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HOW TO BE EFFICIENT -- A SIMFLE INTRODUCTICN TO
"OPTIMIZATICN"
By Chin Fan
How Aoes one design an aireraft which has a winiwur weicht
ye+t satisfies safety and reliahility requirements? How ean
an ailreraft reach maximum range “ith a given toke-off welght?

‘uestions like this ecan he answered with the help of "optiwmization®.

®optimization” is a new field in modern secientific tex wology.

It hac heen only a few decades = particularly the last decade =
sinee 1+t \i= considnredsag a speeial hranch of research. in
teehnology. Its prorres§ ean not he separated from teehnology
advanee, practical demand, an? the progress and popularity of

somputer seljerce,

The Origination of the "Optimization” Idea

The idea of "optimization ha< been with us for a long time.

For an example, way hack in aneient time people already had
answered the amestion of what is the shape of a closed curve
formed hy a rope of eonstant length an? has a marximum area?

The answer is the shape of a ecirele has *he largest area compared
to any other shape. Its theoretieal proof wa- not provided until

the 12th eentury.

In 1694, John Bernorelli made publie a letter. In which he
acked mathematicians to pay attention to the so ealled brachis-

toehrone nrohlem. This well-known prohlem is to find the eurve

joining two pointe, along whieh a partiele falling from rest

under the i{nfluence ~F gravity travels from the higher point A to

o st A npanr b

the lower point B in the least time.(Figure 1) An initial guess
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i1s that the straizht 1ine between A and B is *he answer, since

it 1s the shorte~t Aistance botween thece twe points; henee the

least time. Aectually this is not true. After careful study,

it turned out that the ecurve for brachistos (shortect) time (ehronos)
1s 2 eveloid. The reason 1¢ *tha* al*hough the path 1s lorger

than straight 1ine, in most part the partiecle is traveling at

a2 higher speed 0r a eyeloild path. It was the analysis of the

eirele and brachistorhrone +that led +o *he foraml foundation of

the ealenlus of variation. Calevlus of vari-tion is very important

in solvine optimization problems.,

In @hinese histo there is the ctory of horse rare bet*ween the
king of Chl and Lord Tien Gee. Onee upon a time, the king of Chi
wanted to have a race between his horses and lord Tien's. The
rules ealled for each of them to seleet one horse csach from their
three stahles: super, medium, and regular. The stake is a
thovsand go0ld so0ins for each e~tagory. Sinee the horses of the
King of Chi's wers better +han those of Lord Tien's in the
eorrespon’ing groups, Sun Pin; Lerd Tien's advicor , devised the
following strategy: He sent regular horse to race agsinst the
King 's super horse, the super one against the king's medium, and
the medinm one against the king's regular. Lord lien came out a
+housand gnld ecoins ahead. This 1s a simple example of

"optimization®.

From the above mentioned example, we ean understand the reason
for original thinking and develorment of "optimization"™ idea.

Tt shoulAd he Pointed out that it can experience fact progress onlv

when soeie*y has practieal need for it. During world war II,
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due to the nractiecal needs in produetion organizastion, distri-
bution of materiales, deployment of forees, anti-submarine warfare,
ete., theories of planning and eounter measure started to emerge.
Radar teehnology wa- invented and apnlied Auring world war II, 1t
was a 2lant technology advanee when compared with method of
loeating alrerafts hy listening to *he sound of thelr enginec,
This advenece inereased the prohahility of interecepting enemy

homhers to ten times hicher *har previous method., Utilizing

"optimization"® proredure ,it was pushe? +o twenty times. This

example {1luctrates the faet that the receareh and arplieation

of "optimization" has practical meanineg. Fartieularly, in the
last Aecade, the Aemand of preeision, reliability, and high speed
on automatie ' ~ontrol cystems and spaee navigation sy-tems
ereated a ceriecs of taske for "optimization". At the same time,
heeause the advance in computer seience, these prohlems not only
ean he deseribed theoretically in mathematical models but ean

he aetually solved numerically. On *he other hand, heeause *the
popularity of eomputer technology, peorle can use "optimization"

technique to solve more practical problems and draw more attention.

"@ptimum" means good. Good an? bad are relative, By "optimiza-
tion", we mean that we try to reach the hest objeetive under a
given set of econditions. In Aaily 1life, when we talk about zood
and hed, 1t 1s only a qualitative concept. How good is "good"?

It has no clean-cut standard. TherefOre when we gtudy practical
problems, it 1s not enough to speak of "good " or "bad". We must
also set a quantitative gstandard. If we can set up a standard

for measuring "goodA" or "bad" based on the requirement of praetical

probleme and express all eonstrainte in mathematical terms,




then we can sonvert a praetiecal prohlem into a mathematieal :

problem, This is *he mathematiecal meanine of "optimization."”

Selee*ion of Better Method ]

Next, we will Aisecuss an examnle. Suppose that we want to

make a certain ty e of machine, Fvery machine need three

Aifferent size of axes A, B, and C. The specifieations are

— -
B aa

*he following:

Type Parts spee.(meter) No. of parts ﬁ
per machine 3

A 2.9 1 o
&yl 3

B 2.1 1 A
c 1.5 1 J ;
:'_,

b

Thece axes have +0 he ent from eylindriecal rods. Fach of the rods
1= 7.5m long. The question is: how many rods does One need

o make 100 machines? This 1s a case where we want to cut down

on waste. This problem ean be solved *hrough empirical method.
For an example, take 50 steel rods =n? ~ut two type A and one
type C from each rod. One ean got 100 type A and 50 type C.

then take ano‘her 25 steel rods and cut two type 3 and Two type |

C from eaeh rod. We now have fifty typve B and fifty type C, f
We st11]1 need fifty type % or 17 steel rods. For this method,
we use ninty-two steel rois. Of course, this 1s a possible way. 4
However, is this the most cost-effective w-y? we ecan

not anwwer 1t. If not, can we use mathematies to find

the most cost-effective wny?

We tabulate the Aifferent cutting methods in the following:




! ceutting No. of 2,9m No. of 2.1m No. of 1.5m Left over
% method No. rods (A) rods (B) rods (C) material(meter)
1 " Y 1 0.1 1™ :
| ? 1 2 0 0.3

) 1 0 3 0

L 0 2 2 0.2

5 0 3 0 1.1

6 1 1 1 0.9

From *he tahle, we cea that cutting methods & and 6 have more
left-over materials and are not sujitahle. Method 1 ard 3 have
less left-over materigls but ean not make a eomplete set; there
e no 2.1m rois availahle., Hence, we must consider methods 2
and 4 and *heir proper comhinations. Now our prohlem is:
Using methods 1, 2, 3, and 4, how many rods A0 we need to provide
our 100 sets and the leac* numher of original rods?
Let the numher of rods for method 1 he xi’

the number of rods for method 2?2 bhe x?)

the number of rods for me*hod 3 bhe X3,

the numher of r»odas for method I be Xy ,

Then numhe» of type A - Ol X? . X

1

3

B

R——

WAy T 3X3 - 2X),

For one hundred comnlete setes, we can obtain the following

equatines: ?X4 + X2 + Xa =100

gl s <o el

2X, *+ 2X), = 100
‘ X, * 3Xy *2X, =100

xla o' 1=1'?0 3. lh

The total number of rods used are

T(Xy 0" %30 X9, X)) =X, ¥ X, * Xy * X, (2)




Our question 1= that under the constraint of equation (19

finA the least value for (2). (?) 1= ealled the target funetion
and (1) 1s the constraint. X, are the variables., This is an
"optimazation™ prohlem. The solutions are;

Xl = 20, X2
X, =10, X, = 50, X

" MO, X, ™ 20, Xu =10s

3
=’O. x’$=0) or v e

A
Therefore, a total of ninty original rods are required, Thie

1e the most cost-effective way of doine 1t.

Examinine the ahove evample, {1t is ohvioue that there is no
unique solution even for sueh a simple problem. If we try to
use empi+ieal “tr1al and error™ method, ontimized solution will
not be found. FRven i1f we reach the richt solution through trial

and error, we ecan not determine if 1+ 1s the optimum solution.

Usine ma*hematies, the optionum solu*ion can hHe easily found.

There are many ques*ions in encineering whish ecan be handled by
the "optimization” method. +For an examnle, if we want to design
a multi-ctage rocket and rvenuire that 1t has the least amount

of fuel eonsumption vet reasch a pre-determined speed. Or, for

a given weight, a logiral dAistribut-fon of weigcht among the different

etages t0 reach the marimum range. Anotrher example 1s : to
Aecign an sairearaft with the minimum weight yet saticsfles safety
and reliability requirements. Other prohlems are (least

time for) alr inter~eption, chancing of space orhitals, ete.

These prohlems of ~ourcse are more complicated than +the »od cutting

prohlem. Using "trial and error™ method, even a large amount of

work were done, only a possible way can be found. If "“optimization®

is applied, *he concideration of every possibility is based on a

partienlar stratecy *0 reach optimum but avoid attacking the prohlem

blindly and ecan reaeh *he goal speedily. 'hen computer is used,

i1t will *rack Aown the beet method automatieally.
6
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} select the

Best Design

As selence and technnlogy progress , every braneh of study and

every field of teechnolory offer a larze number of optimization

prohlems. There are marny dAifferent types of problems., One

can eclacgify them into Aifferent branehes according to their

rharacteristicrse, From the ctan? point of ergineerine application,

we ran clascify them into +*hree eatacories: first, prohlem of

eontrolling Drocessg, 1.e., Ontimum ~ontrol ppohlem, Seecond ,

cele~tion of plan, 1,e., optimum Aesiegn. The third one is

tecsting prohlem, 1.e., Ontimum testing.

Here, we are goine to introduce optimum desiegn coneept. When

we are workinz "n ecertain encineeringe p-oject, we always wish to
seleect a better plan for implementation. However if comnlicated
eystems are involved, designers mav not reach their zoal if con-
ventional Aesign techninue is adopted. For an example, if we are

+n Aastion an ailreraft anreording to *he sonventional method ,the designer wijl
initial design paraméters hn-eq4 on experience to form tentative

plan. Then he ecaleculates various charaetepistics of this design
and compare them with resnirements. In ceneral the first estimate
w1ll not satisfy the requirements. Certain parameters have to he
rhanged to form the ceeond Aesigrn and the above mentioned process
w111 he repezted. Several i{terations have to be made until the
requirements are satisfied., For the change of any design parameter,
other parameters sueh as weight, propulsion, aerodynamics, ete.

have to he estimated to calculate *he characteristies of the
aireraft whieh requires a creat deal of work. Hencé the number

of iterations has to he limited, In general, only several parameters

ean he adjasted (such as propulsion, wing load, aspect ratio of
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wing, angle of swing wing, eta.). At the same time, pPractieal
Aesign work requirecs tegtings to verify the design. Durinz the
desion stage, testines suech as wind tunnel test are very costly
and takeg lone time. Therafors, the numher of tests has +t0 he
limited., The Aecion which 1= Aone aneording to this procecss ean
only satiefy the requirement of "practical design” but not

"ontimum Aecion®.

Using elestronic commuter to esaleulate a larze numher of various
parameters for various Adesigns in a short time will facilitate

the calegtion of a hetter Adesign. This method is hetter than

"trial and error" method whirh is hoged on a very small nupher

of designs ha~ed on experience or arhi*rary subjective consideration.
We ghould point out, however, that even though computer is used,

it may hHe that none of the designcs ealeulated by the computer is
optimized. Then ean we Aevice q method which w111 not calculate

all *he possihble Aesigns yet the ontimized Aesign can be found?

The answer i< yes. Optimization theory and practice; particularly
non-linear oprogramming; provides the hasis for optimizationr

through compnter. As mentioned previoucsly, we eonvert a DPractical
problem into a mathematical nrohlem of optimization and form a

math model to establish a standard for good or bad. The

ealanlated result of every Aesign ecan he compared with the previous
one. Based on a special deviced standard, a large number of

bad Aesigns can He discarded and not all the parameters need to

he ealrnlated in order to find the optinum Jesign. This is an

optimization process. This process is enlled optimum design.

Aceoriing to frreign reports, Boeing Companv of the U. S. used

an optimum procram to optimize the eapacity of a high sreed

B
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transport aireraft. The result is to increase the passanger
eavacity from one hunired and ninty-two to two hundred and

fifty~-three; an increase of *hirty one percent.

Rignt now, the field of optimum design for e+rneturee apre very aetive. For

s'mple structnre, op* 'mum design can save materiagle ahout seven
Dercent when compared w'th nonvertional Aesign. For more complicated
structure, the savine is ahout twenty percent in material ani
forty percent in wekight., For an example, accordinzg to available
literature, applyinz non=linear programming to the structure of
*he wing ean redure the weight hy thirty-five percent. Optimum
Aesign of strueture not Only results in light weight structure

but also results in the selection of logical structure shape.

A strucsture usually consists of many parts. lefereét parts will
have 41 “ferent impact on the structure acs a whole. The mal-~-
fun~rtion of any one vart will have different influence on the
wholes strusture. Therefore the probavility of failur~ of different
parts can he assigned Aifferent values. Important parts should
have low values and unimportant parts ean have Aigher values.

Thie 1e¢ a more economic way when eompared with the way where every

part have the same strength, It alco inerease the =ofety factor.

Ag we ean see, there are many merits in using eomputer for

optimum design. It should 3lso he pointed out that even though
human Aesion has its defects, 1t has certaln merits too. Because
human *eings have long peridd of practical eyperience, he can
make instant Aeeision for modification during the design process

whieh 1s something the computer is incapable of doing. The

auecstion then is this: can we comhine the high speed of a computer




with the axperience of human “eings? ¥Yodern technology now
makes this a possihility. Richt now, somputer can 40 drafting
and d4isplav. A Aesion hlue print ecan He phy=ically realized

on a computer, "Light pen" san Y used tn make corrections

on A1eplay (fig. 2). Consernently, Auring *the computing process
the Aasigner can interrunt the computation , corvect the innut
Aata and echange the analysis procecs as the case may he.

Human expariense and computer sneed are un'ted together to make
the optimum Aesion a recult of human-machine interaction.
Unnessarv ealeculation ic eliminated and efficiency is increased.
At *he same time,more in-icght In analysis process is gaine?
*hrough this mutual interaction whirh recsult in more effective
use of a certaln sneeial rules and not following +hem blindly.

Thie pro~ess is known as romputer=-aided design(CAD) whieh is

widely need in aerospace industry.

Figure 1 Braehistorhrone

Figure ? Using light pen to corre~t computer display
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