27 27 . 28 20 24 . 24 22
IM=ADYANTAGE (DB) wmd> - - €,€1%
DATTIM®FRI, AYG 30 51983 18111
£CPyUs, 23.14 SEC.
SCEMARIO
BExdMwEN
N Kmo 20 . -
H= 30 '
FOR TYHE INIERT INTITIAL ASSIONMENWT?
1 & 3 7 14 20 22 3% 3
a0 30 37 0 h 3] [ 3 ] T3 T S ‘4 Q {G-‘
INITIAL wORST® 19 _ ‘ £
IMNITIAL TOTAL®: 'sug‘ )
FINAL YORSTa 19 :
FINAL TOTALS 3 .
Fau> n [ s - s . 14 20 22 3% - 3%
Ttmmw> 13 1w 1 1 14 17 17 T 17 1s 12
Fuu)> 40 30 L %4 %0 s X 23 0 1 T, (1]
— o e e o e e A - e e T e e i
ICILE] 17 11 17 18 s 1 14 17 15, 14
IN—-ADVAMTAQE (0B8] ww> .22

DATTIMETHU, AUG 29 198% 18832

ECPUS 17.87 S€C.
A

w

obtained froz I'HN

5
Figure A3.2. DELIN Results correspond?ﬁ@ to

S

Table 6.3 (Initial Assignment
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SCENARIO - ' PAGE 179

ESETEERE
K= 20
N®» 100
FOR THE INSERY INITIAL ASSTONHMENT1
1 2 3 - 10 is 17T Az s 52

e [ X4 To T L X} (X ] 13 LIy ¥4 108
INITIAL WORSTS= 1a -
INITIAL TOTALSm a1
FINAL WORSTs 14
FINAL TOoTALE 241
Fand> 1 2 3 ) 10 18 17 32 bL sz -
IHNzT > 10 12 ‘13 12 13 12 LA 14 12 .13
Fam) LY ] s0 70 T7 LY} XN 3 7 11 100 Q*
IMax> 10 11 11 13 14 ] 12 11 12 14

¥ .

IM=ADVAMTAGE (DB} am> 1. %4
ODATTIM=THU, AUG 2% 193% 18:!32

ECPUs 1%.39 SEC.
SCENARIOD
e EEENX
K= 30
M= g0
WITH YRIPLE i
FOR THE IMSERT INITIAL ASSIOGNMENT:

1 2 4 H) 7 ' 10 11 12 1)

14 23 za 28 27 32 e 40 AL A

A7 A8 %1 8] 5% 5% 5T 38 3 s0
INITIAL YORST (T1 = 114
IHITIAL TOTAL (T! = 32 34 ,
YORST= 111
TOTAL® 3171
Fax) 1 2 3 £ .1 T L} 10 12 113
IM=x) 1l LI ] L B ] 102 1053 110 110 icH 108 109
Fam> 13 23 24 2% 31 32 3c 49 41 (%Y

IHsw) 103 1009 108 108 111 110 1it 109 108 109

Fuum)y .7 L ] 51 32 55 5% 37 38 LR o
IMeE =) 111 111 1018 119 108 1c7 3ot 17 " 1
IM=AOVANTAOE {0OB) =xx>» LI I ]

ODATTIMEFRI, DEC 27 1333 21127
ECPUw 110, T8 IEC.

SCEHAH[D f
EEEEERE®

K 30

Nu= 20 N

wITH TRIPLE

FOR THE INSERY ENITTIAL ASSIONMENT: (& .

1 2 3 » 1 7 12 13 1% 20

2 19 31 3T as 30 52 c0 [

Te T3 T ’2 [ N ) 'y [ ¥ roO
INITIAL WORST (T) = ‘2 co.
IHNITIAL TOTAL (7} = 192348 -
WORST= (3 "
TOTAL® 1934
Fuax> 1 2 3 . ] 7 12 13 1% F]
IMa=) 38 3 53 5 .7 e (3] e [ ¥} s
Faes) 22 2 31 37 -
e o o s o
IMawm> [ 3-] [ 31 [ [ X
Fx=> 10 TS Ta 82 [P ] " [ LX) (R ] L]

Imm) LR ‘3 $7 +3 [N 8 L] " LI 13 L]

IM=AQOVANTAGE [(DB] wa) $.40

DATTIM=FARY, DES 27 1148 22101
f£CPUn 18,43 SE€C.

Figure A3.2. (continued)
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MITLIITY ' .
Ka b 1]

NE 130

¥ITH TRIrPLE
FOR THE INSERT

i 3 3 k4 ] 10

) ] 18
32 A0 M 35 52 73 1% L
0 118

% 100 108 1 110 113 117

INITIAL WORST (T) = 51
INIYIAL TOTAL (T) = 1372

yam3Te 39
TOTALS 13

ras> 1 3 3 [ T
ee> a1 a1 ae e e T
Fem> 3z A0 X ] ‘s 2
twe> a3 a3 eI
Funy 19 1206 103 10w 11)
Taes>  av a7 TRTTTIUTTRTTT
IM~ADVYAMTAGE (DB) am> 7.‘0

DATTIM=FRYI, DEC 27 198
ECPAUm

22111
I19%.94 SEC,

SCENARIO

LY 1

YOB THE INSERT INITIAL ASSIG
3 g g 10 13 21
? 68 7 31 85 92 9711
1 120 130 136 1871 183 138 1
INITIML ¥ORSTs 39
INITIAL TOTAL= 1084
PINAL WORST= 38
FIHAL TOTAL= 1029
Fam) 1 2 3 S 10

________________________________

IA-ADYAHRTAGE (DB} =w=> 8.99
-

DATTIA=THU, AUG 08 1985 22:04
ECPU= $30.29 gt

2ON X
~hie X
—t

INITIAL ASSIONMENT

22 T2
[} 0
119 120
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