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juprese there is o set of objects, [4,3,...,2]}, and = set

of tesis, i?l,TE,*..,T:?. Jaen a test 1s applled to zn ocblest,
the result 1s elther T or P. Assume tne tests mey vary Ln

cost and the ahJE¢£5 may vary in probebillty of ceccureace. Oae
then nhores that zn uankoown object mey be identified by eprly-
ing & seguenece of tests. The sppropriste test at zay point

in the sequence 1n general should depend on the results of
previous Testis.

Tae problem 1s %o construet = good test scheme uslog ik
tast ¢osts, the probabilities of ocourence, zod a table of
@&t outcomes.

Io put thls 1n concrete terme, suppose sn iaducsics cen-
ter wishes to deploy recrults into jJobs apﬁragriat& to thair
cualificetions. Furiher, suppase all msn zre kwava ta fit
one ol five Joos: general, riflemsn, typlst, pilﬁt, ar BTV.

Fossible tests mlight be:

I.0.: 7l00—T
vizslon; normal— 7T

dexterity: good— T

Ioe cost-effectlvenass orlented sarzent coasiruets a tasle of
- . 5 E T R — -

qualifleztiens such 25 shown in fligure 3 (in genersl I

call such tables, tzbles of ouicomes)., He then =akes = list

-l
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I. 3. 7 7 7 T T
vislon r 7 7 T T
dexterity 7 I T 7 -
-

X test name outeomes —F
Fisure 1., A table of outcomss.

I. Q.7% 1007

vision normal?
T

b

dexterity goo0d?
T

Figure 2, A 2¢ss5lble test tras.
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of pooed tree bullding methods cre not ovvicus.
ezploy soae of the ldeas that hrove evolved in 2 prosrom thst

searches semanilc memorles ol the sort describved by quilliam, (1)

Exkeustive Zoumerstion
A kaak = i

One's first reaction might be %o try all nossible trees

nd select the best one. This, however, is inmpractiecal for evea
maderately large problems sinee the number of possible irees
grows rapldly with the nuaber of ﬂbjécts and tests:
Let the number of available tests be X. To simplify the
ezleulation, we will consider only those trees of the form skown

in figure Ja., In these trees any path descends down throuzh 4

uniform--gcounsed \

-
(=]

grrotifg==no: oouztad

2

Pleure 3. Tree Torms.,



lenst o5 mony termianl bSroneies a5 objects. Ouar nounmbsr will
he & Lower bouand, sipea trees tact Dyangh erratisally os toat
g fl-ure 39 will ot be counted.

Tne sumber of Heszibilicice for She ITirstw test wlilil e .
e nunber of posslbilitics for too second test will ze -1,
bt we now have two tests to be fixed. For each of the »-1
wayrs thae first of the twe Lz Tlxed, there sre -1 ways to Ifix
the segond. Hemee the total sumber of wvarlatlosns so for is
ne(H- 1}E The number af tests aow left unusaed at any tree
tip is E=-2 and there are EE cholees to be made. The nusber
of variations 1s therefore increased by & third lewvel of tezis
to N-{:-llﬂj*fﬁ-ﬂ}zg. Zxtanding to 4 levels we have
E*[E-1J91+.ilz;fd-l]JEd'1. This number rapidly becomes uncom-
fortable., TFor examplé, & sample provlem worked in the ZESULTS
sectioa invelves omly S tests and 8 oblecis. 4 is then 3 |

yielding:

number of possible trees >5 + 45 « 3% = 5,430 .

In & second sanple problem, there are T tests and 16 cbjects.

In this case, 4 is & and the lower bound is:
rumber of possible trees > 7 = &5 « 57 » 48 = 9, 5013570

revious York

In 18G4 $laﬁlai2} wrote a2 paper oh this problenm, but he
wWaEs concerned only wivh the speclzal cese ln walch objects Le-
long to ona of two categories, and the gosl is oaly to dszeliie

to which category an unknown objest beleonzs. Other resirice-
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ater paper by Folleel'~’ offered ax glandptory neuristis

!

nplrronel, but ke oversimplified the provitn by sssuming

=1l sects to be ol equal cost and all oblects to ve of equal
rowobllity.

ils ldea 1s simply to insert at eack point that test which
most nearly divides the abject set into two groups of egual
probability.

Finally, Relnwald and Solandlé) rrezent on interesting sDe-
thod that at first glance seems to lead directly to an optimel
solutlon of these test free problems. OCa closer examizztion,
nowever, 1t mey be seen that their scheme is only slightly

batier than exhaustive enumeration for the clsss of prablenos

of Interest here. This is shown in the apperdix.

A Heurlistic Anprozch
A T T T T T

Since no entirely satisfaciory solution could be fourmd inm

H

the litersgture, I developed & neuristic LIST progren thet seems
%o do a reasonable Job on & number of test cases. The prozra=,
25 described in the nexf two sectlions, exhlblis several concepis
{ound 1n intelligent prozrams: there is = simple férm ef slan-
ving; thers ls a foﬁusing of attention; &nd there zre = number

of loczl heuristic operations. Th: lenzth of the prozram

w28 about 12 cages.

% Dge (&) for dessils.
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houristle transforantions ot thzt part of the tree to vwhlch it

TTTUR

is direeted by o higler level funetlon named ZXICUTIVE. Tas

Y R

neuristic resources of FOREIAN ore described in the folleovwias
paragraphs. It should be roted that only the esserntlals of

the funetlions are lndlescted, with no zttentlsan to the irouble

he aptual programs face in hendling normal wvariants of the

L
(&

gsitustions descrlibed as well as the many unusual cases.

sunpose the DAZ0UTIVE directs FORZHEAN o Work at-tae sTot

indicated in flgure 4. Since = number of objeots have yat to

TX

fizure 4. The use oi EUD.

1,

ba sararetec, It is desirable +to plek sultzatle sesiz froz

ey e

g lisv of those znet mreviously used and zrafs then anto the

-
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1e woat tont best divldes the objeets iato esulezrobabic srsuje,

=

ILf workineg out o few exomples 13 not convinelng enoush, furtasr

U_I'Ji..;

ustification for this method of selection may be found in

E L

Gnlluger{E}; e sgentially the same problem is diccussed ln the
context of alinimizing the averapge leagth ¢f the codewords in
2 communleatlone system.

But sinee the test costs do vary, & compromlise le naces-
gary . The test actually used is the one waich paxipizes the
following function of cost and splitting:

(Fg» B4 )2
) -
There ER'FL are the total probabllities of Dbjepts sent

- dovn the right zud left branches
and T +5 the test cost.

Guallsy (test) =

- I

i the Junetlen evaluztes 10 the same auaber Ior two differex
tests, thé BUD functioa is sald to be indifferent to whlch of
the two iz zelected. PFipure 5 shows " indiffersnca curves” for
the funcetion and offers some insight'intu how the scheme works.™
Filpure & shows two other possibllities for the guality funetion,
but the curves of figure 5 gave the comprozlse iantultlvely
dasired, and indeed the others proved inferior experizmentally.
Tois is adnittedly flimsy Jjustification, but iantultion was
exercised in order to expedite zetting & working program. Thls

will be seen agaln and the reader should realize that the unde-

-}

. These purves are remliniscent of potentlial lizes, znd Iinieed,
pag mey think of the proesss z2s selasciing tae L85t wWith nLizhast

"posential. "
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Plgure &, Lines of indifference.
ooEt oost

M=uare &, Lines of indiffzrenze for
otner ouslliy Juacitloas
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Suppose, for example, that three tests are avollable for creft-
far at some end rolot in a partlal tree. Suppose further
Shat they Jdivlde the probebility as Llodlected somewhat abstroetiy
by fisure 7. BUD would obviocusly recoemzend that test T1 ke
felleowed by test T2 to produce ithe divislon of probabillty
shown in fipure Ba, But wlith only & slizht lncreszse in cost,
one could get much suzerlior everzll mrobabillty splitting by
using I3 followed by T2 as shown in fisure Sb.

Of course one could merely complicate BUD by examlng E-level
combinations ﬁf tests 1n about the s=ae wsy, but the nunber
of comblzzilons inecrsases more than linearly with the number
of <ests and 1s to be avolded. Instead, this program usas =
funcilon ndmed SUERSTITUTE to look at = pa&ticular point in she
tree wlih 2 view toward chenglnogzg the test. The itest ls chanzed
i another gives & better guarterln: of the orobabllity with the
game subsequent tests. Hence SUSSTITUTE would Iix the error

pade by ZUD in the current example by the change shown in figure &.

SU3STITUT

.c'..‘p- [ ]

T1 T3

Flgure 9. Change effected by S5T3ISTITUZZ.
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tw whlon the parameters and ratsionzle sre anzlozous to 1oi0Se
dizpuszed under Buddlnre.
Faturally this idea could be extendsd to still nigher

orders, but I deubt if any sigalflicant gain would be had.

Sxchangling
——— e ——

suppose now tihet one ig examining 2 tree tlp of s fora

4

in figure 10z, One wonders if perhaps = little alteraticon

T1 i TEOd waw T2

N

7

14 ' 13]

is]  i0i Pal ia}
a -]

Plgure 10. A possible exchange.

would be batter, say to the form shown in Iigura 10b. Cgpl-

culating expected costs it Lis e¢leer thet the change should 02

' pade if
Soy = cost of test T, »=PF({a3¢C 1),
and

ch'p"'::T.E*[PE‘!‘] + E'ﬂ';m;:] . :-:-E-‘;' +3_._..'!-:'“Ef-...5n.i + E{:ﬂ] v

e
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al objects lnstend of siuwple objects. Low, however, the fung-
vion must be preparod 1o 40 some more cxtensive work on tne
tree 1 subsequent tests are already in place. Fisure 11 helps
lrdiezte what should be done. NHotice thot the oblects of
set C remaln together iln the new structure. 3o do those of E=.
One expects that the subtrees used to dlvide up sets 3 and 2
ere still good and should sloply be moved to new loecations, a3
in fipure 12.

The trouble is that some of the objects of set 4 likely
igvade the breach of set 2. Yow Z{0HANGE is no%t necessarily
& good idea and errors are nmade., Tor this resson, the swaoping
conditicn was.altefed so that swapping does aot nccﬁr if possible
gains are slight. This 1s dones through the introduction of a2
Derziieter ol
Sy * P({B}) > etCnp * B({4} )= swzp.

e

of was set 2t 1.25 with seeningly satisfactory results.

Sweeping
R —— T

Consider the situaticn of figure 13&.  Svweep wlll transfora

the tree to the form showa in figure 13b i Cpp € Cpy- To imzedl-

2
ate change in expecied cost results, but it seexms a good idea

™y
[ L)

[
[a

to "sweep" longer tests dowsa the tree structure, for

[

g

V¥

aant

=3

well be that they can be eliminzted in soxme of the se

paths and there result in sn eventual seving.
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Flgure 11, A generzlizzd exchange.
A, 3 and C are sets.

SECHANGE

>

! i, ; 5

Figure i2. Modifio=tions ansronriat: foo
gnrisss

gemerclliced analicatlon of ZNIHARZD.
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Plgure 13, A swaep,
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T i i

T1

Fipure 14, A more complieatad =weep.
L, B, 0, D, X and ¥ are scts,



ixG SNALcE, the SFETE Tuneotion L@ UiEe A & fenlronlls
catian, It will taXke the tree of flpure 14 and Sroeasiosrs Zt
tg thit of Zisure 14b I perinin eonditlons spe met. or oLs
taius Op » Qo as bofore. Ius nluo notlce that ouly thne ocois A

swd O are praserved; O and D wlll be ia mezeral divided Betwoen

¥ oand Y. Ia order %o avold o compleie Baosling, whe functacan
refuseg to effect the change unless D motehes X falrly well,
and O matches ¥ falirly well (or if C witn ¥ and o with Y).
"sateh fairly well” meens 654 or more of the objeects in the
first set are found in the second.

37EEP wmay also be used even 1f On< Oy if qﬁi}? 3 2ud
the other coaditieons hold. This second eriterion was lmplecented
ginee in such cases the elimination of T3 seesms llke & good deal
{ *» megas more than 3 times here).

eturally SYERF zlso looks &t the tree with the sbove rolsee

of T2 and T3 reversed.

Frunlng

ST A T T

JEAXGE and SWEEP csuse many objects to coursae down
different paths. The result is thet "dead"” tests, or teste thet
czuse no splitting, may be found here and thare in the trze.
When FORIHAN encounters such a test, 1t uses FRUNE to elinminate
it as 1n filgure 15. ZIFRUNE 1s repested 1f the test structure it

elevates i3 slse headed by = deed test.
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with tag srosocatz rlum of hearistle egsgrasions just
reviewed, oze cokld ascexbls a slaple sudervilscry prograc.
fhe progran eould slnuly werk its way down the srowlaz troe
oy ew=llinap ltgelf recursively on the branches it penerates.

wotlee that a substliution at one polnt mlsht well set up

he higher test polnt for o sweep or other change. Dut in
the =imple scheme mentioned above, there ls no way for the
prozram to back up and review when such chanpes make reconsl-
gerations of a hlgher level cholece a good idea. This consi-
garaticn led to the davelopment of EXECTIIVE, = somewhat more
elezart supervisory progrem. It may be hﬂlpfui to refer fre-
cuently to the Ilow chart of figure 16, as the prozrez is
explained in the following paragraphs.
Goels of IXISUTIVE
.

Tae Job of ZXEOTUTIVI is to foous the program's atteatlon
&t an apﬁrnpriatu rolnt in the partislly econstructed tree. In
dizgrans the convention will be to¢ indicete the cexnter of aiten-
tlon by 2 small arrow (—*). Two tesis immediately following =
glven test are called its daughters. The glven test 1s then
referred To as the parent of its dasughters.

EXZCUTIVE must be able to do moere thexn Justi back up ard re-
view &n old cholce. To avold wested effort it.shnuld not work
ea & test polrt AL a rverent of +that test iz to be raviaved,
begause @ change nay in faet cozzlataly chanre the naitures

of subsegueat provlems. In flsure 17, for exozsie the problex

17w
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:- I --Hl..p.,l.:h_'ru-:l
't zelect firstc test
feeing EUD and place E_'
F corresponding 5;53- :
;lCﬂ or problam 1lis Y
. .E AT
apply FORZfAd | ,
to flrst prob- w
lem on problem
list
1‘1&
ne did FOASMALY yes
change any S
.H tests? ? "'f"
¥
ideatrny =R |
subseguent
problems
place current i
problem ¢an the .
recall list i }
S e T A LT T
-+ [re:urn nparent
problem o Lhe
ne do oroblems E res Eprﬂhlﬂm lé?t )
exist for &ll — ifrom recell list
daushter teatﬂ/ —m
LT ‘Fr . )
L E L g L3
Dlace corras- yas % 1o
apnding new prob- _ is protlen .
e lems on problem list > 4115t enpiy? ’
apoording to thelr
priority . 5
= m—— finished

.
=

Tigure 14, ZEZIUTIVE.
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Plzure 17. ZExecutlon of parent problem before daughier probles.

of polnt 2 has a different set of objects to conslder as & result
of a higher level operation 2t point 1. EXZICUTIVE should sinl-
larly avold deep extension of cne tres branch whlle negleeoting
ancther. Ctheruise, & review and subseguent alteratlion generaisd
by = later locok at the neglected bra=ch might well render most
of the work uceless, See figure 15. Flnally, EXEZJTIVE should
have go3e kxind of ervellng protection so that chalns of clreou-
lar operations zre not repested indelinlitely.

Zefare axplaining how these things are done, the role of

FORTHAN will be discussed.

The TForchen

Onece EXECUTIVE has picked a center of sttention, FORZHAY

cleans up the area with FRUHZ and, 1f necessary, extends the
srag with BUD; 1t tries to apply 3UASTITUTE, EXJHANKGZ, oF 5wEZE

in turn: and £inslly 1% uses ZFEUNE and BUD L case g Lransiore

mation has l2it some garbasze 1n the lmzedlate tres strusture.
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in ench of it two Lranches. 4 flow phiort for PoOAL2sT 4 40

o - el |

TLRATE L.

The Troblem 1ist; Flranineg

dnee SASCUTIVE hzs pliecked on Inltial test, it places o nocket

of lalormevion called a nroblem o a list called tiae mroblen 1list.

A problem conslsts of 1) a pointer to the tast it 1s =ssociated
with in the tree, 2) a number indleczting its rriority, and
%) other lists that aid the ovperation of POIZHAN, but zre of
no concern here. As can be seen In the flow chart of figure 14,
ZXZC0UTIVE enters a loop eround whieh 1t elireles until the
tree lg conrplete.

The Zirst step in the loop is to epply FOREMAY to the first
entry (the one with hishest rrlority) in the problea li$t+.
0f couse, when esateriag for the first time, tanere is oxly one
entry.

It

LAY |

CAZFANY only Extenﬁs.the tree with 30D, or does nocthiaz,
SHZQUTIVE glmply creates new problems ssscoclzted with any
dauchter tests otherwise without assoecleted problems. It
then removes the current problem Ifrom consideration by plaelng
it on a liet of old problems, the recell iist, The use o th
recell liss will be expleined later.

The new problems are inserted into the problem list
zoeording to 2 priority, which 1s sizmply the number of abjacts

o
[F N TP e — — L] F-} aye - ] = o -
«12% Terdinate patis -Tﬂ_~j%ﬂﬂui4tid test. See Tlzure 20 foz zoze

W
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ed ond 17 a sultable:
esw can oo Tound

{
A
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R R e e o

i

use IUSETITUTE
iT passlble
L

ves
SUIsSTITITE

used ¥ T
h_—-—-—:'l'
e use HEOHANW:S
1f vossible b
@
Jas : %)
, T e A
5 = i LR Y o

Jseﬁ j

I

.,

use Elu_n....l.l."

1f mossibla

N
Tty

use FRUNE 2nd 2UD
to clear up local
gerbage

Figura 19, FORIMAN.
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Figure 20. Irioritles and the movement of atteation.

axamples.

In establishing this prlority, the progrim may be scld to
axercise a simple sort of planning.

This priority scheme assures that a problem will not be
considered 1f 2 protbtlem asssoclated with an grcestor i zlzo
on the problem list. This 13 true since any test 1n the
tree certalnly has more objecis courslng through 1t than have
any of its progeny.

The priority defining scheme also nelps evold extensive
growin of cone branch with neglegt of others. This follows
sinee, in genarzl, the reveated portitlonlap of the objlects
rapidly reduces the priorities of problems further éown the tres.
See flgure 20 for an illustration.

Flaally, notlce thet, a3 in figure 20, the deuzhier in the

rarch with more oblects 1s attacxed belore the other. Tals
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more voriatlions of object deployment ore possitle. Thls rFiclas
maee vwoluaes Tfor the auallty Tuunetwleons, dincreasing the chziace

thot an imrrovement ooy be Tound.

The Reecall List
—

Returning to the top of the loop, notice that Irf FOIELAI
goes 1n feet change & test by exercising EICHLALEZZE, ZUZETITULE,

or SWEZP, then the program works through a different set of ofer-

&

ras
[
2
[
41|
.

First, the auxilliary lists garried in problems indicate
what tests have previously been used =nd what oblects are o

be handled. TIhe tast-éw&pping heuristioes frequently change

the sourse of objects through the tree structure snd Imvelidste

© the auxillisry lists. Trouble 1s sveolded simzly by destroylins

-

[

gny problams found subsequent te the chaags. Dear in zind ik
anly prnhlemﬁ gre eliminated, not the trzs structure ltsell,
Tne parent of a changed test should be re-exanmined singa
change in a daughter may in turn call for z transformation af
the perent. Hotlce that the parent probvlem residas nﬁpth;

recall list., To initiete review, 1t is merely movad Irom th

i

recall list to the problem list 2t the spot approsristie to itis
nriorlty number.

Tigure 21 illustrates thess steps.
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Figure 21. Reeall of an old problem.

cywgllne
e L

The eyecle proteciicn gear is not includsd on the flow chart
wo gvold eluttering. The current scheme merely counts the
nunber of times = problenm has been reviewed znd, 1T more then

twice, further chenge is not allowed.

Terclunation

The problem 11s% wlll be exmpty when the iree is fully grown
end all necessary declsions have been reviewed. IIZOUTIVE then

exits from the loop and soncunces thet it is finished.
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Tae conpicsed srosram was onnlled to 12 sizusmtlonz ol winlzok
two are reviewed in this seectlon. The Iirst HZes the ieble af
gutgosas, probabpillitice, and cocts eacwn in inble I. Geios

abjects ——y

) { 3 2 D =2 2 4% H coshLs

ueats-‘ﬂm1 T T T F P PP 1.1
72 T T P F T T F 7 1.2
T3 T F T F T F T T 1.45
4 T T P T T T F ¥ .33
5 F P T P PP TP .55

{all probabilities sgual .125)
Table I

taat 21l nrobabilitles are the same and that tha flret throe
tasts 21l divide the nhj&ﬁts into equally srobable grouns.
Tna remaining ocarameters were fixed more or 1aés arsltrarily.
Tne net result is 2 data set on which TIBJUTIVE's activity
ig non-trivial, but e=sy to follow. As before, an &rrow
indicates the point of attentlon defined oy tihe polintsr in
the first problem on the problem list,

The first test salected was TI1,

— 71

o

L |
%]

H A3 2 0

- -
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The obvlous sectlon here was to prune out the T2 znd bud somethiag

e

- in to separote G and H. Only T5 and T3 ecould separzie lhsz

s0 TS, the cheaper, was used.

=ral e
£l i
B
o A

LET e

-~ But at this point EMNCEANGE made = mlstake bacause of an obscure
sug and switched T1 snd I5.
T4

ZACEATGE
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"SUBSTITUTE then noticed that 72 ylelded = perfect guartering a2l

thourh slightly more expensive than T4,

et fdl il izt {1 {151

Jow 2 IUD split D =nd H with T4 =znd was followed immediately

oy BXCEANGE swltching 15 and T1.

—

io
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At that polat, T2 was replaced by the shorser T4
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aAnti-cyele protecitioun excluded any aegtivity =t the tow. Fur-

_-J.l_r_

ther oreratlons lnvolved only bruning out dead tests aad seporstins

A and B for &2 finsl sverame cost of 3.T79 and =2 tree:

(g fel = ot il im) ful

This +tree seems reasonable in many respects. 71 iz the lezct

gostly test that exaeily divides the probability. T2 nnd
T4 ore also relotively short and topether with 71 exacily
guzrier ihe probeblllty. The lommer tests are found oxnly in ths

lzzt row, where , with one excention, ithey are sbsolutely resuires

L™

to cozplets the separatiom. Tye sxception is thst T4 would tbe

(L
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with o ensirzely dlffereny Gusy. 11 &S0 uaoulitcble o et rere

to ogeur higher 1an the tree, sUTSTITOLNE or another operatlion

L]

Lt =well hove axeica

g

it, wut s=uch fra::fﬂrms are powarlescs
at the tinsz of the tree where there are no tests fillowins,
L spreeclizl case transformation could saslly be wrltten to handle

this sort of situatlon.

A Bleger Froblea

In &nother experiment, twlice as maﬁy objects were involved
end the number coi tests was expanded Lfrom 5 tc 7. The
sarameters invoelved are shown 1n ftable II. In this case,
however, the outcomes were set randomly with the aid of = coln,
end the costs &nd probaebilities simllerly fixed with the gid of

2 Soston telepaone book.

«F
i
il

O0rn this data the program rother uceventfully genexrs
wha tree of flgure 22. It 1s lnstruciive,; nowWever, to notice
kEow the teste and objects sre deployed:

Tests &4, 3, T and 5 split the objects inate sets of nearly
egqual number. Horeover, 4, 3, end 7 cost less than any others.
That they populzte the hipghest regilons of the tree is therefors
not waexzpected.

The expensive test 5 ls found only 1n ona place, &rd rafezence
w0 the tzble of coutcomes shows no other test can fuzetiszso =5 it
Loes 19 seperave ¥ ond H.

Uote That two sate rapaln uasenarsted {A ?1 &nd
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objects

tes:s-b a B ¢
T1 T F F
T2 T T F
T3 F F T
T4 T T T
15 T T
T6 T T 1T
7 T F F

L 5]
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o k3

Lo I

ka)

L0168

ele
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051

08

probabilities

E 7
T T
A |
P 7
T T
F F
T T
F T

cutcomes — "

b-E

L]

ik

T
1]

G H I
T T T
T T F
F T F
P T F
T F
F T T
I P T
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Tizure

=22,

Ire2e zrected for bizger problerm,
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5 L} . Taspestion of tue tublc shows %.oys Lndcch comios Lo
sernsaied.

Coe sxyeets te Tigd the =are 2robodle  tests Dlgher Lo ko
toeos woadarnoe IowWeD tcjt; cre roouared to Ldentliy when, Do noss

rrobable ¢bjects ars J, 2, nund D. HNotlee they ore fourd in the

Lirnest pooulatod lewvel.
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SCrloUs mistaies werc noade, Lut the overall perforsance sces=od
aeceptable as & flrst try. Its succecses indieote wolue in the
heurlstic appreoach, while 1tn failures reveal new Problens

to be explored.

Faefinement

slteratlons to the present program would fall in three
catefories: bug removal, tuning, aund mejor revision. Zus
recoval curreatly refers to the two faultis observed in ths
EZSULTS section: first, a subroutine is nesded to insure that
the tests a2t the tips of the tree sre ooticoum; second, EXJHLIGE
blunders frequently and sweps tests when 1t sheuld no<. Cor=
rectlon of tﬁ&se weainess2e should invelve no major difficulty.T

Tuning refers to improvement of the simple eriterisz the
program uses o malte 1ts declsions. Por examrle, there mey
be better ways to define the priority number or to determirne
the gquality of a test from its cost and splitting abilisy. 4z
was meniloned, many of these Lhings were set somewhat erhitras-
ily.

Finally, majer reviziocn refers 4o substantial ghences which
would pive the program more of the qualities characteristic of
"intelligence.” ZFor one thiag, the Drégram now hes no fagility

Sor retresting from bBlind alleys; the conditicn for chon-e is

L TR
E=S

i - ] ) 2 [ . 5
‘change 1f tests indicote thet 1% looks 1ive = gaod idazn®

ingtesd pFr ¥

LE

aange LI the resulitant structure does in Tast

f gee Appendix II
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ans thal woris "bast. sizls, hovever, is o form of exhoustive

=

pauveratleon. It would be mere elesnont to introduce = “unc-lon

ct

that somenow would gqulielly examine tree ssructure ip <he visin-
ivy, form =0 opinion on what 1t needs, and then check to gee ifz

transformation appropriate to correctlon canm be used.

Generaliz=tion

It 1s easy to think of cneralized problems oh which extend-

ed programs ¢ould be used. 4 few are listed below:

1. The test outcomes ere not limited to just two possibilitles.

2. The objects are partitioned into catezoriss. The tester
1s concerned only with determining the cetezory.

3. Tye test outcomes are probabilistle functlons of
the object.

4. Certain tests are inanpropriate uanless precsded oy
certaln others,.

5. Qertalin important objects must not regulre more than
& certaln cost before recognitiocn. (& lica Eppearing
belore the rezder 1s unlikely, but he should be glad
to recognize it quickly).
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The SJoelowald=Zaoland edoad

Tt Soinod
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Slace the deluwald-so0lrnd schewme ls well nresensed 1a thelr
(&) i

only the gist of the idea will be reviewed here.

Sunpose, ~iven a partizlly construected irce, it iz ros-
gliole o establish a lower bound on the expected cost of any
complete trea formed by budding out the tree at hand. rLet this
lower bournd to the expectad post be LT where T 15 the cane of
the essoclated tree.

Then 1f a group of partial trees zre czndidstes Ior ihe
trunk of the flzal tree, 1t would be wise to try budding out
the casdidate whose LT is smallest until the LT of the derived
tree exceeds that of some other cendlidate on the original list.

Thls general idea led fto the flow chart of figure 23. Tae
origical set of partiazl trees cansists of 2ll trees containing
Just one test. These are ordersd zecording to thelr asso-
glated lowar bounds, the 13'5. The first meéaxnber of the list
is picked off and 2ll trees that can be formed from it by a2
single test additlon are placed on the partizl iree list in
the approvriste place. The glzorithm termlnztes when & com-
plate tree appears at the head of the 1list. This +tree is optimel
because 1ts IT is not only a lower bound, but 1s lo faet the
expecued cost; and that cost ' ust certalnly be lower than that
af gny complete tree that evelves froxm partial trees whosa ;:15
are gragter..

LOW surpposea we tiink of the H.tesﬁs zg Tormina

-37=

- iy
s -



forn all posslble trees
of depth one and nlace
then on the partlzl tree
llst in order of inecreas-
ATlE LT

A
i

b pick off first
member of partial
tree list

‘:,
yes

ns
e r—{ i: the tree %
}f a complete tree?

form all portizl treas
poseElble by the addition
of oxnly one test--

ploace these trees on the
martial tree list in

the spot dietated by

J their L

|

i

Flgure 23. The Relnwald-Soland Algorithz.
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the Zelnwald-Loloud method amounts essentizlly to exhzusiive

enumeration of possible $ress.

Domegrerntion of the Hethod

4 study of the peper reveals that in thln spaces the »ula
for formlng L. simplifies to:
1) find the expected cost of each %est by multinlyins
1ts cost by tze toial probvablility of the objects that
eourse through 1%,

2) sum the results.

Thus 1t 1s clear that ezch time 2 complete layer is adéed,- the
lower bound 1s inecreased by the average costs of the tests
in the layer. The lower bound, IT’ therefore inereases
steadily wilth the depth of a partial :rae;

Tha rezson for the fallurec of the method in thin spaﬁ&s
lies in this steady growth of LT with tree depth: If any
iree of a certaln depth has been examined, it 1s likely that
&1l trees with two or three fewer lzyers are on the partial <ree
list. Heace, before eny complete tres can be formed, an enormous
muzber ol partlal trees of only slightly less depth have been

enumerzted, evaluated, and pleced on the pertial tree 1ist. =ut

% has been shown that enumeration of all trees of eny ron-trivizl

-

% Qommuniesatiome enthus:
Hooming distance sedarati

H

-
(=
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Jdepth is out of the guestion.

APPENDIX II

Bugs

The bugs mentioned on pages 27 and 31 have been somewhat alleviated
since this paper was completed in 1967,

Blunders by the EXCHAMNGE Heuristic are prevented by blocking action
if substantial rereouting tekes place., Refer to figure 11, page 13.

EXCHANGE does not sect unless

P{‘tp&rtufﬁ.}} > hoF(A).

& is currently .& .

4 function called MEWTIP eliminates the problem of imappropriste
teete at the tree's tips. It simply checks to see if any other test
can do the same final eplitting job with lower cos:. The FOREMAR

machinery applies NEWTIP whenever a tip is encounteread.
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