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Introduction

This report is concerned with the application of digital data-processing equipment to the problem of the
machine translation of language. In particular, the work described in this report concerns the translation
of written scientific Russian into written English,

The research in Machine Translation at the University of Washington has been a team effort; hence the
work of the author has heen influenced considerably by the work of other members of the project. A brief
higtory of the project is presented below in order that the motivation for the various investigations which
are described in this report may be clearly understood,

Research in Machine Translation was started at the University of Washington in 1949 by Dr, Erwin Reifler,
Professor of Chinese, The project has heen sponsored since the spring of 1956 by the Rome Air Development
Center, A complete history of the project may be found elsewhere;” here the work which has been accomplished
will be outlined only briefly,

The Rome Air Development Center commissioned the project to prepare a translation lexicon of about 30
million bits, which would be suitable for word-for-word translations, Thig lexicon was to be entered into a
photoscopic store them being developed by the International Telemeter Corporation,

The project first selected a corpus of approximately 30,000 words of scientific¢ Russian text. This
material was extracted from 111 different books and articles from about 40 representative fields of science.
Each artiecle was translated, and at the same time each Russian word was entered on a separate card along with
the English equivalent for the word which was used in that particular translation. After this tabulation was
completed, the cards were ordered alphabetically; and a single card was substituted for the several cards re-
sulting from the fact that many Russian words had occurred more than once. On this single card was listed
that particular word together with all English equivalents which had been used for that word, About 13,500
different Russian words occurred iln the 30,000-word sample.

After the tabulation had been made, dictionaries and word studies compiled by other groups were consulted
for other words which are likely to be a part of scientific general language but which did not occur in the
30,000-word =zample, Thege words were then added to the original tabulation.

Finally the tabulation, or lexicon, was expanded by supplementing all relevant inflectional forms of the
paradigm familiesz repregented by the words in the lexicon provided that the form is a part of the contemporary
Ruseian language, After the expansion was completed, the lesxicon contained approximately 170,000 entries,
each entry consisting of a single Russian word (or idiomatic sequence of words) together with all essential
English alternatives of that Russian word, For the details of the content and preparation of this lexicon,
the reader is referred to the discussion by Micklesen.

As indicated inh the above diecussion it iz obvious that the mailn effort of the Machine Translation (MI)
Project at the University of Washington has been directed toward the preparation of this lexicen. Since a
tremendous amount of lexical material was available, the theoretical investigations were directed toward re-
search problems which required such material, Sclution of the problem of multiple meaning, for instamce,
requires a very careful study of words and their meaning, As a consequence, the problem of multiple meaning
has been studied in detail at Washington. Studies in stem-ending dissection,” onr the other hand, do not re-
quire such a lexicon and hence have not been carried out,

1REifler, Erwin, Qutline of the Project, LINGUISTIC AND ENGINEERING STUDIES IN AUTOMATIC LANGUAGE

TRANSLATION, Report No. RﬁDC—Eﬁ—58—321, ASTIA Document No, AD-148992, 1958,

2 ' '
Paradigm family--One or more paradigmatic forms of the same “semantic unit"; for example: MaTPHIE,

MaTpule, MarpHLy are all formed from the stem MaTpPHIl and hence they all belong to the same paradigm
family.

3M:I.cklesen, Lew R., Procedural Report, op. cit. in footnote 1.

Stel-ending disgection is quite popular among MT research groups. At the time this report is being
written, thirteen sachine tranalation projects exist in the United States. All but two of these projects are
concerned with Russian to Emglish translation and, with the sole eXception of the UW project, all are using,
or intend to use, stem-ending dissection. Anthony G, Oettinger's scheme is probably the most complete
(cf. hig A Study for the Design of an Automatic Dictionary, Doctoral Thesis, Harvard University, 1954)., It
is quite probable that many different ways exis* for accomplishing stem~ending dissection, The whole purpose
of stem-ending dissection is to compress the dictionary by storing only the stem forms of Russian words
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In its present form, the lexicon which has been compiled by the main project is intemded for word-for-
word tramslation. Several examples of translations are presented in Chapter 3; here it is just stated that
such translations are far from clear and far from being readily intelligible, The work of the author has
been twofold: first, to investigate computer processing methods for improving the quality of transilaticons
over that obtained by word-for-word techniques, and secondly, to evaluate the entire translation process with
the objective of obtaining a tentative optimum design for a machine for translating languages., A brief dis-
cugsion of the contributions of this thesis to these two problems is presented in the pnext two sections.

Computer Proceasing Methods for Improving the Translation

An extensive investigation was made of computer processing methods for the purpose of lmproving the
quality of the translation. This work was done by Micklesen, Niehaus, and the author. Specific statements
listing the coniributions of each are reserved for the section where that particulaﬁhprohlem is ftreated in
detail, s

The first step in the investigation was the preparation of a translation lexicon from the lexicon which
was compiled by the main project, In this translation lexicon each individual entry contains certain gram—
matical and pon-grammatical information which la necessary for logical processing., Computer programs which
would resolve certain problems of multiple meaning for the University's IBM 650 computer were then written,

The details of these programming techniques and examples of the results of the processing are presented in
Chapters 4 and 5,

Design of a Special-Purpose Machine for Language Translation

The goal of machine translation research is the production of a machine which will produce accurately
jntelligible translations raptdly and economically., All investigations are directed toward furnishing data
which may be used to attsin this goal.

Chapters 6 through 8 of this report are concerned with an evaluation of the entire translation process
ahd specification of a tentative design for & special-purpose digital-dats processing machine which will pro-
vide the required properties of an efficient translating machine,

This work was done solely hy the author,

and thelr inflectional endings, and by using computer programs to perform dissection and subsequent dictionary
lock-up or the incoming text words, Stem-ending dissectlon has two shortcomings: firstly, it 1s possible
that some information may be lost in this techmique, and, secondly, the procesasing preograms are cohsiderably
more lnvelved than for the case where all inflectional forms are entered in the dictiomary.
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Chapter 1

Statistical Aspects of Scientific Russian

In this chapter some of the statistical aspects of Sclentific Russian will be comsidered. The purpose of
this statistical study is to determine two things: first, whether the dictionary size would be smaller for
the translation of scientific material than it would be for translation of general-language material; and
second, whether it might be possible to predict an ultimate dictionary size, given only a limited text for
analysis, The first of these two problems will be studied through a comparison of the sclentifie-language
word count compiled bg the linguistic section of the project with a general-language word count compiled by
Josselson and others The second problem will be studied in consideration of the controversial hypothesis
known as Zipf's LaW.6

This study utilizes a list prepared from the scientific text semple analyzed by the University of Wash-
ington MT Research Group (UW),7 and a general-language list compiled by Josselson.6 These two_lists were
compiled on different bases since the W list counts the frequency of every paradigmatic form,” while the
Josgelson list is essentially based on paradigm families, for all form classes except pronouns, whose para=-
digmatic forms are counted individually. For this analysis the UW 1list was modified in order to make its
rules of compilation identical with thosa of Josselson's list., The words of highest frequency in the two

liats are presented in Tables A a )
The word counts will be analyzad in two airtrerent ways: rIirst, the probabilities of individual semantic

units8 in scientific-language and general-language word counts will be considered, and second, an analysis of
the statistical properties of sets of words are considered, in which the members of a particilar set are
those semantic units which occurred in the text sample the same number of times, Thus all semantic units
which occurred only once are in one set and those which occurred twice are in another set.

Probabilities of Individual Semantic Units

Table A {at the end of this chapter), taken from Josselson, contains a list of all Russian general-lan-
guage words which occurred thirty-five or more times in a text sample of 29,345 words from Pushkin's "The
Captain's Daughter,” Table B (ibid.) lists the Russian scientific-language semantic units which occurred
thirty-five .or more times in the 30,000-word text sample analyzed by the UM project. The general-language
1list contains 102 words, and the scientific-language list 103 words, The lists are of almost the same length,
but are by no means identical; 52 of the words in Table A did not occur at all in the entire scientific sample;
and of the fifty-one which did occur, only thirty-eight are in Table B,

For words of highest freguency, the probability increases of scientifiec over general-language, and gen-
eral-language over scilentific material are listed in Tables C and D, In Table C the words are classified
according to form ¢lass, while in Table D the words are listed according to freguency of occurrence, These
data show clearly that for words of high probability a comnsiderable difference exists hetween the usage in
general language zhd usage in sclentifle di=scourse,

Statistical Characteristics of Low-Frequency Word Sets

Up to thie point in the analysis only the probabilities of individual words have been considered. The
emphagis will now be on the relationship between sets of words where each set consists of all words occurring
in a sample the sgame number of times., For example, in the scientific-language sample, the set of all words
occurring exactly once has a membership of 8127, while the set of all words occurring exactly 1000 times has a
nembership of zerc,

The following discussion will show that only the sets with large memberships form consistent patterns,

5Josselson, Harry H,, THE RUSSIAN WORD COUNT, Wayne University Press, 1953, pp, 23-30.
6Zipf, George Kingsley, HUMAN BEHAVIOR AND THE PRINCIPLE OF LEAST EFFORT, Addison Wesley Press, 1949,
7Hicklesen, Lew R., op, c¢it,, pp. 22-35,

SSemantic upit=--Any meaningful portion of the scurce text selected to head a dicticnary emtry. It will
sometimes correspond to a single free form, while at other times it will consist of more than one free form
(idiomatic sequence) or less thsn one free form (constituent of a compound or complex}, The term "semantic
unit” was coined and defined by Reifler specifically for the requirements of MT (cf, his Some New MT Terms,
op, cit. tn footnote 1},
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Since the sets with large membership contain only low-frequency words, the followilng investigation is concerned
with the characteristics of low=-frequency words,

A plot of the occurrences of words versus their rank order, {(ordered according to the number of occur-
rences} with different word counts as the parameters, 1s presented ip Figure 1. For words of low rank order
the points show considerable randomness, OUne interesting characteristic is evident in this range: All
samples from Pushkin show a characteristic upward concavity, while the sample from scientific Russian actually
shows a characteristic downward concavity. These characteristics indicate that scientific Russian ¢ontains
fewer low-rank-order words than does general-lanpguage Russian,

The total number of occurrences of words in the general-language high-frequency list is 13,755. Since
the total word count is 29,345 words, the high-frequency list of 102 words accounts for about 47% of the total
gsample, The scientific 103-word high-freguency list accounts for 9124 of the 30,000-word total of the scien-
tific sample, or about 30,4%, Again fewer occurrences of scientific high-frequency words are indicated than
for peneral-language high-frequency words,

The fact that far fewer of the members of the scientific list are high-frequency words (9124 versys
12,755) indicates a considerably larger total vocabulary in the scientific sample., This does not, of course,
indicate that an author in the field of general literature hag a smaller vocabulary than an author in a highly
specialized field, The scientific 30,000-word sample was compiled from the publications of a large number of
authors in 40 different fields of sclence, while the general language sample was from only one author (Pushkin),
Certainly it is borne out, however, that scientific¢ discourse uses a vocabulary of considerable size, and
hence a amall translation lexicon is certaimn to yield unsatisfactory translations.

Zipf's Law

Zipf studied the statistical aspects of word freguencies, and on the hasisz of considerable empirical work,
he postulated what is known as "Z2ipf's Law.'™ Aceording to Zipf's Law, if the number of word occurrences in
a sample of text are plotted on log-log paper agailnst their rank order, then the points will lie roughly on a
straight line. Mandelbrot has made a theoretical investigation of Zipf's "principle of least effort" using
the analytical theory of thermodynamics and has stated that, instead of the straight~line relationship proposed
by Zipf,actually two straight lines should be postulated for the pleots: One line of negative slope for words
ot lowest rank oyder amd another line of more negative slope for words of highest rank order, Figure 1
shows that Mandelbrot's theory seems to hold true for the larger samples from Pushkin,

Zipf's Law cannot hold true for all sample sizes, The most frequent words such a® conjunctions, particles,
and pronouns will be used by the same author in any discourse with about the same probability of occurrence,
Thus, if the size of the sample 1s increased ten times, the plot of such high-probability words will be moved
upwards one cycle on the log-log paper. If 2ipf's Law were to hold true for the entire rank order, the total
number of words used by an author would increase proportionately with the rize of the text., The number of
words any person has at his command, however, is limited, and thus the straight-line relationmship could not
hold true for extremely large samples. Zipf rationalizes this by defining an "optimum sample size” which,
in effect, is the largeat sample for which a straight-1line relationship will hold true,

The scientific sample does not show any appreciable deviation from a straight line, but the larger samples
from Pushkin do show such a deviation.

Figure 1 shows several interesting characteristics, If a line is passed through the highest rank order
points of each of the sets of words with a frequency of ten or less, such as through points A, B, C, D, E, F,
it will be seen that the line is essentially straight in all cases, This is especially true in the case of
the 29,345-word sample from Pushkin.

A complete membership list o the high-rank-order sets was not compiled from the scientific material.

A count of words with a total occurrence of one was, however, made, They were found to total 8197, If a
perpendicular is dropped to the rapk order 1 abscissa from the point of intersection of this line with the
rank order 2 abscissa, the perpendicular intersects the rank order 1 abscissa at about 5250, Thus (13,500~
5250) = 8250 rank orders occur hetween the point of intersection of the averaging line with the perpendicular,
This checks very closely with the count of 8197 words with occurrence of one in the scientific sample,

The surprising regularity of these gets for the larger sample sizes would seem to verify Zipf's and Man-
delbrot's postulation that there is an underlying fundamental statistical law governing word frequencies
which is independent of the meanings carried by the individual words, A relationship might be established
which woulgd indicate the size of vocabulary at the disposal of the author, For instance, in the case of the
two 5,000~word samples and the 10,000-word sample from Pushkin plotted in Figure 1, the slopes of the lines
through the highest rank order points in the low-occurrence sets are about the same. The 29, 345-word sample,
however, shows a consgiderably greater slope., Perhaps there 1s a relationship between the slopes of these
lines through the high-rank-order points and the vocabulary size of the author. If so, this could allow an
estimate of the vocabulary at the author’s disposal, perhaps on the basis of a very small sample.

A careful statistical investigation of word frequencies might yield considerable information, Some
possibllities are suggested in the next section.

9
Zipf, George Kimgsley, op. cit,, p. 131,

louandelbrot, Benoit, An Informational Theory of the Statistical Structure of Language, COMMUNICATION

THEQRY, Edited by Willls Jackson, Academic Preas, 1933, p. 486,
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Further Work

The preceding analysis suggests several interesting investigations:

1, The sampling of another work of Pushkin in the same way, preferably a work with subject matter as
different as possible from "The Captain's Daughter.” Will this sample indicate the same rank-order-to-slope
relationship?

2, Combination of the word count from "The Captain's Daughter' with that of another work by the same
author. Is there a congistent relationship between slopes?

3. An exhasustive word count of as much of Pushkin's work as possible,

4, An exhaustive count of the work of another author in the field of general literature. How do the
two counts compare with cne apeother? Can we establish a criterion for vocabulary size?

5, A word count in individual fields of scientific endeavor, Can we establish criteria for vocabulary
size in these fields? In particular, can a considerable saving in dictionary size be realized by restricting
the lexicon to one field of science, or in other words, would the use of a micro-glossary he practical?

If a criterion for vocabulary size could be established, it would be invaluable for MT research; however
this research was not attempted since the tasgk would be a major one and funds and facilities were not available.

Conclusions

There is no indication that general-language discourse uses a larger vocabulary than scientific discourse,
Three indications of this fact were presented in this chapter,

1. The high-frequency list in the scientific sample only accounts for 30.4% of the total number of word
occurrences in the sample, while the general-language high-frequency list accounts for 47% of the general-
language word occurrences, If the curve of occurrences versus rank order has any significance as Zipf's law
insists that it has, then a much larger word list is indicated in the scientific sample,

2, The total paradigm=family count is 4775 for the general=-language and 5137 for the sclentific list,
Again a larger scientific vocabulary is indicated,

3, The slope of the high-rank-order asymptotic in Figure 1 is greater for the general-language count than
for the scientific word count for the two 30,000-word samples., Apain a smaller general-language vocabulary
is indicated.
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High-Frequency General Language List {From Pughkin)

TABLE A

Number of

{Jcecurrences
1160 cedsa
777 HpPENnceTh
72 Tam
682 oor
Lél eTarns
479 omum
L30 om
h21 HOMSHASHT
37%  HaW
267 ¥H
207 OaTBlHAa
282 ux
267 Tefda
256  ywe
2nly  om
236 &Bau
220 ewe
21Lk  pyxa
187 eii
184  neao
180 vyeBuneTh
178 BH
168 cuoBO
166 @2HaTE
137 MUHYTS
13l  TBOH
131 non
134 TOROPHTRH
12l HecwoJBKQ
123 u4eJopex
122 COPOCHTE
120 XxoTeTk
119 =zZo
111 oTeu
102 A#aThb
107 BpeMsa
101 rprae
o8  waroit
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80 npu

78  xasar
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TAELE B

High-Frequency Scientific Word List

Number of Number of Humber of

Oceourrences Occurrences gccourrences
H 1132 (-] 70 noyBa Ll
B 1125 Taxnod 69 ene
HA L70 cJe gywoumi 67 CKODOCTE 43
¢ 336 doase 66 HASTHA 43
pH 308 HO 65 nBa L2
ITOT 276 ero &5 PacCTeHHe L2
He 2L8 pagoTa 62 OyTh L2
or 231 ABUEEHNE 59 BOSAYX L1
ans 220 pefcTRUE co TOAO L
rOTOPHI 210 TOABKO 58 vacTh L1
qTO 207 MeRAY c8 NOITOMY L1
ne 203 ee Y3 noc.Je Lo
GHTB 196 ecau 6 odpanopaTe Lo
v 183 Tak 54 rss Lo
®a 178 TarEe 5é HeKoTOopub Lo
b4 174 paaan et CA QUM SKa 39
TOT 173 ocHoBHO I S MeeTO 35
a 13¢ 2a g2 I'pyOng 39
B2Ch 122 MH g1 caMoJseT 30
HAK 113 BCe 51 HanpuMep 39
MOYL 113 OYHKLHUA 51 *e 38
HX 112 OGHYHNI 59 TeMTepaTypa 38
Sosnpuoh 106 preorult =1 yepes 37
ao 102 Fe U YNHE 51 HUX 36
HMSTE 101 hopua 50 KoHel 36
¥ aa 2HaYUTeNBHEN 50 NoAHH 36
cayual o3 nepeHii qam 35
ABJAATBECH @0 oxH Maces a5
oauH 8¢9 He oS X0 R uMuit TOYKA 35
EpeMa 83 ¢Bol yacTuIa 35
cucTemMa go AOJSKEH ¢TOpOHA 35
SaTh 75 Bec L3 oSum i 35
NOEGPXEOCTh Th crroi HES
BHA 72 noa b5
apyrof 71 HECHEOABKO H
rOZY 71
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Table C

Oceurrences of High Probahility Words

Personal Pronouns

Scientlfic Language GL/SC.

T (1) 16
OH (he/1t) 21
oEa {(shelit) 14
e {you) Q
woi  (my/wash) 0
e (me) 4]
Teoa (you) o
exy (him/1t) 1]
gai  (your) 0
croys (your) 0
TEOH (yours) 0

Adjectives

Serientific Language GL/8C.

CJE LV R 67
{following)

PA3EHYERX 56
{difterent)

OCHOEHOJA 55
{basice)

GoabicH 106
{big)

According to Form Class

Subordinating Conjunction

Scientiflc Language GL/SC,

4YTOOH
{Ln-order that)

Interrogative Indefinite Adjective

General Increase
77T 3360
379 3580
110 522

53 U

297 U

288 i)

Tl U

101 U

63 U

178 2070

50 U
General Thcrease

0 U

0 U

0 u

0 1)
General Increase

Genersl

Scientific Lanpuage
werod 41
(what which any)

Substantives

General

Secientific Language
Sop 0 81
{god)
KrenceTh 0 97
(strength, fortress)
KOKEEASHT 0 73
(commander)
SaTRiLs 0 71
{father)
heb'a ¥t 0 63
{hand}
CACBO 0 63
{word)
vYeLGBEEeH 0 48
{man /person/{(of)people)
aTEl 0 43
(father)
La38K Q 38
(Cossack)

Substantives (continued)

General
Scientific Language
MaTYLEHS 1] a7
{mother)
rOsOBRE 0 36
{head)
3a0ne o 35
{villain)}
SOMEME 0 35
{(horse)
THC BND 0 a5
(letter/{hand)writing)
czyqeﬁ 03 a5
{case/chance/occurrence)
f=lelt] 71 25
(water)
DESOTA 82 a5
{work)
OBMNE HMe 59 25
(m?;ion/movement)
neAcTewe 59 o5
{act /2ction/effect/operation)
Adverbs
General
Sclentific Language
BapyD Q 35
{suddenly)
Fonng 38
(when)
T¥T 35
(here/there)
toxee 66 0
(more)
Pro~Bubstantives
General
Scientific Language
cCaM 36
(self)
ETO a7
{who)
Pro-Adjectives
General
Sctentific Language
IpyDnok 40
{other)
Taroh 41
{such)
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Multiple Form Class

General
Scientific Language
Verb-Subztantive
CTaTE 80
(to become/begin/
gtand/form/state)
Particle~Predicate
Edjecttve:édverb
vEe 69

(already//(is /areymore-narrow{ly))
Particle-Conjunction

ra 120
(yea /let /hut)

Verbs

- General

Scientific Language

3HATH 0 51
(to Xnow)
CTIDOCHUTE 0 47
(to ask)
¥OTaTh o 47
{to want)
rodTE 0 40
(to gol{off) /take-after)
HEBATBCA o 38
(to seem}
CTOATHE 1] 38
{to stand)
YIPETH o 38
{to learn/recognize)
EMeTE 101 0
(to have)
ABSATHCA 90 v]

{to be/appear)

Tahle C (continued)

Increase
GL/SC,

Prepositions

General
Scientific  Language
npe 308 40
{at/with/before/
in-time-of)
Bas 220 36
(for)
B 1125 724
{in/at/to/on/0f/11ke)
oT 231 119
(from/of/for)
70 203 122
{on /by along/for/in)
ua 178 123
(out/from)
Ao 102 44
(up-to/before)
Mexny 58
(between/among)
Intensive Adjective
General
Scientific  Language
camuit a5
{the-very/most)
Interjection
"“General
Scientific Language
Ey 37

(well)

365

Increase
GL/SC,

450

420

37

38

33

12

69
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Table D

Comparison of Probabilities of General Language
and Secilentific High Frequency Word Lists

Increases in Sctentific
Probability List
0 u
+3360 B
25 Ha
+108 c
+104 npu
+23 BTOT
+106 4To
0 H&
+3580 oT
u man
u roTopul
+272 no
u SHTD
+7460 o104
+13.8 ua3
+2470 ®
+154 TOT
+15.1 a
+195 EeCh
+16,1 KA
o MOYB
+2070 ux
-2).7 Soxpmoi
+12.7 i (e
+60 UMEeThH
=-15.7 ¥
~86.5 cuayyai
+52 ABAATHCA
0 OJAUH
-8.5 BDEeMsT
~19.7 cUCTeMa
u A8TH
~30 NMOEEPXHOCTE
+322 BUJ
+114 opyrot
+2070 poHs
u o
0 Taroit
+79 caefypumi
u 6oJee
+26.1 HO
Tu ero
u pasdeTa
i} ARuxeHUe
+1020 zelierphe
u MBXAY
+1i4 =1
+576 8CIH
u Tag
-7.4 Takxe
u pas3anunKit
u ceRORHOH
~275 3a
u MH
u BGe
u
+1750
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Increame in Probabllity
of Scientific over
General Language Occourrence
g

+37
V)
-16,0
+450
+35.7
-44 .7
~46,5
+38
+420
+32.8
-48.4

u
+12.2
-9.8

Q
-10.3
-11,2
-8.7

o
+11.4

]
w
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-7}

1
-
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1
i
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Chapter 2

The Semantic Theory of Information and Machine Translation

In this chapter some of the philosophical aspects of the human communication problem will be considered,
together with the constraints imposed by digltal data-processing equipment upon the processing of different
sorts of communications. Such a discussgion is important before the details of the computer programming
operation are presented in order that these programs may be viewed in their proper perspective,

Semiotic Theory

The whole broad study of language and sign systems is called semiotic, amd is studied at three different
levels representing different degrees of abstracting: syntactics (the study of signs and the relations be-
tween signs), semantics (the study of the relationship between signs and their designata), and pragmatics
{(the study of signs in relation to thetr users), A simple example of a syntactic relationship would be that
of the letters "q" and "u" in printed English; the letter g is almost always succeeded by "u, An example
of a semantlic relationship would be that between a certain four-legged animal and the word "dog.” Finally an
example of a pragmatic relationship would be that between the words: '"come here” and the response of the
listener, or the effect of such emotionally charged words as 'nigger,” "scab,” and "chippy" on a listener.

Thege three studies, syntactics, semantics, and pragmatics do not exist as separate and exclusive
entities but overlap as follows:

semantics

pragmatics

or: (syntactics) (.  (semantics) (:: (pragmatics)
Pragmatics

The largest of the three areas, pragmatics, includes both of the other two areas. Pragmatics has heen
extensively studied in the field of experimental psychology, but the studies are essentially qualitative and
empiyical rather than theoretical as im the casze of the Shammon-Wiener development in the area of syntac-
tics, "' Such studies as word-assoclation tests are typical of psychological investigations into prag-
matics.

In the broadest sense, MT is concerned with pragmatics, since ideally (at least for scieatific texts)
the translated material should have the same effect on a reader who is a native speaker in the target language
as the original material would have on a netive speaker of the source language., A capability of giving trans-
lations which are correct in a pragmatic sense would allow translation of poetry. At the present time, however,
research groups are only hoplng for a translation which ts correct according to the semantics and syntactics
of language, and acceptable translations of poetry are generally considered as too ambitious to he considered,

There are two reasons why pragmatic problems in the narrow sense of the term are not considered in con-
temporary MT research. First, pragmatics is concerned with conditioned, or emotional responses to words.

Bince scientific language is objective, such problems are not likely to occur, Second, solutions to pragmatic
problems are very difficult or even impossible to include in MT processing programs, Examples of difficult
pragmetic problems are easy to concoct, Ivanov gives several examples from poetry, One interesting example

11Sharmon, Clayde E,, and Warren Weaver; THE MATHEMATICAL THEORY OF COMMUNICATION, University of Illinois
Fress, 1949.

12W:I.ener, Norbert; CYBERNETICS, John Wiley and Sons, 1948,
lslvanov, V. V,, Linguistic Problems Connected with Poetry Translation, ABSTRACTS OF THE CONFERENCE ON

MACHINE TRANSLATION, May 15-21, 1958, U, 8, Joint Publications Research Service, JFRS/DC-241, July 22,
1958, p. 24,
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of a pragmatic problem occurs in the conventions regarding the usage of the first person pronoun in Czech and
Russian., The first person pronoun is used conventionally with its appropriate verbal forms in Russian without
any stigma being attached to the style. In Czech, on the other hand, the use of the first person pronoun is
restricted to those situations where emphasis is desired, If a Russian article 1is translated into Czech with
the first person pronouns retained, them a translation may result which will seem to a Czech as boastful and
egocentric in the extreme, It is therefore quite possible to translate from Russian into Czech with complete
adherence to the gyntactic and semantic requirementg of the two languesges, and yet obtain a translation that
fails to comnvey the message desired by the author, even though the message was well expressed in the original
article,

Pragmatic problems are not comsidered in this thegis; they are mentioned merely to point out some of the
more general probleme in MNT,

Semantics

Semantic theory is concerned with "meaning.” Cherry points out that the word "meaning' must be carefully
defined since the word "meaning” may be interpreted in two different ways: First, there is the idea of equi-
valence connected with "meaning”; are two statements logically true, i.e.,, are the two statements egquivalent?
The second interpretation is that of extra-linguistic truth and reference, or whether a statement is true "in
fact” and experlience. As an illustretion, Cherry uses the example of replacing the word "brine” for "salt
water” in the sentence, "Salt water is a good emetic,” to give, "Brine is a good emetic,” These two sentences
are certainly equivalent; they have the same "meaning’ in the first semse, As to whether they are also true
according to fact and experience could only be determined by an unattractive empirical approach to the prob—
lem, For the purposes of the MT researcher, only the i{dea of equivalence is of interest, In MT the assump-
tion is made that the original author wrote material which is true according to experience, Machine Tramnslation
is only concerned with obtaining an equivalent which "means the same thing” in another language.

The meaning problem in Machine Tranelation is one of "hypothegis'' and "evidence.” There is a hypothesis
that the target languaxels equivalent of the scurce language word! “ManHHﬂ“is'%mtrix" (and not “die”), or
that the equivalent of "mxoau" is "of school” (and not “schools”), In a certain context there will be evidence
which either supports or contradicts thege hypotheses., The problem is to determine whether the evidence war-
rants sslecting one equivalent over the other, This problem must be solved by searching the context of the
word for pre-determined words or word patterns. Some computer routines used for context analysis will be used
very often during translation, others will be used only rarely. Often these routines for context apalysis will
only increase the probability of one particular equivalent and reduce the probablility of others, It can be
demonstrated that mere selection of the most probable translation on the bagis of clasgical grammar may lead to
an incorrect decision, Selection of the "most probable" translation is not enough; rather certainty is what is
required,

Source-language words fregquently have a multiplicity of meanings, all of which are not embodied in one
target-language word, Such source-language words are then equivalent to several target-language words, at
least, as many as will translate the intended meaning of the source-language word in all contextual environ-
ments. An example of this would be that of the Russian adjective, NWANBEO! which in one context will convey
the meanting of the English "fooligh” while in another the meaning of "random,” 1In other instances, particu-
larly in the area of grammatical categories, exact equivalents are very difficult to find., For instance, in
Russian there is the grammatical category of aspect, the main subdivisions of which are termed the perfective
and imperfective aspects, The perfective aspect expresses the absolute, single completion of the action of the
verb while the imperfective does not, The perfective and imperfective aspects of the Russian verb do not
have counterparts in the English language; therefore the exact conmotations of these aspects very seldom, if
ever, can be ecaptured in the English language,.

The ideas expressed by some Russian reflexives are also extremely difficult to translate, For instance,
MHé HpADHMTCA would probably be translated as "I 1like" or "it is pleasing to me,” Neither is an accurate
translation; however, since both convey the idea of continuing affection while"npaanrca“ has the connotation
of first impression. Also both”like” and “pleasing” are emoticnally a little too mild since "mpaeutca'is
somewhere between '"like" and "love."” In instances such as these, regardless of how much processing is done,
more than one equally likely English equivalent will xemain.

The semantic problems must be solved by the lingulsis and programmers eince, as will be discuszsed in the
next section, the translating sachine muet operate entirely in the realm of syntactics,

Syntactics

The smallest area, syntactics, represents the only study of the three for which an extensive mathematical
theory has been developed. This area represents the field which hag the mathematical model known as the
"gtatistical theory of communication," advanced originally by Shannon and Wiener, '* Sometimes the Shannon-

14Cherry, Colin; ON HUMAN COMMUNICATION, John Wiley and Sons, 18957, p, 1i2,

15Target language=-—The language into which the translation is made,

16Source language=--The language from which the translation is made,

17Shannon, Claude E., op. cit.
lswiener, Morbert, op. cit.
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Wiener theory is called "information theory,” but this is actually a misnomer. The Shannon-Wiemer theory is
more accurately a theory of the information potential of a sign system; it does not attempt to define what the
signs may or may not designate. The statistical theory of communication is, therefore, entirely a syntactic
theory.

As was pointed out at the end of the last section, syntactics 1s the fundamental area of work in MT,
Digital data-procesging equipment wust necessarily work entirely in the area of syntactics since the machine
can only interrogate various bit positions of the datas for patterns which it is programmed to recognize.

Any semantic or pragmatic characteristics of language which are to be considered in the translation process
must be speclified by syntactic relations before they can be programmed, The gemantic and pragmatic problems
o1 MT, then, are necessarily solved by humans before the translation programs are written.

The following chapters, therefore, use concepts which are entirely abstracted from semantics and pragmatics
a8 such, In the next chapter, for example, a criterion for measure of quality of translation is developed,
This i1s usually constdered to he a problem in Judgment, or subjective in nature. By reducing the problem to
pure syntactics, the problem becowes objective, end as will be shown, gives a result which is compatible with
the intuitive concept of translation quality, at least as far as multiple meaning is concerned.

371



Chapter 3

Tranglation Quality

In this chapter the nature of translations will be considered, along with criteria for evaluating these
translations., Fundamental to evaluating translations by machine is the requirement for some standard, against
which their quality may be measured., In this chapter a measure of translation quality is developed,

The Nonunigqueness of the Translation

Translations by humans are by ho weans unigue, The same Russian article would not be translated in the
same way by two or more equally able human translators, nor would one and the same person be likely to translate
an article in exactly the same way at different times, Since no two translations are exactly alike, no two will
really express the same semantic message and hence the quality of each of these translations will be slightly
different. The relative evaluation of such translations is extremely difficult to make, and invariably such an
evaluation is as much subjective as it is objective, Sometimes an actual error will occur which i1s easily de-
tectable, such as the case which the author encountered in a catalog from a bookstore in which TEOPES MATPFL
wag translated as "Theory of Dies," when it should have been "Theory of Matrices.” Om the other hand, the sen-
tence OH& MHO HDABATCA might correctly be translated as "she 1s pleasing to me,” but as was pointed out in
Chapter 2, this translatidn does not convey the intended shade of meaning.,

The Problem of Translation Quality

' The problem of translation guality has been considered by Miller and Beebe-Center.19 They list the fol-
lowing characteristics of a scale for measuring translation quality: "A scale of the quality of translations
should be reliable, valid, objective and easy to use.”' By "reliable” they mean that the measure should be
independent of time and of the person caleulating the measure,

The criteria for quality of translation listed by Miller and Beebe-Center would seem to be sufficient
for either human or machine translations, These c¢riteria will, therefore, be used to evaluate possible mea-
sures discussed in the following sectilons,

Subjective or Human Evaluation of Translation Quality

The most obvious criterion for translation gquality would be that of human evaluation, but such a procedure
would violate the requirements of objectivity and reliability., Reliability could be improved by using a
larger group of judges, but this violates the requirement "easy to use,” The human, or subjective criterion
for evaluation of translations does not seem to lend itself to procedures which will satisfy the characteristics
of Miller and Beebe-Center, listed in the last section, and hence the subjective criterion 1is rejected.

The difficulties encountered in this section would seem to come about because too much 1s being attempted
at once in these evaluationsa, HNo speeific prior agreement is made between judges concerning just what ts "good"
(and how good) and what is "bad” (and how bad) in a translation. Since this report is concerned only with
tranglations by machine, it is well to examine an example of a machine translation to determine whether some
restrictions might be placed on the definition of translation quality in order to allow a precise, though
restricted, measure, The basic machine translation is the word-for-word translation or that obtained by an
in-isolation tramslation of each individual text word. All processed machine translations are obtained from
the word-for-word translation.

The Word~for~Word Translation

The word-for-word translation is obtained when each individual word?? is translated in isolation. The
equivalents in the language into which the translation is made must include every unique usage for any context
of that original word which is being translated, For example, consider the Russian phrase: 0 JeqoHuM HepBHOR
UMOOTEHIME HOBOKaSHHOM. The word-for-word translation of this phrase as extracted from the MT-operational
lexicon is es follows:

about/against/with treatment {(of)(to/for)(by /with/as) nerve/nervous (of)(to/for)impotence(s)

Igﬂiller, George and Beebe-Center, J, G,, MECHANICAL TRANSLATION, Vol, 3, No. 3, December 1956, p. 73,

20
Sometimes also a swall group of words (idioms) is treated as an individual word,
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(by/with/as)novocain

Some remarks concerning the conventions of the notation are in order., JIf one or more alternativea are
enclosed in parentheses, the reader has a choice of using or not using one of these alternatives, If alterna-
tives are not enclosed by parentheses, one of them must be chosen. For instance, since “about/against/#Tth,”
the English eguivalent for the Russian preposition "o, is not within parentheses, one of the three alterna-
tives, “about,” "against,’ or "with" must be chosen. Thus there are three possibilities. In the case of the
equivalent of HePBHOI namely "(of)(to/for)(by/with/as) nerve/mnervous,” the reader may choose either any one
of the six English prepositions, or none of thew, and either "nerve” or "nervous," Consequently, there are
fourteen possible combinations.

Several phrases could be formed from the word-for-word translation; three possible translations which
would probably occur to s human reader are as follows:

(1) About treatment of nervous impotence by novocain.

(2) About treatment for nervous impotence with novocain,
or a more free translation,

(3) The use of novocain for the treatment of nervous impotence,

The firgt two translations may be obtained from the word-for-word translation by merely ignoring unwanted
equivalents, Word order is in both cases the same as in the word-for-word translation, The third translation
attempts much more: a word-order rearrangement is made and also the preposition ''for" is used which is= not
considered in the operational lexicon as equivalent to the Russian preposition "o.” These examples illustrate
the faet that solution to the multiple meaning problem generally givee translations which are accurately intel-
ligible but that multiple meaning is certainly not the only problem. A complete definition of translation
guality should consider three problems: multiple meaning, word order, and changes in structure of the sentence
during translation, since sometimes all three of these techniques must be used to obtain o completely idiomatic
translation,

In this report only the problem of multiple meaning will be considered in detsil, and hence the definitiom
of translation quality will be elaborated to measure only this one part of the translation problem.

In order to develop a definition of the measure of translation quality, some of the concepts of statistical
communication theory are helpful, These concepts are presented in the next section along with discusaions con=-
cerning the relationships between problemsz of the measure of translation gquality and those problems usually
consldered in ¢lassical comaunication theory.

Information as Defined in Statistical Communication Theory

Statistical communication theory is concerned with the transmission of signals, with no regard for what
the signals may or may not represent, Statistical communication theory, therefore, is not an "information
theory" sinece it is not concerned with semantics in any way. Rather statistical communication theory is con-
cerned with an “information potential” of a system of signals, This theory defines "information received'
by the following equation:

probability at the receiver of the

= log.event after the message 15 received
“probability at the receiver of the
event before the message 1s received

Information
received

p{E)

= log p{n,n=1,n-2,...)

Where: p(B) = probabllity of the event after receiving the message

pin,n-1,n-2,..,) = probability of the event before sending the message, i,e., the probability of
the nth message given the (n-1)5% (a-2) etc., messages,

As an example, if the signals are letters of the English alphabet, then at a particular instant the probability

of the next letter being "e" is .131. Hence the informatlon received if the next letter does turn out to be
Ilelt 13 :
L
Ilr = log .131 = 2.93

In statistical communication theory the definition of information content does not concern itself with

the semantic content of a message; the message may consist of pure nonsense and yet the "information received”
may be considerable. This divorce from semantics is necessary 1f subjectiveness 1s to be avoided, Mathema-
tiecal logic, communication theory and any form of computer processing must necessarily operate entirely in

the realm of syntactics, A mathematical theory probably cannot give any solutions to semantic problems; hence
the measure of quality of translation will alsc be divorced from semantics, and like communication theory, will
be based entirely on syntactic relationships.

A measure of translation quality may be defined which will satisfy the following requirements:

1. 1In accordance with the definitions of statistical communication theory, measure of the MT product
ghould be a logarithmic function; 1 i.e,, the measure should give an indication of the logarithm of
the number of sequences which can still be derived from the translation,

2. The measure should give a quality of "0" for the crude word-for-word translation; and a measure of "1"

21The reagoning behind the advisability of using a logarithmic function may be found in many good books

on information theory. For an especially good discussion see¢ Cherry, op, cit,, p. 178,
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when all the multiple meaning problems have been solved, and consequently, only one possible sequence
exists,
The translatiom quality for an "n" word sequence may now be defined by the following equation:

(2)
" 1 1 1
oo logz(plp Yy + log2 (p2/p 2}4- vee & logz(pn/p n) ) logztﬂpi}/Q pi)
log(pl) + log (p2)+ vor + logy(p)) log, (yp, )
where: p, = lfsi, s = number of possible English alternatives in the word-for-word translation for the gth

semantic unit of the source language.
s’ = number of possible English alternatives in the processed translation for the

ith
i’ i
semantic unit of the source language,

p*y = 1/s

We may also define the information contribution of a particular processing routine to a particular trans-
lation of the above definition:

{(3)
I =T output =T input = Iogz(npi)ﬁfﬁp i')
log, Grp, )
where: p'i = l/s'i. s'i = number of possible Enﬁlish alternatives in the input material to this particular
processing for the 1t semuntic unit of the source language.
p'1 = 1fs;, sz = mmber of possible English alternatives in the output material from this par-

tienlar processing routine for the 1th cemantiec unit of the source language,

Inlthe case where the input is the word-for-word tramslation, I egquals T, It also follows that the remaining
information required to solve the multiple meaning problem completely is:

1 = 1-T
r
Two examples of applications of these definitions will now be presented. First, suppose that a processed
translation of O JeysHHH HepBHOH HUMNOTEHIUNW HOBOKAUHOM is ag follows:
about/against/with trestment (of) {to/for)nerve/mervous impotence(s) {by/with/ag)novocain
The measure of completeness of this processed translation is

10g2(3Z3)(1X1)(14/8)(3/2)(4/4) 2,81
T = = = .27

10g2(3}(1)(14)(8)(4) 10.40

The gecond exumple is the following:

CTEHKA COCYAOE MPOHUZARH KPYMHHWE ZHAMETp 6-104, B CoJee 'HDORHX cocyaaX mo 15,
oX8iMICHHNME, OKPYDJAHVE, OPSJABHHME, HWJA# MHOTOYTOALIHMH NOPavWHd ¢ HMPOKHM oRafiMJIeRMeM
¥ ¢ YeyeRAUSCODASHHM IMOPDHICHTAJABHO EBHTAHYTHM, HE 3aXoadupM 38 oKalfuaeHue,

Word=-for-word translation:
{(ofd)wall(s) (of)vessels {are)perforated/threaded (by/with/as)large/important, diameter 6-10 4,
in/to/at/on/of/like more (of)wide vessels (up)to/before 154, (by/with/as)edged, (by /with/as)
round{ed), (by/with/as)oval or (by/with/as)polygonal (by/with/as)pores/times/seasons with/from/
about {to/for) (by/with/as)wide (by/with/as)edging and/even/too/-- with/from/about (to/for)
(by/with/as)lens-shaped {(is)horizontal{ly) (to/for)(by/with/as)extracted/elongated/exhausted
(by/with/as)opening/wesh, not {to/for)(by /with/as)going/dropping-in/setting behind/beyond/for/after/
in/at/-- edging.

Processed translation:
(of)wall(s) (of)vessels (are)perforated/threaded (by/with/as) large/important, diameter 6-10 &,
in/at more wide vessels (up)to/before 1544, (by/with/ag)edged, round{ed}, oval, or
(by/with/as)polygonal pores/times/seasons with wide  bordering/flange/burr and/even/too/—-——
with lens-shaped horizontally extracted/elongated/exhausted opening/mesh pot {to/for)
{by/with/es)going/dropping-in/setting behind/heyond/for bordering/flange/burr,
The tramslation quality of this relatively long sentence may be calculated from Eq 3 as follows:

(43 (2) (2) (8) (53 (2) (4) (4) (8) (4) (1) (12) {3) (8) (12} (2) (3) () (4} (12) (B) (4) () (D)
1log, (4) (2) (2)(8) (2) (1) (4) () () (3} (2) (A (2 (3){2) (H (2) (3)

log,(4) (2} (2) (8} (5) (2) (1) {4) (8) (4) (4) (12) (3) (8} (12) (2) (3) (4) (4) (12} (8} (4) (5)(3)

7
log, (2.95 x 107) 24,8 = ,475

log'2 (5.01 x 1015} 52,1
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The value of the information required to solve the remaining ambiguities in the example is:

I

Tr

I

I-T

For the second example it is:
1 = 1I-T - .525
Conclusaions

In this chapter a measure of quality of translation has been presented which gives a criterion which is
reliable, objective, and easy to use. In addition, it would seem to be a valid indication of the difficulty
which would be encountered by a human reader in accurately underatanding the text.

The measure does not presume to evaluate the accuracy or correctness of the solution to the problem of
multiple meaning; only the completeness of the solution is measured. In other words, 1f a program were writ-
ten which would arbitrarily select the first alternmative in every instance where a multiple meaning problem
exists, the program would be credited with complete solution., In applying the measure, therefore, it must be
agsumed that the processing programs are valid,

The measure does not consider all factors of the general processing problems of machine translation,
¥Word—-order rearrangement and necessary changes in the structure of the sentence must sometimes be accomplished
if idiomatic translations are to be abtained, Thege factors are of lesser importance then multiple meaning,
and as yet have not been gpecified in sufficient detail to allow inclusion in the measure, When these factors
have been specified accurately, undoubtedly a standard of measure can be developed for them,

The measure defined by Equation 2 will be used extenhsively in the following chapters to demonstrate
quantitetively the effects of the processing routines on the translations.
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Chapter 4

Precise Specification of the Processing Steps

8ince word-for-word translation is not satisfactory for accurate intelligibility, the translatlon must
be improved by the use of syntactical considerations, In machine translation, syntactical information provides
the basis for designing computer processing programs, In this chapter and in Chapter 5, the processing pro-
grams developed for the investigations deseribed in this report are discussed, This chapter isx concerned with
the linguistic specification of the processing steps and the way these specifications are used to develop the
processing programs,

Solutions of the various problems encountered in machine translation require a detailled specification of
the languages involved, The first step in the construction of computer algorithms for translation processing
is therefore a careful analysis of text material by a linguist. In hls analysig of that material, the lin-
guist must determine just where ambipuities exist and just what properties of syntax will resolve these ambi-
guities. The following example will illustrate a typiecal intended meaning problem encountered in machine
translation,

a3 BCEX apeleTaBaREIHXCSA cencecodop OCYUE C TRJL HIEA 3TRAQHE
cut/from (of)all (of){being)(re)presented (of)methods (of)realization(s) {of)standard

BEWORDANTCH ROHEYED Te HOTODHE NOBBOMANT ofecneynTE
are-chosen/taken-out/get, (1s)final/finite(ly) /of-course, those, which allow (to) secure/provide
HeRGOGABEYE NMeTTOLDTYYERKYE TOYEOCTE ROCIPOH 3ECEE NN eLHHY L
the-biggest (metrological) accuracy (of)reproduction(s) (ofyunit/one(s).

Here the semantic wunit of the source language 1s listed directly above its target-language equivalent, The
features of syntax which specify the intended grammatical meanitgs of some of the semantic units in this
sentence are as follows:

Specification Action
pro-adjective in genitive or loca- eliminate English
BoeX tive; preceding preposition govern-— prepositions
ing the genitive case
MREACTEBAR TRECA present active participle; preceding eliminate Emnglizh
agreeing adjective prepositions
CrrOCCOS0R substantive; preceding agreeing eliminate English
adjective prepositions
OCYLEeCTEARE VA substantive in nominative-accusative
plural or genitive singular; immedi- eliminate {s)
ately preceding substantive suggests retain (of)
genitive singnlar
OTHICRE substantive in genitive with preced- retain (of)
ing substantive
EONETED multiple distribution class {parti- eliminate (ig)
cle, predicate adjective, or adverb); final/finite(ly)
with preceding and following commas retain of-course
the particle is indicated
OLECI ENUTA verb, infinitive, with preceding retain (to}
finite verb which requires "TO"
FOCTrOuEaRe e A substantive in nominative-accusa-
tive plural or genitive singular; eliminate (s)
preceding substantive suggests retain {of)

genitive singular
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substantive in nominrative-accusa-

eaNF I I tive plural or genitive singular; eliminate (s)
preceding substantive suggests retain (of)
genltive singular

At first glance it would seem that the specifications indicated above are complete and adequate, but 1f
one should attempt to write a computer algorithm which would automatically perform these interrcgations and
the indicated processing, it would scon become evident that the specifications are incomplete., More information
is needed to completely specify the necessary and sufficient conditioms for resolving the indicated problems
of multiple meaning., For instance, it has not been specified just how far backward or forward in the text it
may be necessary to search in order to establish whether a particular condition exists. Also, the permissible
distributional classes of sementic units which may occur between the word being processed and the word being
searched for heve not been specified,

It 15 necessary that the linguist supply necessary and sufficient information about the requiaites for
the unique determination of intended meaning. If sufficient information is not provided, the program for the
computer cannot be expected to perform in the desired manner in all cases, On the other hand, if more proper~-
ties than those which are absolutely necessary are considered, the program will be more restricted and longer
than necessary. To ald in the determination of completeness, a system of logical expressions has been deve-
loped. These expressions are described in the next section,

The logical Expressions for Specification of Syntactical Properties

The logical expressions for the specification of syntactic properties are written in the form of an impli-
cation where the portion to the left of the implication sign refers to the source language syntax, and the
portion to the right of the implication sign refers to the action to be taken regarding the translation if
the properties denoted on the left hand side are found to exist,

The left-most expression in the implication specifies the grammatical and non-grammatical properties which
must be met by the word which is being processed if the expression is to apply. The other expressions to the
lefit of the implication sign indicate propexties which must be satisfied by the environment of the word being
processed if the expression is to apply. The expressions fto the right of the implication sign indicate the
action to be taken provided all conditions on the left~hand side of the implication sign are satisfied, First,
the form of the individual expressions are presented, then several examples of the implications,

The Majn Clagsificetions and Superscript and Subscript Notation

The individual expressions used to denote properties of source-language semantic units are described in
this section, The list is not exhaustive; only thoge definitions are made which are required for the process-—
ing described in this thesis. The general form, E, of the individual expressions is as follows;

E:Xb

a

Where X ig the position of the main classification,

General Form of the Individual Expressionsg

The notation is described specifically below, The main classifications are as follows:

8 ~~ subsgtantive G == gerund
2 == prosubstantive A — adjective
¥ == verb - proadjective
D — adverb U =-- universal class -— may be any word
E -- expressfon of some type (exact P —- preposition
type indicated by superscript Bl—- left-hand bracket
as described below) 32-- right-hand bracket
R =~ particle
C ~— conjunction {}-- allowed intervening words. If no
K -= comma allowed intervening words are
N ~-- numeral indicated, only adverbs and parti=-,
{]~~ the entire implication applies cles (which may occur anywhere)
uniquely to the word enclosed by are allowed,

the square brackets,

The subscript is the position where certain grammatical information about the expression is dencted, such
as gender, mumber, ¢ase and coordination, The superscript notation includes all necessary information not
carried by the subscript.

For substantives, prosubstantives, adjectives, proadjectives, and prepositions, the notation is as follows:

Right-hand Subscript {position a) Right-hand Superscript {(position h)
N -- nominative case 1. Substantives only

G -~ genitive case a — animate

D -= dative case ¢ —— concrete
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A -= accusative case 2. Adjectives only
I =-- instrumental case r -- participle (adjectival)
L -~ prepositional a == active
(locative) case p -~ passive
¥ ~= uged to dencte case agreement n == present
(see examplea) t == past

For case expressions an additional subscript is required for mumber:

% =~ gsingular
pl =- plural {i.e., genitive singular is expressed as Gs)

For conjunctions only two subscripts arve required:

Right-haend Subacript
¢ =-- coordinating
8 —= subordinating

For verbs, the subscripts denote persom and number:

Right-hand Subscript (position a) Bight-hand Superscript (position b)
1,2,3, -~ person r == reflexive

s =-— singular 8 == potive

pl == plural p ~— passive

I «— infinttive
The Operators

The operators denote the direction and distance over which the search, or logical operation, may proceed,
They are defined as follows:
pn —- denotes that preceding text is to be searched, and is to be searched n words back (or to the begin-
ning of the sentence, whichever comes first) and no further. If no nimber is placed in the "n”
position, the search may proceed backwards to the beginning of the mentence or until an unallowed
word is encountered,

fn -- same as p , except requires forward search (toward end of sentence)}.
The Connectives

The connectives are defined wherever possible to conform to the conventions of loglcal algebra:
» == loglecal AND
+ — logical OR
v == negation
~ == requires {i.e., "V to" means "verb requires English "to" in front of word being
processed, ')

The Right-Hand Side of the Implication

Main Classification Subscript Notation
-- nominative case chosen ¥ —= take case intersection of agreeing expressions
~- genitive : " on left stide of implication denoted by ".*"
dative "
~= accusative "
~= instrumental "
~— prepositional”
(s} -- plural form required
(+ 8) —— add plural form
P == refers to English prepositions whose
function is expressed in Russian by
an inflection, such as English "of”
being expressed in Russian by a geni-
tive inflection, These English pre-
positions must be inserted im the
translation as required,

[l -~
t
|

Two examples of implications will be presented first, then the required implications are presented for the
ambilguities of the sentence presented at the beginning of this chapter,
Example 1:

V.G .p P g — ~ P

This implication conveys the fact that it applies only to pro-adjectives (¥) which have the inflectional
form of the genitive case, The fact that loglcal AND {.,) is placed before the symbol for the genltive case
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expresses the fact that this inflectional form may have the possibility of being some other case also, but it
must have the possibility of being genitive, The "p" is an operator and denotes the fact that the processing
program is to search backwards in the sentence being processed for a source language preposition (P) which may
govern the genitive (and perhaps some other case as well), The fact that no subscript is placed on the "p"
expregsion denotes that the search 1s to proceed backwards until either the required preposition is found, until
the beginning of the sentence 1ls reached, or until an unallowed intervening word is encountered, whichever one
of the three conditions occurs first, The fact that no expression for an allowed intervening word occurs in the
implication denotes the fact that only adverhs or particles (which may occur anywhere) are allowed to intervene.

The implication sign and the expressions to the right of the implication sign then denote the fact that if
all the conditions expressed on the left-hand side are satisfied, then no (~)} Engliszh preposition (p) is to be
placed before the word being processed in the sentence,

A more general expression, which includes Example 1 as a apecial c¢ase, 1ls presented helow:

Example 2:

& pt ok —5 ~p

This example is identical to Example 1 except that instead of the subscripts (,_.) which denote just that
genitive possibllities are to he considered, this implication has the subscripts (.*? which denote that 1f the
pro-adjective has any cases in common with a preceding prepozition (separated only by adverbs or particles) then
no English prepositions are to he added before the pro-adjective,

The required implications for the ambigulties presented for the sentence at the beginning of the chapter
are presented below, For convenience, the "specification” and "action" tabulations are repeated,

The information regarding allowed intervening words in each instance is not stated in the "specification”
column, This information must be furnished by a linguist by c¢areful study of each individual problem,

Specification Action Equation
pro-adjective in genitive or locative; eliminate English prepo- v D P, —n P
g "'n G

preceding preposition goveraning genitive sitions
case,

.a,t
present active participle; preceding eliminate English prepo- A.z a JpAKF— ~ P
agreaing adjective, sitions

A

substantive; preceding agreeing eliminate English prepo- Z.% .p ¥ —> ~ P
adjective sitions
substantive in nominative or accusative eliminate (s) retain (of)

plural or genitive singular; immediately
preceding substantive suggests genitive
singular,

syubstantive in genitive with preceding
substantive

multiple disiribution class (particle,
predicative adjective, preceding
commas.) Particle is indicated.

verb, infinitive, with preceding
finite verb which requires "to".

substantive in nominative-accusative
plural or gehitive singulay; preceding
substantive suggests genltive singular,

retain {(of)

eliminate "(is)final/
finite{ly)" retain
"of-course”

retain (to)

eliminate (g)

5. A
[Gs- (N.4) PL] { +w}pls
(s} (of)

Sege {.H- v}ps —> (of)

frome wra) ‘KK —
~ (i%) final/finite(ly)

VI * p(¥~(to)) —» (to)

8, . ps—p.—u

E:is . (N.A)pl
(s) « (af)

Once these expressions have been written for a particular linguistic specification, a flow chart may be

constructed with relative ease from the expression.

forward manner.

This notation is certainly not unique,

of notation for expressing lingwistic requirements in equational form.
The system of notation and logical expressions which are presented above have been found to be extremely
efficient, Programming has become a straightforward process, and the chances of overlooking vital information

are greatly reduaced,

The computer algorithm then may be written in a straight-

One Russian group22 and the MIT23 group have both developed systems

In the next chapter the actual programming of the IBM 650 will be described, and, as will be shown, the
expressions presented in this chapter form an important part of the programming procedure.

22Panov, D, Yu,, A, A, Lyapunov, and I, S, Mukhin; The Automatization of TFranslation from One Language to
Another. Report distributed by Office of Technical Services, U. 8. Department of Commerce, Washington 25, D. C,,

No. 59=-11324, JPRS/DC~379.
23

Yngve, Victor H., A Programming Language for Mechanical Translation, MECHANICAL TRANSLIATION, Veol, 5,

No. 1, pp. 25=-41,
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Chapter 5

Use of the IBM 650 for the Study of Syntax

in the Solution of the Problem of Multiple Meaning

Linguistic analysis of text material can supply precise specifications for necessary cues to resolve
multiple meaning and word-order problems of Machine Translation, It can be shown24, however, that a problem
solution may be completely specified; yet no algorithm can be constructed which will give the solution in a
finite number cof operations, Specification of the cuwes is not enough to assure that the particular problem
can be solved by a computer; a program algorithm must be displayed,

In order to test the validity of the cues described in the last chapter and also to develop general pro-
gramming techniques, program algorithms for these cues were written for the IBM 650 computer, The algorithms
and their (processing) effectiveness are described in this chapter,

The routines herein described resolve some representative ambiguities of verbs, substantives, conjunctions,
and ohe multiple {pro-adjective and pro-substantive) distribution class, In addition, the rule concerning the
agreement of substantives with modifying adjectives and governing prepositions 1= exploited to solve certain
problems of multiple meaning.

The IBM 650 presents certain storage problems when used for translation research, The 2,000-word storage
capaclty of the device is not only entirely inadequate for the translation lexicon but is also too limjted to
allow complete storage of all the processing programs described in this report, Consequently, a special pro=-
cedure was devised, Instead of storing the translation lexicon in the computer memory and performing the
dictionary search automatically, the lexicon is stored on a file of IBM cards, DMctionary search £z then
accomplished by hand. The dictionary search involved in translating a text passage proceeds by extracting from
the card file the dictionary entiry corresponding to each word in the text passage., It is necessary, of course,
that copies of the cards be made for the individual dictionary entrles since the same word will often appear
several times in a particular text passage.

After this manual dictionary search is completed, the entries are stacked in text order, and the text
passage is ready for processing.

8ince it is not possible to store all programs which are described in this chapter on the memory drum at
one time, the programé were divided into four parts, The first part, called the First Round of Processing,
is concerned with the rules of agreement of the aubstantive with its modifying adjectives and governing pre-
positions, The second part, called the Second Round of Processing, is concerned with coordinmating conjunctions
which link substantives in various patterns. The third part, called the Third Round of Processing, is con-
cerned with verb patterns and one multiple-form-class problem. The fourth part is called the Interpretive
Routine, This program inserts English prepositions, whose function iz expressed in the Russian language by
infleetional endings, and performa certain other functions such as erasing unwanted eguivalents in the indivi-
dual entries,

To process text material, first the program and then the text card deck is loaded into the computer. The
computer executes the programs and punches out another card deck which is just like the input text deck except
for the processing accomplished by the program. The changes appear in modifications of the tags, The text
deck from this round of processing is then placed immediately behind the program deck for the next round of
procesging, and both decks are fed into the machine again, This is repeated until all three rounds of pro-
cessing have been completed, After the Third Round of Processing the output deck is fed into the computer with
the Interpret Routine in the same way as hefore, After the Interpret Routine the oputput deck may be intreduced
into the accounting machine to print out the translation.

The First Round of Grammatical Processing

The First Round of Processing was originally entirely the work of the auther., In its present form the
First Round of Processing is also the work of Niehaus, who wrote the programs now used,

As stated previously, the First Round of Proc¢essing considers the rule that Russian substantives must
agree in gender, number, and cage with the adjectives which qualify them and that prepositions must agree in
case with the substantives which they govern., As the name preposition indicates, these words always precede
the substantive {and the adjectives and adverbs which modify the substantive) which they govern, It is alsc
assumed that the adjective always precedes the substantives which it qualifies, Occasionally thig does not
hold true in Russian, but such instances will not be considered in the First Round of Processing since their
solution involves more than a matching procedure. This assumption does not introduce any errors into the

24Davis, Martin; COMPUTABILITY AND UNSOLVABILITY, McGraw-Hill Book Co,, Inc., 1958, p, xv,
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solution; it only wakes the solution incomplete.
The -logical equations for the First Round of Processing may he written as follows:

(P+asy) -{a} f(A+V+S+2), —0n

(a+v+5+ 2) - {a], pla+y+P), > ne~P

where the notation 1s as described in Chapter 4,

The application of the equations of the First Round of Processing is best demonstrated by an example, In
the sentence below a preposition 1s encountered; the three semantic units following 1t are, respectively, an
adjective, another adjective, and a substantive,

na HOBOH PYCorod RO JIB
preposition adjective adjective sybstantive
G G, D, I, P, G, D, I, P G, Npl, A,

The notation is that of the case specifiecations defined in Chapter 4, For convenlence the definitions
are repeated below,
Where: G = genitive singular

D = dative singular

I = instrumental singular
P = prepositional singular
N . = nowinative plural

ES
1

accusative plural

The computer considers only the tags, 1.0., for the instance of "H3" (out of) only the coded "G" would
be considered, or for "HOBOU" only the coded "G, D, I + P ." For the three rounds of processing described
in this chapter, .the computer does not consider efthef th8 cofled Russian or the coded English equivalents, The
coded form of "G and "Gs. D, I, 5;“ are, together with certain other information, denoted as "tags.” Pro-
cessing performed in the three rounds shows wp as modifications of those tags. The Interpret Routine interro-
gates the final tag form and from this modifies the target equivalents,

According to the first equation, when a preposition is encountered, the machine iz to go on to the
foellowing semantic unit. If the next semantic unit is an adjective or a substantive, the logical intersection
is perfermed which delineates the area of agreement of both the preposzition znd the words governed hy it.
8ince the preposition governs the genitive and the immediately following adjective has a proper genitive
singular form, the intersection gives the case for this particulsar example as genitive singular for each of the
first two words. Since in prepositional phrases adjectives are mostly nonterminal words, as denoted in ths
equation by the expression fA} (sece page 378), the machine then goes on to the next semantic unit. The next
word also turns out to be an adjective; o the case intersection is performed again, giving also genitive
aingular for the cese and number of the third word, Since the third word (an adjective) iz also not neces-
sarily a terminal word, the machine proceeds to the next semantic unit, The next word, the fourth, is a
substantive, The case intersection is again performed and establishes that the case of this substantive 18 also
genitive singular, BSince substantives are not allowable interveming words, the machine stops searching.

The second equation is similar except that the search ia directed to preceding and not to following words.
In addition to performing case intersection, the second equation prescribes that, if an adjective, pro-adjective,
substantive, or pro~substantive ls preceded by an agreeing adjective, pro-adjective, or preposition, then no
English preposition is to precede the target equivalent of the semantic unit being processed,

A complete print-~out of the computer program for the First Round of Processing will be found in Niehaus'
thesis,

Following are three examples of text material actually procvessed by the computer:

1, a. OcyweerTPJaeHre 3TANOHOP. HOHCTDYRUMA 3TAJSORA, €T0 LUBHYEeCKHNe ¢poiicTrPa W crocod
OCYWOeCTBJACHNS OTPerkeJanTces BeJANMHN, eiuania koTopol pocnpousmonzTes, H
COCTOAENEM HBMEPHTeabHOH TeXWHKH B AsHvOH ofJacth waMepernH,

b, The word-for-word translation of this materisl is as follows:
Realization (of)standards, Construction/design (of) standard, (of) (to/for) {by/with/as)
his/its//hik/it physical-properties and/even/tooc method (of)realization (they)are-defined/
determined/assigned (by/with/as)nature (of)magnitude/quantity(s), unit/one {of)y(to/for)
(by/with/as)which is-reproduced, and/even/too (by/with/as)state/fortune (of)(to/for)
(by/with/as)measuring/dimensional {of)technics/practice//technologists in/at/to/ons/of/like
(of){(to/for){by/with/as)given (of)(to/for)area/oblast(z) (of)ngasurements. :

¢, The translation after the First Round of Processing is:
Realizatlon of standards, Construction/design of standard, {of}{(to/for){by with/as)his/its/

25Niehaus, Udo K., Russzian to English Translation Processing With an IBM 650 Computer, Master of Sclence

Thests, University of Washington,
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him/it physical-properties and/even/toc  method {of)realization (they)are-defined/deter=
mined/assigned by /with/as nature (of)magnitude/gquantity, unit/one  (of){(to/for)(by/with/as)
which 1s-reproduced and/even/too  by/with/as  state/fortune of measuring/dimensional
technics/practice//technologists in/at/on {of){(to/for}(by/with/as)given {of){(to/for)area/
oblast(s) of measurcments,

The word=-for-word translation contains 88 words while the processed translation contains 82 words., In
addition, in six instances the program determined that English prepositions were definitely required; and,
accordingly, the parentheses were removed from the prepositions.

The "information” contributed by the processing routines may be calenlated with the defining equation
{see Equation B, Chapter 5),

(number of possible sequences in the word-for-word translation)

logg(nunber of possible sequences in the processed translation) 7.63
I '

i = logg(nunber of possible sequences in the word-for-word translation) =33.15 ©

77

2. a. ToJBKO ONpefeJeHHS HOIARUCHUMHX €AHFWL A8KT HeKOTOpYK nporpayMy znellereuil gaa
ocymecTBAGHUS STHAOROE, NOCHCJAREY 3TU COpefeJeHHS COAepRAT YRABSHHE HA EeMeCTRO
M yCJAOPHA, B HKOTOPHX OHO AOJEHCO HaXOANTLCHA,

b. The word-for-word translation is:
Only {of)definition/determination/attribute(s) {of)}independent (of)units/ones givesallow
certain/some program (of)act{ion}s /effects/operations for {of)realization (of)stan~-
dards, in-as-much-as  these (of)definition/determination/attribute{s) contain/maintain
indication/instruction on/in/at/to/for/hy/with substance and/even/too  (of)condition(s)
infat/toson/0f /like {of)which it must/should /owes {(to)be(found),

¢. The translation after the First Round of Processing is:
Only (of)definition/determination/attribute{s) of independent units/ones give/allow
certain/some program of act({ion)s/effects/operations for reallization of standards,
in=as=-much-as these definition/determination/attributes contain/maintain indication/=
instruction on/in/at/to/for/by/with  substance and/even/too  {of)condition(s)}, in/at/to/-
on/of/like which it must/should/owes  (te)be(found).

In this instance the word-for-word translation contains 62 words while the processed translation contains
58 words. The program also determined that in three instences the English preposition, "of”, was actually
required by the context; and in one case it established that the plural form of a substantive was required,
The parentheses were accordingly removed in these four cases,

The amoumt of information contributed by the First Roumd of Processing may be calculated as follows:

Ii - 8 = .245
32.72

3. a. I[lOCKeAHes JZOCTUMEETCH YMEJHM BHOODOM YACTEOTO c¢Jyuad ofMMX 3a8KOKOB fABJeHVH,

CEA3FBAKIMX BeJHYHMHH, eAMHUIE KOTODHX BXOLAT B onpefescHue npouspoanoi eauyunm,
b. The word-for-word translation is:

Last./latter is-attained/reached (to/for}{by/with/as)skillful {by/with/as)choice/election
(of)private/particular//quotient /partial (of)case/chance/occurrence (of)general/common/total
{of)laws (of)appearances/phenomena/symptomns, (of)tying/connecting/knitting (of)magnitude/-
quantity{s), (of)unit ‘one(s) (of)which enter-into definition/determination/attribute
(of){ta/for) (hy/with/as)derivative (of)unit/one(s).

¢, The processed translation after the First Round is as follows:
Last/latter  is-attained/reached by/with/as skillful choice/election of prividte/particu-
lar/quotient /partial case/chance/occurrence of general/common/total laws of appearances/~
phenomena/symptoms, (of)tying /connecting/knitting (of)magnitude/quantity{s), (of)unit/-
one(s} {of)which enter=into definition/determination/attribute of derivative unit/one,

The third example illustrates a case where the First Round of Processing was very effective in improving
the output, The word-for-word translation contains 62 words, while the processed translation contains only
40 words, The figure for the amount of information contributed by the First Round of Procesging in this
instance 1s:

12,81
353 - . 363

The Second Round of Grammatical Processing

The Second Round of Grammatical Processing is concerned with routines designed to resolve the multiple
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grammatical meaning problem of a large class of substantives and of certain coordinating conjunctions., The
logical equations for the Second Round of Grammatical Processing are as follows:

1. §,+p,C. Py S.i=nPr~S) 23. S {U} plv—~to) -~ ~(for)
2. SR C.oP Koy S ~PS) 2h. S, {U} p{V-for) - ~(t0)
. S,p, Coo,Ke~p, S, {Ulp S f ~PuuS) 25.
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The development of the Second Round of Grammatical Processing is the result of the cooperation of Dr,

Lew R, Micklesen, Mr. Ude K. Niehaus, and the author. Dr. Micklesen analyzed approximately twenty-five hundred
running words of Ressian text to determine the procedures necessary to solve multiple-meaning problems.

These texts were then analyzed by the author for necessity and sufficiency. Logical equations were then writ-
ten, and the flow diagram was drawn. A print-out of the program of the Second Round of Processing may be

found in Niehaus' thesis.

The Second Round of Processing is inherently wvery different from the First Round. The First Round of
Processing is essentially 2 matching procedure, whereas the Second Round involves search routines. In the
First Round, when an adjective or preposition is encountered, the machine matches the grammatical tag with the
tag of succeeding adjectives and the next substantive, performing the logical intersection of these tags., The
succeeding rounds of processing involve search procedures; the context of the semantic unit is examined for
specific word patterns which will indicate that one particular target alternative should be chosen in prefer-
ence to others,

Since the second and succeeding rounds of processing involve search procedures for specific semantic units
and their enviromment, it is necessary for the computer to store in the high-speed memory the text euvircnment
of the semantic unit being processed. 1If too few of the environmental semantic units are stored, the patterns
cannot be established; and, consequently, the multiple-meaning problem cannot be resolved, If more than a
sufficient number of semantic units and tags are stored, computer memory space 1s wasted. 'Thus it is necessary
to determine roughly the extent of this "inter-word influence” in order to obtain an optimum amount of storage
for semantic units.

To determine the extent of this "inter-word influence" a sample of about 150 sentences of text was ana~
lyzed in consideration of the logieal equations, A typical example of the results is the following:
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RANGE OF SEARCH FOR THE PROCESSING OF SUBSTANTIVES

sentence and range of search sentence and range of search

word number word number
2-4 1 back 7=1 1 back
2-7 1 bkack 7-13 1 back
3-1 2 back, 3 fwd 8-4 1 back
3-5 1 back 8-10 1 back
3-9 2 back 8-11 1 back
4=1 1 back, 4 fwd o-5 2 back
56 1 bharck 10=-1 1 back
5-7 1 back, 2 fwd il-12 1 back
G=5 7 back 11-16 1 back
5-9 1 hack 11-17 2 back
614 1 back 1x-18 2 back
6-15 1 back 13=3 1 back
625 7 back 13-4 2 back
6-42 1 back 17-8 2 back
6-48 1 back

For this specific example, if only two semantic units are =stored at one time, the semantic unit being
processed and the semantic unit immediately preceding, then 18 of 28 tests can be performed. If three seman-
tic units are stored at one time, the semantic unit being processed and the two immediately preceding it,
then six more of the procedures can be handled, or 24 of the 29, A storage of two more semantic units
{forward} will increase the number of procedures which can be handled to 25, Increasing the forward storage
by one more (six semantic units stored im all) will increase the procedures handled to 26. If the storage is
increased to a total of seven semantic units, all procedures except those (6-5 and 6-~25) which test seven
semantic units back may be programmed, To consider these last two instances, the semantic unit storage would
have to be ihcreased by 5, or almost doubled.

When the program requires a search as far back as seven semantic units, the semantic unit being sought
is nearly always a substantive or a verb; and the intervening material seems to consist, at least in part, of
a parenthetical expression. Thus, in the above example, instead of increasing the running storage by 5
semantic units, a more efficient procedure would be to store the tag information concerning the last substan-
tive and the last verb in some convenient memory locatjons. The following example will illustrate what is
meant, Suppose that the machine is processing the sentence: Ot MaTepuase Tpebyercs ITDOYEOCTE,
¢TOAROCTE WMPOTLA ACKRAMYUTEABRES 4YKCTOTA.

A free translation of this sentence would be:

{The material must be durable, stable, and sometimes eXceptionally pure.)

If the semantic unit being processed at a particular instant is "npovroers"™ the storage locations in the
computer will be filled as shown in Row I of the following tabulation:

STORAGE OF TEXT MATERIAL AT

DIFFERENT STAGES OF PROCESSING
{Tarpet—Language Equivalents and Tags Are Not Shown)

{PRECC | PRECE | PRECA ]| PRSNT ] FOLLA [ FOLLE  TUVERB |  1LSUBS |

or varep~ | TpesSy- T THoY- . cToli- . .
“era eTcs EOCTER KOCTE

TpeSy=| nMnod- ’ cTol= HHOPIS | HCRJAKYHE- . Marep-~

eTea YOCTE XOCTE TeJAbHER Hasg
Where:
PRECC is the third semantic unit back in the sentence from the semantic unit being processed (pre-
ceding C).

PRECB 1s the second semantic unit back from that beilng processed (preceding B).

PRECA is the semantic unit immediately before that being processed {preceding A).

PRSNT is the word which is currently being processed (Present},

FOLLA is the succeeding semantic unit in the sentence, the next to be processed (following A).

FOLLE 1is the second semantic unit in the sentence after that being processed (following B),

LVERB is the last verb in the sentence which occurs hefore the semantic unit in PRECC (last verh).

LSUBS is the last substantive in the sentence which oceurs before the semantic unit in PRECC (last sub-

stantive)

Note that commas (or any punctuation marks) are treated as semantic umnits,

When the processing for INOYHESCTE has been completed, the computer enters the entry for comma in the
PRSNT location, Since a comma requires no processing, the machine immediately moves CcTOHROCTE into the
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PRSNT locatjonr. 1In each of these movements, the other entries are moved one location backwards. When the pro-
cessing of ©GTOHKOCTS starts, the entries for OT and MaTspaaJja have been erased, the entry for
Tpefyerca has been moved from PRECA to PRECC, the entry for OPOYHOCTE to PRECB, and the new entries,
those for WHODAA and HMHCRJANYHTOARHEA have been introduced into FOLIA and POLLB respectively.

Row 2 of the table shows the storage contents when the word is being processed, HNote that the substan-
tive, MaTepHsJa, 1is now stored in the LSUBS location.

An analysis of about 2500 gemantic units of text indicated that the storage provided in this way (six
consecutive semantic units and the last verb and the last substantive) allows solution of about 86% of the
occurrences of problems which ¢an be resolved by the processing of the Second and Third Rounds. About 1100
locations are still available for the processing routines after reserving the necessary storage for the text
material, load and unload routines, and trace,

It enough computer storage had been allotted for the text to permit a complete processing of this sample
by this method, the locations avallable for the processing routines would have been reduced by approximately
60%: or about 450 locations rather than 1100 would have been avallable, Since about 350 locations are used
for the load and unload routines, then only 450 minug 350 or 100 locations would be available for the pro—
cessing programs, Very little processing can be performed in 100 program steps,

Using the examples given earlier, the result of the two rounds of grammatical processing and the inter-
pret routine is the following:

Example 1.

Realization of standards, Construction/design of standard, (of) (to/for) (by/with/as)hls/1ts/ /-
him/it physical-properties and/even/too method of realization  (they)are-defined/deter-
mined/assigned by nature of magnitude/quentity, unit/one {of) (to/for) (by/with/as)which
is=-reproduced, and/even/too by state/fortune of measuring/dimensional technics/practice//~
technologists in/at/on  (of) (to/for) (by/with/as)given {(of)(to/for)areas/oblast(s) of measure-

ments,
The amount of information extracted by the First end Second Rounds of Processing may then be calculated
from Equation 1 thus: 1013
108, —3.41 x 108
I i = 13 = 344
1032 10

snd the smount of information in the Second Round of Processing 1is:
I = Toutput - Tinput = .344 - 177 = ,L167
Example 2,
Only definition/determination/attribute g of independent units/ones givesallow  certain/-
some program of act(ion)s/effects/operations for realization of standards, in-as~-much-
a8 these definition/determination/attribute 8 contain/maintain indication/instruction
on/in/at/to/for/by/with  substance and conditions, in/at/to/on/ef/like which it
must/should/owes {to)be(found),
The amount of informztion extracted by the First and Second Rounds of Processing may then be calculated
from Equation 1 thus:

7,08 x 109

1032 11.6 x 105
I = 5 - = .384
1082 (7.02 x 107)

and the amount of information in the Second Round of Proc¢essing is:
I = .384 =~ ,245 = ,139

For example 3, the output after the completion of the two rounds and the Interpretation Routine is as
follows !
Iast/latter is-attained/reached by/with/ag skillful cholce/election of private/particular/-
guotient/partial ecase/chance/occurrence of general/common/total laws of appearances/-
phenomena/symptoms, (of) tying/connecting/knitting magnitude/quantity s, wunit/one {of)which
enter-into  definition/determination/attribute of derivative unit/one,
The awmount of information extracted by the First and Second Rounds of Processing equals:

3,98 x 1010

log2 7.30 x 105

I = = .486
1og; (3.08 x 10'%)

and the amount of information in the Second Round of Processing slone is:

I = Toutput-Tj.nput = .466 - ,363 = 083
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The Third Round of Grammatical Processing

The Third Bound of Grammatical Processing is concerned with repregentative problems of the intended
meaning of verbs and one of the intended meanings of a multiple distributional class, The logical processing
equations considered by the Third Round of Processing are as follows:

1o MLRA} HASS) g P 13, V,::«p $7- = {let-us)

2. MET{A} 1ae9), {A}pP AP~ 2 Y.  VipS = ~(we sholl)
3. MET{a), HAsS) U ptviY) o eS8 35, Vo0 S, - ~lis)-~ {will)
bV, U} PE" - ~(they) 16, V'ep S, t V(i)

5. Vyr 4} pEFEY-> ~(they)

H
6. Vg {U} (~p+tIE" -~ (they)
To viap VI IE® H[A+S)IAT] - (10}
1
8. ViepVYE H} p{E~t0) - (t0)
9. viepiv~toy -—» (to)
1. Viop(V~~to) o ~(10)
%
n. v -(p+rt) K- ~igre}
2. Vi~ip+f) K-> (are}
The following examples will illustrate the application of the Third Round of Processing:
Example 1, After the First, Second, and Third Rounds of Processing
Realization of Standards, Construction/design of standard, his/its physical properties and method
of realization are-defined/determined/assigned by nature of magnitude/quantity, unit/one (of}-
{to/for} (by /with/as) which is reproduced, and/even/too by state/fortune of measuring/dimensional

technics/practice/technologists in/at/on given area/oblast of measurements,
The information in the First, Second, and Third Rounds for this example ig thus:

1013
4
1og2 7.25 x 10
I = = .626
i log2 1013

and the information in the Third Round alone is:
I = .826 - ,344 - ,282

For Example 2,
Only definition/determination/attributes of independent units/ones give/allow certain/some program
of act{ion})s/effects/operations for realiztion of standards, in-as-much-as these definition/deter=-
mination/attributes contain/maintain indication/instruction on/in/at/to/for/by/with substance and
conditions, in/at/to which it must/should/owes be{found).
In this example the information content of the First, Second and Third Rounds of Processing may be
calculated to he:

7.08 x 109

5
1 - log 1.45 x 10 - 15,57 - .475

i log 7.09 x 109 2.7

and the information content of the Third Round will be:
I = .47 - ,384 = ,091

The First, Second and Third Rounds of Processing are all concerned with multiple-meaning problems which
conform to the classical concept of "grammatical” problems. Obvicusly many multiple-meaning problems cannot
be solved by tests of classical grammar. It is convenient to consider the information in routines which would
golve all so-called grammatical intended meaning problems even though the distinctions "grammatical” and “non-
grammatical” are somewhat arbitrary. In Example 1, the only remaining multiple-meaning problem which could be
considered grammatical c¢oncerns the equivalent of RoTopoill "(of)(to/for){by/with/ag)which." There are
seven possible sequences in this equivalent; so the information in a routine which would solve this problem
would be
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log 7 -
Tern ® 4z.88 = .085

For the case of Example 2, there are no further problems which can be zolved by classical grammatical
tests, thus Iy = O

For Example 3, "——hy/with/as skillful--" is not clearly a grammatical problem, so it will not bhe included,
The two unresolved problems, '-=(of)tying/~—-—-" and "=~(of)which-="" conform to the intuitive idea of gram-
matical problems, so

I - log 4

GR 3.3 = ‘9%

Table 1 illustrates for a larger sample the effectivemess of the three rounds of processing,

The table demonstrates that over 80% of grammatical problems are solved by the three rounds of processing,
The remsining problems are essentially all of a type which conform to the concept of "nongrammaticalness,”

Some of the remaining grammatical problems are relatively easy to program and would have been added to
the first three rounds of processing if space had permitted. Others are more difficult and will prabably only
yvield to approaches which must be used to solve "nongrammatical' problems. It does seem that at least 95%
of the typically "grammatical” problems can be solved by routines of modest size,

Many problems could he treated more efficiently by increasing the computer text storage. This is espe-
clally true for problems cencerned with the verb, sinece the subject and ohject of a verb are often consider-
ably removed from the verb in the text. Thus, while “grammatical’ problems are generally narrow context
problems, the muliiple-meaning problems of verbs frequently present a grammatical problem of wider context,

A print-out of the program of the Third Round of Processing is presented in Appendix 2.

The Interpret Routine

The interpret routine performs two functions: it inserts the English prepositions, whose function is
expressed in Russian by inflections (see footnote, page 357), into the translation, and 1t executes theé indivi-
dual-entry subroutines, whose function must be explained, The reason for including the insertion of preposi-
tiong in the interpret routine is very simple: All rounds of processing narrow the nuwmber of case possibili-
ties, hence the insertion of the prepositions must be postponed until final processing,

Individual-entry subroutines are procegsing programs which apply to one entry alone, and are consequently
stored as an integral part of the individual entries, The most common example is that of deletions, For
example, the Russian preposition "B" may either govern the locative or the accusative cases, The English
equivalent of "B" is in/at/on/to/of/like, If, in a particular instance, "B" governs the locative, the
alternatives to/of/like may be deleted. Since this deletion applies only to the entry for "B" it would
be wasteful of general programming storage to include the deletion routine for "B" in the general program.

In the procedure described in this thesls, the deletion program for "g'" is stored with the entry in the
large lexicon and is executed during the interpret routine, If, during the three rounds of processing, the
case governed by "p" has been narrowed down to locative, the deletion routine eliminates to/of/like from
the translation.

The reason that the individual entry subroutines are included in the interpret routine is that the entries
are stored randomly during the Second and Third Rounds of Processing, and since the individual entry subrou-
tines are stored as an integral part of the entry, the subroutine is alsc stored randomly during these two
rounds of processing. In the interpret routine the entry is stored in a fixed location. Randomly stored
routines are difficult to execute with the one-plus-one address system used on the IBM 650, The complication
arises from the fact that the one-plus-cne address system includes the address of the next program step to
be executed (the instruction address) in each program step. If a routine is stored randomly, each instruction
address must then be modified every time the entry is stored since in general the routine will be stored in
a different place each time,

If the IBM 650 used a single-address system, the problem of random storage of routines would become much
easgsier to solve since then the machine would automatically go to the next storage location for its next in-
struction, except for BRANCH and TRANSFER operations.

The individual-entry subroutines could have been transferred to a standard location before execution, but
this would have created two other problems: first, storage would have to be reserved for this standard loca-
tion, and second a transfer routine for initiatimng this transfer womld have to be included, The solution of
both of these problems would require unnecessary storage space; hence all individual entry subroutines were
executed in the interpret routine,

No context is stored during execution of the interpret routine; processing is accomplished on a word-hy-
word basis, 8&ince no syntactic interrogations are made during execution of interpret routine, no credit for
tmprovement of the translation is awarded the interpret routine,

Three instances were encountered in the analysis of a Russian text in which it would have been convenient
to perform the complete processing of a particular text word by an individuwal~entry subroutine, One example
is the following:

[ecTE] (] @ + v, ~vy s~ (todent

This implication could not be executed in the interpret routine since no context is stored. Since the
implication applies to alone, a routine for accomplishing this processing is not general enough for
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inclusion in the general programs. Routines of this type were therefore not written for the study described
in this report.

As was stated near the beginning of this chapter, the three rounds of processing operate only with the
tags, and the results of the processing are manifested by modifications of these tags. The interpret routine
then examines the modified tag and performs modifications to the target equivalents., In some lastances pro-
cepsing requires examination of the source-language word, For example, one of the implications for 4TO
is as follows:

Cg « 8 » SI

M + p [eToas] ——s ¢,

Where: all notation is as defined in Chapter 4, with the addition of —-— interrogative prosub-
stantive,

This implication requires searching for the occurrence of

Implications of this type were not included in the programs described; all processing routines of this
report operated only with tags. This implication could have been included in either the Second or Third
Rounds of Processing without any modification to the master programs. The only reason for not including
implications 1n the general programs was the fact that other programs seemed more generzl,

A print-out of the Interpret Routine may be found in Nishaus' thesis,2®

The Nongrammatical Intended Meaning Problem

Machine translation research requires an approach to the study of language which differs in some respects
from classical linguistic analy=is. It should reasonably be expected, therefore, that some specifications
which result from machine translation research may add new concepts to the grammars of languages. Ome
example is that of the distinction between "grammatical” and "nongrammatical’ meaning which we have found
convenient for our purposes,

Hill and Niehaus2® have investigated one property of language which must be considered as "nongrammati-
cal” at the present, The following discussion of the Hill-Nishaus method fs included here for three reasons:
first, the University's IBM 650 computer was the fundamental research tool in this work, second, the method
is a very promising approach to some of the problems of intended meaning, and third, the extensions of the
method which are proposed in the following paragraphs constitute original research by the author,

The Niehaus-Hill method is only concerned with substantives, The method requires that the entire field
of science and technology bhe divided into fields and sub-fields. Each main field is assigned a two-digit
number which always ends in zero, while each sub-fileld is assigned a two-digit number in which the left-hand
digit is identical to the main field classifications, and the right digit denotes the particular sub-field.
As an example, the digit 20 would apply to the entire field of physics, while 23 would apply to the sub-field
of electricity and magnetism. Figure 2 displays the Hill Synoptic Table,

Niehaus mechanized this technigue of field classifications in the Second Round of Grammatical Processing
and the Interpret Routine, This processing is not included in the present version of these routines. The
Niehaus procedure was as follows: During the Second Round, the field classification tags stored with the
individual alternatives were examined, and a tabulation analogous to Figure 2 built up in the computer. For
instance, the alternative "trsnsistor” had a tag 83, indicating that this is a specialtzed word in the field
of electrical engineering, Thus, when the tag assoclated with "transistor' was encountered, a "'1" was added
to the chart in position 83 and also in position 80, Affer the entire sentence was scanned, all tags were
re-¢xamined in the Interpret Routine. Alternatives with tags indicating fields not compatible with the table
which was built up on the first gean were eliminated,

According to Niehaus this very simple routine was able to eliminate about 8% of the superfluous alterna-
tives with excellent reliability.

The Niehaus-Hill method has two serious limitations, First, the synoptic table is two-dimensiomal with
one dimension as the main field classification and the other as the sub-field classification., Second, the
chart is divided into "field areas,” which are defined historieally rather than logically. For instance,
"electricity and magnetism’” is included in the general field of physics. No one would argue that this is one
important area where the physicist must be well-grounded, but modern practice includes in the field of
electrical engineering all problems concerned with circuit-theory research as well as all problems requiring
application of Maxwell's equatfons., Electricity and magnetism and electrical engilneering, however, are coh=
siderably separated in the synoptic chart,

In order to place accurately the various alterpmatives, one must first establish clearly defined reference
points, Two reference axes {(as in the Niehaus-Hill Synoptic Tabkle) are clearly not sufficient. Also "fields
of science" are not distinctive enough for accurate reference,

Since words are the entities to be specified, it would seem that specific words should be used as the
references., The words which are chosen as the references should be as highly specialized words as possible
so that they will exist as "points” in "semantic space.” It would be ideal if these reference words could be
few in number and so separated from each other semantically that the probability of any two of them occurring
in the same text would be zero, The tremendous number of words which exist im a language, and consequently
the very low probability of occurrence of any one word, makes the "single-word reference” impractical. A
more realistic reference would be a group of highly speclalized words in a particular area, For instance,

"won

"klystron," "magnetron,” "traveling wave tube,” "microwave,' might be considered as one reference. Similarly,
"oranium, ' "trachea,"” "upper lachrymal foramen,” might be considered as another reference,
26

Niehaus, Udo K,, Automatic Pinpointing of Intended Non-Grammatical Meaning, op. cit. in footnote 1.
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1 2 3 4 5 6 7 8 9
Math, Fhysics Chemistry Biology Medicine Social Integrated |Applied Technology
) Sciences Sciences Sciences
Classical . Machinery
Algebra and Fluid Physical Botany Structure |Anthropo— |Astronomy Mechanical |Mechanism
Mechanics logy Tools
Statistical Thermo & Production
Geometry Mechanics | Inorganic |Zoology Function Linguistics} Geophysics |Heat and Mfg,
and Thermo Engines Methods
Electricity :
Analysis and Analytical [Microbio- |Dlagnosls |Philosophy | Geology Electrical | Transporta-
Magnetism logy tion
! Aeronauti- | Structures
Statistics EOptics Organic Biophysics | Therapy Soclology Geography cal Architec=
' Spectra Acoustic ture
i Mining
Numerical fQuantun Biochem= Psychology | Pharmacy Pol, Sci. Meteoro~ Nuclear Metals
Analysis  |Mechanics jistry Piplomacy | logy Ceramics
: Agriculture| Public Marine
Relativity |Solid Photochem, |end Health Soeial Oceanogra- | Control and
. State Forestry Sanitation : Planning phy Naval
I Economica Military
, Nucleonics t Electro- Animal Psychiatry ; Theory & Optiecal- Sclence
Hushandry Applied Fhoto Tactics
- Metrology Chem, Eng, Fisheries |Veterinary | Legal Materials Textiles
' Paper
i
Note: A single subscript in combination with a following zero denotes a whole field, i.e, 20 for

physics,

l.e., 23 for electricity and magnetiasm,
SYNOPTIC CHART FOR SCIENCE AND TECHNOLOGY

FIGURE 2,

Wherever there is a subfield, the zero is replaced by the corresponding unit digit,




After a suitable number of these references have been selected, an empirical try must he determined for
each alternative to give the position of the alternative in this "'semantic spuce” with respect to the "refer-
ence words,” As text material is being processed, the tags of the alternatives would be tested, and the most
probable position of the "semantic manifold" of the text determined, Alternatives whose tags indicate loca-
tions too far removed from the position of thie "semantic manifold” would then be erased.

Reference dimensions might also be added for such things as concreteness or abstractness, animateness
or inanimateness, and dimension.

As an example, consider the following translation:

skull/body  shortened infon/of  frontal-orbital area/oblast, so that mnasal-bones attain/-
reach or almost attain/reach own  back/posterior/rear ends/ways/leads of line of
front/main edges/regions of orbits. (Figure 23)

In this sentence the co-occurrence of "frontal-orbital” and "nasal-bones” greatly increases the proba-
bility that "skull” and not "body” 1s required, Also, no reference to politics or government but referemce to
terms like "frontal-orbital” amd "nasal-bones" would greatly increase the probability of "posterior” as against
"back” or "rear” and "area” rather than "oblast." Because of implied dimensions the co-occurremces of 'front/
main" and "edges/regions” would indicate either "front edges” or "main regions” as most likely, while the
occurrence of "line” would further increase the probability of "front edges' as well as "ends’ over "ways" or
"leads,” again because of dimensional compatibility. The translation would then be:

"skull shortened in/on/of frontal-orbital areas so that nasal/bones attain/reach or almost attain/~
reach own posterior emds of line of front edges of orbits, {(Figure 23)"

Note that all these problems except the dimensional could have been solved by the Niehaus-Hill method,
This is true because of the large number of highly specialized words in this sentence. Usually this amount
of information is not available, and the sclution will reguire the use of the probabilistie aspects of words.
An individual word will not entirely egtablish but only imply the "semantic location.” This is especially
true for "narrow context” "nongrammatical” problems such as dimension compatibility,

It is the opinion of the auwthor that a careful probabilistic study of the "nongrammatical™ problem along
the direction described is likely to be a profitable step in processing. The main difficulty currently faced
by the University Research Group 18 that the IEM 850 is completely inadequate for this task.

Sumary and Conclusions

Table II shows ten t¥pical sentences in the form they would have if all multiple-meaning problems had
been correctly solved but with no word-order rearrangement. The translation is unconventional, but readable,
An obvious corocllary is that the word-order problem is secondary to that of multiple meaning.

The processing performed on the IBM 650 compuier was concerned with problems which conform to the classi-
cal concept of "'grammatical’ problems, As the distinction "grammatical" or "nongrammatical" is artificial,
it is helpful to consider other classifications, One is that of wide-context versus narrow-context problems,
The [BM 650 routines consider narrow-context rules of syntax, Another classification would be that of prob-
lems pertaining to entries versus problems which pertain only to individual alternatives, The routines con-
gider those which could be solved by considerations of the tag describing the syntactic characteristica of
the entry.

The routines are guite effective in resolving the grammatical, narrow-context, entry-characteristie,
multiple—meaning problems.” From Table I it may be seen that over 90% of these problems were solved in the
sample texts.

Certain other tests are easily postulated for resolving some of the remaining ""grammatical” ambiguities,
but other of these "grammatical” problems become extremely involved., A 95% solution of the grammatical
problem would seem attainable by routines of the type described in this chapter, provided that entire sentences
could be processed at one time by the computer,

Further work should utilize & larger computer, such as an IBM 704, The processing routines should be re-—
written for this larger machine, and new routines added, The Niehaus-Hill method may be capable of suffielent
extension to allow the solution of many of the problems that are not grammatical at the present state of
linguistic knowledge,
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TABLE T

Translation Quality of Sentences After Third Round

Sentence Ty T g Tq/T'qy
1-2 .65 .07 .93
1-3 36 +56 1,00
-4 410 W51 .78
1-5 W51 N1 .91
1-6 A2 48 B9
1-7 .04 .05 08
1-9 .63 .T7 .82

Av, .54 .38 .93

Tg = Translation Quality after third round

T'q = Translation Quality if all "grammatical” problems
are solved.
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2.

TABLE Il

Design of standard, its physical properties and method of realiza-
tion are determined by nature of quantity, units of which are
reproduced, and by state of measuring technics in given are of
measurement.,

Only definitions of independent units give some program of action
for realization of standards, in as much as these definitions con-
tailn indication of substance and condition, in which it must be
found,

Definitions then of derivative units pursue singular aim to estab-
lish gizes of units, not touching methods of their practical
realization,

With cabbhage butterfly after short interval of time from moment of
ending of feeding of caterpillars before pupation losses of welght
on average attained 25.9%

With lesser apple worm maximim weight of caterpillar had before end-
ing of feeding, when average weight for one specimen attained
L08320 grams,

A somewhat different picture of changes of weight was ohserved
with soldier bug and with soxrrel leaf eater,

With soldier bug reduction of weight came without sharp Jjumps which
apparently is connected with feeding of bed bugs on warm days before
autumn, then with leaf cutting beetle after cessation of feeding
before disposition of beetles on wintering weight of their bodies
fell for 5 days by 10,5% (from ,01434 to ,01282 grams by beetle).

History of study of tectonics of Alps played in geology is completely
exclusive role,

In 1875 year appeared book of Suess "Origin of Alps,”
It is possible to consider, that overrunmning of folds depends on

local tectonic causes, and namely from height of position of one
or another of magsive, serving as obstacle for spreading of folds,
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Chapter 6

Design Specifications for a Digital Computer for Language Translation

In this chapter the translation problem will be analyzed in order to determine some of the design specifi-
cations of a computer for language translation. In order to specify completely the design of such a computer,
the following information must be supplied;

1, The average amount of information whichk must he stored in each entry of the translation lexicon.

2. The number of entries which must be included in the translation lexicon.

3. The maximum amount of text which must be available to the processing programs at one time.

4, The required amount of program storage.

5. The required minimum processing speed.

These five requirements will now be considered:

Size of the Entry Storage

The amount of storage required for each individual entry varies considerably from one entry to another,
The Russian part of the entry may vary from a single letter to considerably more than twenty letters, The
English equivalents may vary from a few letters to more than forty-five. The tag part of the entry, where the
grammatical and nongrammatical information is stored, has a standard length of 100 bits at the presemnt stage
of development, Little effort has been expended in optimizing the form or coding of the tags; so, although
the amount of information included in the tag will need to be increased above the present level as processing
becomes more sophisticated, the tag length will not necessarily have to be ilncreased proportionately with the
information stored in the tag. As a matter of fact, recoding the present 100-bhit tag in a wholly utilized
code, would reduce the length from 100 to less than 15 bits. The current tag form is used because it is more
convenient for programming than a tag form using a wholly utilized code,

Average values of the different components of the individual entry may be estimated as follows:

1. Source-language storage--one word averaging seven letters., Since it is necessary to code both upper-
case and lower-case letters, numerals, and about 15 different punctuation marks, a seven-bit (128 code} system
is required. An average of seven characters per word would make a total of forty-nine bits,

2., English alternatives--average about two and one-half words per entry. The average English word is
about five letters; so with allowance for word separation about fifteen letters, or about one hundred bits,
will be required.

3. Tag storage can only be roughly estimated since the individual entry requirements have not been suf-
ficiently explored. At present a single, 100-bit tag is assigned to each entry, This 100-bit tag would easily
be reduced in size to 15 bits or less, as was pointed out previously, by using a wholly utilized tag cade,

Considera:iy more iuTformation must be stored in the tags to meet the needs of the processing rountines zs
routines become larger and more sophisticated, These additions should be largely overcome by more efficient
coding; so the tag storage per entry is conservatively estimated to be as follows:

minimum--100 bits
maximum=-=-200 bits

4, Individual-entry subroutines are convenient for processing applications where the routine applies
uniquely to one entry and ne other, The use of these individual-entry routines was discussed in detail in
Chapter 5., The individual-entry subroutines may become large and may be used frequently. For deletions (see
page 388), the experience of Niehaus and the author indicates that 8 to 14 program steps are required for each
entry, with an average of about 10 steps., A count of several hundred eniries disclosed that nearly half have
a deletion problem. Hence the average length of deletion subroutines would he: l% = 5 program stepa per
entry,

As an example of a more complex individual-entry subroutine, the implication for €CTB is as followsa:

{ecTm) (pn + fn) Sn—‘:o ~{(to)eat) (1)

Here the number of required program steps increases to 25 or 30,

In the analysis of the sample of 2500 semantic units, 46 implications were written; three of these per-
tained to particular semantic units, one to €CTE another to caeayeT and the third to OXAaBHBESTCA
These words occurred only four times in the sample., Siace there were about 1000 different semantic units in
the sample, and since about 30 program steps are required to process implications such as (1), the individual-
entry processing will require on an average of: = ,12 = 0 program steps per entry. The total

30 To00
will then be approximately the requirement for processing of deletions, or five program steps per entry.
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In Chapter 9 it will be demonstrated that the instruction?? word length should be about 21 hits; so0 the
storage requirements are approximately: & (21) = 105 bits,

It is possible that the use of gubroutines will increase beyond this figure, Since it is possihble to
optimize the deletion routines by a more sophisticated technique than is used at present, s conservative
estimate of the individual entry subroutine storage 1s not less than 250 bits and nor more than 350 bits,

Summarizing:
Total Text Storage Requirements

Average Per Entry 50 bits

Source language storage 50 hits

English altermatives 100 bits

Tag storage 100-200 bits

Individual entry subroutines 250=-350 bits

Total 500-700 bits

Required Lexicon Storage

The lexicon is the translation dictionary. If dissection of compounds is not provided, each unigque
source-language semantic unit must have a separate entry; and each entry must contain all unigue target-lan-
guage equivalents of that source~language semantic unit together with all grammatical and nongrammatical infor-
mation required by the processing programs, The entry must also contain any individual-entry subroutines which
are required,

The translation lexicon contains a large amount of data arranged in much the same manner as an ordinary
dictionary, Just as alphabetization and thumb indexing is used to minimize the search time for entries in an
ordinary dictionary, the translation lexicon must be constructed in an optimum manner in order to make the
machine translation as c¢fficient as possible.

The most c¢ritical single problem is that of the required size of the translation lexicon, In this sec-
tion the required size of this component of the iranslator is considered, The University of Washington MT
operational lexicon 15 used as the basts for the following discussion.

The University of Washington translation lexicon consists of approximately eight thousand paradigmatic
families, which were expanded to the present level of about 170,000 individual paradigmatic forms, Thus the
ratio of paradigmatic families to paradigmatic forms is about 20 to 1.

The translation project has analyzed TM 30-545, "Russian-English Electronic Dictionary” to determine how
much the present lexicon must be expanded in order to include all specialized semantic units tn the field of
electronics. This manual consists of approximately 22,000 technical terms extracted from an eXtenszive c¢orpus
of Russian technical literature and is believed to be comprehensive, ‘The count is complicated by the fact that
mare than half of the enmtries in TM 30-545 are not single-~word entries but tdiomatic sequences. Many of these
sequences may be translated readily on a single word basis; others will best be handled as idioms, The count
shows that about 7,000 sequences will have to be added, together with about 2,000 new individual semantic units.
Micklesen estimates28 that about 10 paradigmatic forms will be required for each of these 9,000 semantic units,
Hence about 90,000 additional entries will be required in order to translate completely in the field of
electronics, The total will then become: 170,000 + 90,000 « 260,000 entries.

The expansion required to include the specialized semantic units in other fields will depend greatly on
the similarity of that field to electronics. If the other field were physics, the expansion would probably be
limited to thirty thousand entries; while if 1t were organic chemistry or biology, the expansion would probably
require another eighty thonsand entries, plus a good compound dissection scheme for organic chemistry.

If all specialized words of electronics are included, the total requirement for the translation dictionary
would be in the order of:

260,000 (500) = 130,000,000 bits minimum
260,000 (700) = 182,000,000 bits maximum

If two 100,000,000 bit Photoscopic Memories could be incorporated in a single machine, an adeguate storage
should be avallable for the scientific general-language word list plus the specialized word lists of electron-
ics, and probably those of physics and mathematics as well,

We may speculate as to the ultimate size of a translation lexicon with reference to the size of one of the
larger Russian dictionaries, Ushakov2? lists about 80,000 entries, most, but not all, of which represent para-
digmatic families. Naturally, a considerable number of Russian words exist which do not appear in Uskakov, and
hence the 80,000 entries of Ushakov undoubtedly could be expanded to about 160,000 entries if a careful search
of Russian technical and secientific literature were made, If the 160,000 entries are expanded to all their
paradigmatic forms, with a liberal 20 to 1 ratio assumed, an estimate of the ultimate dictionary size would
seem to be approximately:

2?An instruction word is a coded sequence by means of which the programmer instructs the computer as to
what operation the machine is to perform, what to perform this operation on, and sometimes where the computer
is to obtain the mext instruction,

28M1ck1esen, Lew R., op. cit,, p, 74.
2gUshakov, D, N., EXPLANATORY DICTIONARY OF THE RUSSIAN LANGUAGE (In Russian). Reproduced for the Ameri-
canp Council of Learned Societies, by Edwards Brothers, Inc., Ann Arbor, Michigan,.
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20 (160,000)500 = 1,600,000,000 bits minimum
20 (160,000)700 = 2,140,000,000 bits maximum

Required Amount of Text Storage

The "text storage” refers to the high-speed memory of the translation machine, where the entry for the
word which is being processed is stored together with sufficlent context to allow syntactic analysis, In
this sectjon an estimate will be made of the required size of the text storage,

Since the translation is to proceed on a seéntence-by-sentence basis, the text storage must be at least
large enough to store the entries for the longest sentence which will be encountered, Adequate additional
storage must be provided so that, after the processing is completed for one sentence, the next sentence is
immediately available for procesging.

The longest sentence which has been encountered by the main project consists of 94 Russian words, If
punctuation marks are treated as words, as they are in the proecedure described in this report, the total
entry count for this sentence is 113 words,.

To determine the distribution of sentence length, a word count of about 150 Russian sentences was made,
In this count, punctuation marks were treated as words, The results of this word count are displayed in
Figure 3 with sentence length plotted against the number of cccurrences of sentences of that length.

The plot of Figure 3 shows a contour very similar to the response of a second order, critically damped
system, The equation for such a condition is:

21x) = kx o™
where: k, a are constants

X

{2)

There are several ways to evaluate the constants in order to match the equation against the experimental
data, The fellowing calculations evaluate the constants by specifying that the median sentence length, x,
shall be 22 and that the total area shall be 1, The latter condition is used for convenience and alzo because
of the fact that the equation derived will later be used as a probability demsity function for estimating the
optimum text storage size, Using Equation 2 and the conditions of the last paragraph:

Tkxe'ax dx = 1
[2]
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(2) £ =1 a2 xe ™ dx a .5
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a e ~22a-1
I:_E_ (-ax=1) ] = g% = P
a e

0
Hence: a = 0764, a2 = ,00583

Equation 2 may then be written:

#x) = .00583 x e U704

(3)
This equation is plotted on Figure 10 along with the experimental curve and is seen to give a good fit. The
amplitude of the curve was adjusted to give the same area under the curve as the plot for Russian sentence
lengthk,

Other expressions exist which will also approximate this experimental curve, For instance, the function

hx

y(x) = P
x+b {4}

will give a good fit for proper choice of the constants, After some experimentation, values of n = 3.9 and
b = 1,43 x 107 were chosen for another plot of Figure 3. In the plot, the amplitude was also adjnsted to
give the same area under the curve as that for the plot of the length of Bussian sentences,

There is a close correlation between the curve for the length of Russian sentences and that for the
byperbolic function,

kx
xz'9 + 1,43 x 10°

This ig another eXxample which bears out Zipf's law; for if the log of both sides of the equation for y(x) is
taken; then

¥i{x}) =

log (y(x)) = 1log kx = log (x3'9 + 1,43 x 105)
If x 15 large enough this becomes:

log(y(x)) = - log x2 9 = =2.9 log x
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1£ the logarithm of y{x) is plotted against the logarithm of x, a straight-line plot results in accordance with
Zipf's law.

The function y(x) does Fit -the experimental data better than the function £(x). In the following calcula-
tions, however, the function f(x) is chosen since f(x) shows a larger occurrence for high values of x than does
y{x)}. This will give conservative results in the c¢alculations which are presented in the next few pages.

The generating function expressed by Equation 3 relates sentence lemgth, x, to the probability density
function, f{x), of the occurrence of a sentence of that length, The problem which is to be solved in this
section is the following: to find the number of consecutive text words which must be stored so that at any
instant the probability 1s essentially 1 that two complete sentences are contained in the store. It will he
gagumed that this problem is equivalent to the following:

Given some €, 1 > € > 0, selact an n such that for two randomly eelected sentences, the first of which

contains “a" words and the second "b" words,
p{la+Db)<nyE 1-¢

The model does not strictly satisfy the conditions of the original problem. Sentence lengths are not
entirely random, either for the same author or for different authors, An author who writes an extremely lomg
sentence probably has a penchant for such gtructures. On the other hand, good form does demand a variety of
sentence lepgths, Since the generating function which was chosen will give a greater probability for long sen—
tences than the actual empirical data indicates, the calculations which follow will be conservative, In other
words, if a temporary store is designed according to these calculations, the actual operation will be somewhat
better than is indicated,

First, the joint probebility will be calculated for two randomly selected sentences having combined
lengths lesg than or equal to some specified amount, L. From equation 3, this probability may be shown to be:

L L-x
4 ax ay
P=a Xe ye - dydx
[+ o
L
— xe™* [es’le"ax (alax-1) + —%:' dy

Q

2 aL aL3 L2 L -1

ae - - - = == + 1
8 2 a a

a = =,0764
I. = some gpecified amount

Where, from Equation 3:

Since one sentence consisted of 115 words and punctuation marks, it is interesting to calculate the
probability of two randomly selected sentencea having a combined length of 115 entries.

P = 1~ 1 (.0768) (150)° + (150) (.0764)% 4+ 150 (.0764) + 1 = .9964
11.46 [] 2

The probability that two randomly selected senteénces having a combined length of more than 150 entries is
then about four-tenths of one per cent, and that they will have 115 entries is about 2,7%, It would seem that
storage for 115 entries is about the allowable minimum, and certainly storage for 150 entries should be
adequate,

The required temporary text storage is thérefore specified as:

minimum 500 (115) = 57,500 bits
maximum 700 (150) <= 105,000 bits

Required Program Storage

The processing programs are required to improve the guality of the translation over that obtained by word-
for-word translation. The size of the totality of processing programs is thus determined by the amount of
improvement desired and also by the fngenuity of the linguist and the programmer. In this section an estimate
of the size of the processing programs will be made,

The programs which were written by the author and Niehaus for the investigation described in this report
totaled about 2,730 program steps, The IBM 650 requires ten digits per instruction, and the bi-gquinary coding
requires seven bits per digit. The total storsge requirement is thus (7)(10}(2750) = 193,000 bits,

A machine designed for logical programming would not require 2750 program steps to perform the processing
which was accomplished on the IBM 650, The IBM 650 routines required 350 steps for the load and unload rou-
tines. For the tentative design of this report, however, no storage is required since these operations are
to be performed by loglcal eircuitry. The main shortcomings of the IBM 850, however, occur first because
the bi-quinary code gives an inconvenient computer word, and second because the important operation of logical
AND and OR are not included in the IBM 650 operation codes. In Chapter 9 it will be shown that a special-pur-
pose machine with binary operation and the AND and OR operation codes will allow a considerable reduction in
the mmber of program steps below that regquired for IBM 650 operation. It is likely that such a special-pur-
pose machine would perform the same processing of these 2750 program stepa in about 1100 to 1200 steps,
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The ultimate storage requirements for the processing routines can only be estimated. Obviously, the
simple routines written for the investigations of this report are only a small part of the total programs
which will be required for 100% translation. thveao egtimates that ultimately the routine storage will be as
extensive as the lexicon storage. The truth of this statement depends on what ig defined as routine storage.
In a careful analysis it is often quite arbitrary as to what 1s to be considered as dictionary material and
what is to be considered as components of the processing routines. If the individual-entry routines and
addresses of locations where deletions are to be made under specified conditions are considered as partg of
the processing information, equal orders of magnitude are likely to be approached. As the programs get
larger, however, sophisticated programming techniques give such a wealth and diversity of subprograms that
adding another routine, even though quite complex im theory, usually results in only a short routine for
initializi a programming path through various subroutines which are already included in the master Program,

Required Speed of Proceasing

The processing speed 0f the tramslation should be fast enough to justify economically the operation, In
Appendix 4 1t is shown that for an IBM 704 size computer, which would be about the same cost as the transzlation
computer, the machine would have to process material at a rate of about 20 words per second in order to produce
the gross income necessary for a self-supporting installation. The specification of the minimum processing
speed which 1s required is then established as 20 words per second,

The design specifications of the tramslating computer are summarized in the next section,

Design Summary

The design requirements, or design specification, are summarjzed in Table 1:

TABLE 1
Design Requirements
Minimuam Maxi mm
Temporary Text 3torage {high speed) 59,800 105,000 bits
Dictionary Storage {low speed) 114,000,000 2, 140,000,000 bits
Program Storage (low apeed) 27,500 60,000 Program steps
Minimum Processing Speed 20 words per second

. Table 1 specifies the design yequiréments for the tentative translator which is presented in the next
chapters, The design exhibits considerable flaxibility since the requirements stated are only estimates of
valueg which camiot be gpeciftically defined at thim time,

sothve, Victor H,, Syntex and the Problem of Multiple Meaning, MACHINE TRANSLATION OF LANGUAGES, edited

by Locke and Booth, John Wiley and Sons, New York, 1955,
31[!

Initializing” is probably best explained by an example, Suppose subprograms "A" and "B" are stored
randomly, and that the computer is to execute subprogram A" and then subprogram "B", In order to get into
"B", the computer must note the location of the entry step in"B” and store this location number in the exit
step of "A"., This operation is called "initislization',
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Chapter 7

Design of a Large Memory for a Translation Computer

In Chapter € it was pointed out that a memory with a capacity of 130,000,000 to 182,000,000 bits and
having a random access time of about 1/20 seconds is required to store the translation lexicon, In this chap-
ter a tentative design of a memory capable of meeting these specifications is presented.

The only storage device, as far as the author knows, which is capable of satisfying these requirements is
the Photoscopic Memory developed by the Intermational Telemeter Corporation. The pilot model of this device
stores 30,000,000 bits of information with a random access time of 1/20 of a second, The advanced model will
store 100,000,000 bits with the same access tine.32 Two of the advanced models of the Photoscopic Memory
will store the translation lexicon and provide the desired access time, In the tentative design presented in
this report, two Photoscopic Discs will be used for the storage components of the large memory system.

Inclusion of two memories in the translation system at once raises the question as to whether these two
memories should be searched in series or in parallel. In other words, when the search procedure for a particu-
lar semantjic unit is started and the logic has determined by alphabetic comsiderations in which memory the
semantic unit is located, should the machine allow the other memory to rematn jidle, or should succeeding text
words be interrogated for a word whose corresponding entry is in the other memory? Parallel search involves
operating the two memories as somewhat independent systems; therefore it is to be expected that more complex
and expensive logic will be required for parallel search than will be required for gerial search, In order to
specify whether series or parallel search is the more desirable, the answers to three questions must he ob-
tained: (1) 1s the memory search a limiting factor in processing speed; (2) will parallel secarch significantly
improve the processing speed; (3) what additional costs are associated with parallel search?

.1, The fact that memory search time is a limiting factor in processing speed may be easily established,
The average access time of the Photoscopic Disc is approximately 50 milliseconds, Of the IBM 704 operation
codes required for Machine Translation, only the execution of the two logical AND operationa reguires more than
24 microseconds. These operations require 36 and 48 microseconds respectively; hence with a computer speed
comparable to the IBM 704 approximately 2000 program steps can be executed during the time required to locate
and read a single entry from the dictionary. Im the processing which has been accomplished to date, the long-
est single processing routine requires approximately 340 computer steps., This routine is the subgtantive
processing program of the first round of processing. These 340 steps include load and punch routines, however,
The fact that logical AND is not an IBM 650 operation code contributes to a much larger program than would be
necessary for a special-purpose computer. For imstance, 1if logical AND is included as an operation code, and,
in addition, if binary machine language with a 36-bit word length is used, the 340 computer steps could be
reduced to 24 steps, exclusive of the load and unload operations.

The multiple-form=-c¢lass processing of this report requires 60 to 100 computer steps, and verb processing
80 to 125 steps, both exclusive of the load and unload routines, The lengths of these programs would alse be
much smaller for a special-purpose machine,

From these figures it would seem that it will not be necessary to allow nearly as many as 2000 program
ateps of logical processing for each semantic unit of text material being translated. Even 1000 program ateps
should be more than adequate, It seems, therefore, that if serial search ie performed, dictionary search will
be the limiting factor in speed of translation. Even if parallel search 1s uased, it is probable that diction-
ary search will still be the limiting factor,

2, Ideally a parallel search shémld double the gpeed with which entries are located in the dictionary,
Actually the speed will not be guite doubled because of the problems associated with coordination of the search
in the two memories, In this chapter a design which allows parallel search with almost twice the location
speed of a single memory alonme, will be presented. This 1s an attractive improvement and therefore parallel
operation is indicated,

3, Parallel search requires more complex ecircuitry than 1s required for serial operation, and hence the
cost of parallel operation 1s greater than that for serial operation. As the design which will be presented
in this chapter would involve only a modest increase in cost over a serial design, parallel operation is agein
indicated.

The memory desigh proposed in this report, therefore, is built around a two-memory system in which the
memories are searched in parallel.

A system design which allows parallel search with high location speed and moderate cost must still be

stince this was written, the author has been informed that the capacity of the Photoscopic Memory
will actually be increased to about 8500 million bits.
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presented, The reason for stating the demign specifications at this point and the justification later is due
to the fact that a discussion of the operation of the memory component must be presented before the logical
design can be developed., A brief discussion of the operation of the Photoscopic Disc memory is included in
the next section.

Operation of the Photoscopic Dis¢ Memory

The Photoscopic pisc33 memory consists of a rotating glass disc together with varjous wechanical, optiecal,
and electronic components, Information is stored photographically on the glass disc in binary coding in 600
concentric rows with 30,000 bits of information in each row,

The memory is self-c¢locked, i.e., it gemerates ita own clock pulses., The rotation speed i2 20 rps, which
gives a basic clock rate of (50,000) (20) or 10% pulses per sec,

Information i3 read out of the disc serially by bits. Properly identifying such & continuous stream of
bits requires carefully designed logical circuitry of considerable sophistication. In order to make the prob-

lems associated with this identification clear, a brief discussion of the search procedure is presented.
In digital memory devices two conventional methods exist for providing unique location of stored informa-

tion. The first method divides the memory into "'cells” and assigns to each cell a unique address, This
correspands to the use of a subject index in an encyclopedia, The reader ohbtains the page or sectjon number
where the subject in which he is interested is discussed, The second method stores identification symbols
with each block of information in the memory. Lecation of a desired block is then accomplished through com-
parison of an identifiecation segquence with the stored numbers until en exact match ia established., This method
corresponde to search in a dictionary. The identification sequence (word) is compared with stored words until
an exact match 1s found,

The Photoscopic Disc uses the second of these systems for location of atored information, In order to
locate information in this device, a unique 12-bit marking sequence is placed at the beginning of each entry.
When thiz 12-bit sequence ig identified, the logic starts comparing the identification sequence, bit by bit,
with the ensuing bit pulse train. If an exact match is found, the reat of the entry is read out of the disec,
If an exact match is not found, the logic causes the machine to start comparison again at the next marking se-
quence, An example will aid in clarifying this procedure, For convenience an English word sequence is chosen
as the identification sequence. The marking sequence which identifies the source-language part of the entry
is . Suppoge that the source-languege sequence, whose corresponding eniry is to be located, iz "hoot=
strap intégrator,” The entry in the dictionary will be as follows:

o) ety bootstrap integrator oy ey cathode follower feedback integrator a<1 =,

An idealized version of the search c¢ircultry is shown in Figure 4.
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Figure 4, [IDEALIZED DRAWING OF SEARCH REGISTER IN PRESENT INTERNATEONAL TELEMETER
DESIGN

-

Suppese that in the circuit of Figure 4 the "condition o' denotes that state where the circuit is walting
for an . ox, sequence so it may “start comparing.” When the code recognizer identifies an < oy
12-bit seqiience, s pulse is transmitted which sets the logic in “"condition 1," the condition where’ comparison
is made bit by bit between the sequence stored in the search register and the bit sequence out of the diction-
ary, Condition 1 continues until either a noncorrespondence 18 encountered, whereupon the machine returns to
condition o, or until another o= o=, sequence cccurs, which advancez the logic state to conditionm 2.

During condition 2 the entry is réad out of the disc and stored in temporary storage. When the oy ey
sequence 1s again encountered, the logic returns to condition o.
In the next section the search register is considered in detail.

83Tl_:e Potentialities of a High-Capacity Store for Machine Translation, International Telemeter Technical
Report No. 2 - AF 30 (802)1566, August 15, 1956,
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The Size of the Search Register

In this section the size of the search register will be specified, The s=earch register is a high=-speed
gtore for the portion of the coded text being matched against the source-language porticn of the entries im
the lexicon, This process is called the "dictionary search.,”

The search register must have a storage capacity at least equal to the largest source-language semantic
unit stored in the dictionary. The length of the longest semantic unit in the present University of Washington
lexicon is 39 letters (BCTPEYHO-CTYOEHYATHX HEANDABMAGHHHX Z8UMT ) ((of)counter-step-directional-
protectors)., An examinaticn of an electronics dlctionary34 indicated that about three sequences per page have
lengths greater than 40 letters each, and one sequence consists of 49 letters, Many of thege sequences could
be transglated adequately on a word-for-word basiz, but others unquestionably are best translated as a single
gequence, It would scem therefore, that the search register should have a capacity of at least 49 letters.

Begidea the requirement for storage of the longest semantic unit entered in the dictionary, the search
register must also be capable of storing s sufficient number of words to allow a high "use factor” for both
memories, The "use factor,™ W, is defined as the probability that a selected memory in a two-memory system
will be in the procesa of search or read-out at any arbitrary instsnt of time or:

Uw 1 - (Probability of one idle memory) (1)
z .

For example, if only one word were atored in the search register, only one memory could he searched at
one time; and consequently one memory would alwaya be jidle, The use factor would then be 50%. If two words
were stored in the search register, one memory would be idle only if one of two conditions occurred.

1. The entries for both words are located in the same memory.

2. The first word in the search register takes longer to locate than the second word {(each word in a

different wemory).
The second condition creamtes a problem because semantic unlts are not necessarily individual words, For
example, suppose that the entry for a particular two-word semantic unit is stored in wemory B, while the entry
corresponding to the second word of the semantic unit is stored in mewmory A, If the entry for the second
word 1s located before the entry for the two-word idiomatic sequence, a superfluous entry has been read into
temporary storage. This problem is discussed in detail in Chapter 8.

A rough estimate of the use factor of a system with two-word storage in the search register can he deter—
mined as follows, The probability that entries for the words in the search register will be located in dif-
ferent memories will be P = 1/2, If it were not for the difference in search times for different words, the
utilization faction (Eguation 1) would be .75,

If the two words in the search register are located in different memories and the first word is located
first, then the located word can be read out and a new text word read in. The probability that the entry
for this word will be located in the idle memory will be .5. Thus we can say that the use factor of a two-
memory, two-word search regiater system will be preater than .5 and lese than .75. These calculations show that
a two=word search regilster does not gilve a satisfactory utilization factor and therefore need not be considered
further,

The search register design requires several address counters., Since the counters will operate in the
binary code, it is convenient to make the search register have a letter capacity which is equal to some inte-
gral power of two., A capacity of 26 - 64 letters ia adequate for idiomatic sequences and is the size assumed
in the following calculations. 7Two calculations must be made in order to determine the use factor of the
systen with a 64-letter search register: first, the probability of each condition where one memory may be
idle, and second, the time in which one memory is idle under each of these conditions. The probability of
each condition where one memory will he idle is ealculasted first.

Probabilities for One Memory Idle

8ince a 64-letter register is adequate for fdiomatic sequences and will also entirely utilize a six-bit
counter, we will investigate first the uge factor of a two-memory system with a 64-letter search register,
Typical results of a count of the number of words in 15 random text selections of 64 letters each is as
follows:

1, 8 5. 6 11, 8
2, 8 7. 9 12. 9
3. 8 8, 8 13, 7
4, 8 9., 8 14, 7
5. 8 0. B 15, 10

This count would seem to indicate that a 64-letter search register will contain an average of eight worde of
text. The conditions where a two-memory system with an eight-word search register will have one memory idle
are as follows:
1, If the eniries corresponding to all the words are located in one search regilster, one memory will
be idle. The probability that this condition exists is:
1

B
pS—O = 2(1/2) £ zg = 0079

34Russian-3nglish Electronics Dictionary, U.8. Technical Bocument TM-30-5435,
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2. When seven of the eight words have entries in ome memory and the eighth is in the other memory,
the second memory will be idle 1f one of two conditions occurs.
a. The first word in the shift register is the only word of the eight whose corresponding
entry is in one memory; and, consequently, the other memory contains the entries
for the last seven words in the search register. In addition, the word read into the
search register from text when this first word is erased has a corresponding entry
which is not in the same memory as the word which was just located., In other words,

in this condition, all entries are in the same memory. The probability of this condition
is:
1

= 2(1/2)8 {1/2) = 256

P -1 = ,0039

b. The word whose corresponding entry is the only emtry of the eight in one of the memories
is not the first word in the shift register. 1In addition, either this single entry
must be located before the first word in the search register, or, if the first word
in the search register is located first, then the next word read into the gearch regi-
ster must have its corresponding entry in the memory in which the entry just located
(the first word in the search register) was stored, The probability of either of
these two conditions-is:

2(8) - 2
P -1 * 128 {1/2) = ,055

3. The probability that six words have entries In one memory and two words, neither of which 18 the
first word in the search register, have entries in the other memory is:
2(7)(86)
P6—2 2 TgEZE . 328
The probability that the sum of the search times for theae two words is greater than the search
times for the first of the six words will not be calculated, A plot of empiriecally determined

data for optimum alphabetic ordering of the dictionary is presented im Figure a of Appendix 3,
The linear functlon: a

f = a = Dbx 04x<‘s

gives a reasonable fit(see Appendix 3) with the experimental data, Since this function will
be used as a probability density function,35 it is coavenient to normalize this function as
followa:

P = 2 - 2x 0 < x < 1

This generating function for the probability density will be used in the calculations in the
following sectiona of this chapter,

The probabilities of 5 - 3 and 4 = 4 combinations will not be calculated since 1t can be shown that the
probability that a memory being idle because of these two conditions 1s negligible.

In the previous paragraphs the probabilities for the occurrence of conditions whore one memory will be
idle were calculated., Even if one of these conditions should occur, one memory would not necessarily be idle
for an entire search cycle. In order to determine the probability of an idle memory, therafore, it is neces-
sary to caleulate not only the probability of the existence of a condition wherein one memory will be idle,
but also the average portion of a search cycle wherein one memory will be idle when each of these conditions
occurs. These proportions are calculated in the next section.

Proportion of Time Idle

It 18 now assumed that the time imn which one memory i1s idle is proportional to the difference in the
distance of search in the two memories, This assumption is justified in Appendix 2, where the problem of
optimum ordering of the dictionary is discussed together with its significance for devices like the Photoscopic
Disc.

For instance when all entries corresponding to words stored in the search register are in one memory
{condition ) of the previous section), one of the memories will be idle during the time that it takes to
locate the entry for the first word in the shift register, The average proportional time for this condition

(normalized) is: ”jL 1
LA A x (2 - 2x)dx = 3

For the instance where seven entries are in one memory and one in the other, the calculations are ns
follows:

Condition 2a 1s analogous to the selection of an arbitrary y (analogous to the distance searched in order
to locate the sole entry in one mewory) and an arbitrary x (analogous to the search distance to locate the
first word of the seven in the search register whose entries are all in one memory)., Then the proportion of
time idle will he:

X =¥ x> 7F
x

35The calculations of the next few pages are concerned only with the proportional values {(of X and p),

not with the absolute values. HNormalization, therefore, does not decrease the generality but it does simplify
the arithmetic,
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and the probability for a particular y and x is:
2 - 2y - 2x) % dxdy

and since for an idle memory x ¥y the average time idle will be:

1 1
X =-Y ~
P - _f' (2 - 2y) af’ (2 - 2%) dxdy < ,278
t X
2a © ¥

In condition 2b of the last section two occurrences are considered, For the instance where the single
entry is located first, 1f ¥y is analogous to the search distance for the first word in the search register
and x the search distance for the single entry, the average time idle will be:

1 y
P .-.f (2-2y),r(2-2x) Y~ X gxdy = .555 y > x
t o (] y
2b1
The second occurrence of condition 2b is identical analytically to condition 2a, therefore
4 t T .278
2h2

For the instance where the 6-2 combination of Condition 3 exists, the search distances for the two entries
in one memory may be denoted as x and y respectively. The search distance for the first of the six entries
in the other memory is denoted by z. Since (x + ¥} < z in this condition,

1 2 z=y
Z-y-X
Pt = 8 _r (1 - 2) f (1 - ¥y f {1 - x) (—z—)dxdydz = 0048
3 [+ o [+]

For these conditiong, then, the probability that a memory will be idle at any particular instant of time
because of any one particular occurrence is the probabllity of that condition multiplied by the proportional
time idle under that condition.

The probabjlity of an idle memory at any instant of time is then the sum of the probabllities of an idle
memory due to all these conditions, or:

P = PP, + P, (P, } + P (P + P )
T 80 B o7 la tz 7 - 1b tza tzb
a 2

+ P P

6 - 2 t3

1 1 1
= 138 3 + 56 (.278) + .055 (.555 + .278) -+ ,328 (,0048)
= L0026 + ,0011 + ,046 + .0016
= .0513

The 5-3 and 4-4 conditions are not calculated bhecause the probabillities that three or four randomly
selected entries will be located bhefore a single entry also randomly selected, is negligible,
The use factor, U, would then he:

0513
v = 1- —— = .974
This system, therefore, produces a random access time to stored jnformation of almost half that of a
single memory. Two Photoscople Discs, with a random access time of 0 seconds each would give an access
time of

1

= e r— = 0257
Taccess 40 {,974} seconds

in a two-disc memory with 8 words of text available to the search system. A 64-letter search register, there-
fore, is adequate gince it allows almost complete utilization of a two-memory system, A 64-letter search
register is therefore indicated.

The Bearch Register Counters

If the search register is to allow simultaneous and continuous search of both memories and also allow
proper look-up of idiomatic sequences, counters are required in order to control the operations of erase,
read-from-tape, memory-1 search position, and memory-2 search position.

Usually register storage of the type required for the search register is accomplished with a high-speed
flip-flop register, The conventional shift register allows one entrance and one exit from the register. In
the two=-memory, simultaneous search system which is assumed here, there is still only one source of informa-
tion for the search register; but two different ouiputs must be provided, one for esach of the two memories.
These outputs generally will not involve the same flip-flop at an arbitrary instant of time, but they may.
For this reason the shift provision is not particularly useful, and a random access scheme simllar to that
used with core matrices is more convenient, Several counters are required for addressing the register for
such a acheme., These counters will be discussed in this section,
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Far the particular case of the IT memory, individual letters and symbols are coded with a six-bit code.
The tape input may be designed to allow letter~by-letter read-in, so the search register may be loaded on
a letter~hy-letter basis., Thus, no couhter is required to address bit positions within the letter code, only
to address the sixty-four-letter code positions in the search register, as described in page 403,

When the search register circuitry hes estshlished correspondence between a text sequence and the source-
language pari of a dictionary entry, the dictionary read station is starting to read the target language equiva-
lents of the entry; and the target-laonguage equivalents are the first part of the entry which will be trans-
ferred to the core memory., Occasionally it 1s necessary to have “the source—language part of the entry avail-
able to the proceseing programs; therefore the source-~language portion should be stored with the entry in the
core, After correlation has been establisghed, the source-language part of the entry 1is still located in the
sgarch register, After the terget-languasge eguivalents, tag and perhaps individual-entry subroutine have been
transferred to core, the geource-language part of the entry could be transferred from the search register to
core, and the search register released for new text material.

As soon as the entry or entries corresponding to a semantic unit in the search register have heen properly
loceted and read out of the dictionary, the corregponding text words should be erased immediately from the
search register and new text material read into those positions, In order that thig be done, three counters,
all associated with the search register, must be provided to keep track of the following locations:

1. The position in the search register where memory 1 is starting its search procedure. Call this

counter S1.

2. The position in the search register where memory 2 is starting its search procedure. Call this

counter S2,

3, The position in the search register where the next text word is to he loaded. Call this counter 1.

The load control of the search register could then proceed as follows (see Figure 5.) The load counter,
L, 18 continually compared with the two search counters 31 and S2. When the contents of both S1 and 52 are
different from those of L, a read command is initiested, the next code sequeitce is read off the tape into the
position in the search register addressed by the c¢ontents of L, then L i=s stepped up one count., If the new
contents of L do not corregpond to the contents of either 81 or 52, then sanother code sequence its read from
the tape and stored in the search register address indicated by the new contents of L. If the contents of L
agaln do not correspond to those of gither 81 or 82, then the read sequence 1s repeated until they do. If
the contents do correspond, the read sequence is stopped by inactivating the read commanhd and the count pulses
to L.

The search register operation involved in the search procedure requires two additional counters, also
assaciated with the search register as follows:

1. A counter to address the instantaneous search position in the search register for memory 1, Call

this counter 11.
2, A counter to address the instantaneous search position in the search register for memory 2, Call
this counter 12,

If a source-language semantic unit atored in the dictionary has first letters which correspond to the text
word sought, but has later letters which do not correspond, then when the first noncorresponding letter is
encountered, the machine must cease this comparizon and return the I-counter contents to that of the corre-
sponding 8 counter in readiness for comparison with the next semantic unit in the dictionary., Thus, the 11
and 12 countere must be reversible, The 5 and L counters, conversely, are only reguired to count up.

Sumnary

In this chapter it has been pointed out that parallel search is desirable if a two-memory system built
around the Photoscopic Disc Memory is used for the translatfon lexicon. It has been shown that the design of
the logic is not unduly complicated by provision for parallel search.

A 64-letter search register is adequate for temporary storage of coded text during the dictionary search,
A shift register is not desirable for the search register since the device must provide outputs to both
memories.
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Chapter 8

Control Symbols, Indexing, and Print Out

In the course of translation, the temporary or high-zpeed memory will store at a particular instant of
time the entries for about 115 to 150 text words, 8Since the lengths of these entries will vary considerably,
efficlent utilization of the core storage dictates that entries be stored consecutively in the memory rather
than by assignment of fixed amounts of storage for each entry. Consecutive storage creates some problems in
addressing the stored material, however., In addition, entries are not stored in the high-speed memory strict-~
1y according to text order, further increasing the addressing problem. The general problem of addressing en-
iries as they are stored in high-speed storage will be called the indexing problem, Solution of the indexing
problem is the subject of this chapter,

In order to index material as it is read from the lexicon into the high-speed storage, the parts of the
entrtes must be ideatified by stored symbols at the junction points of these parts. These stored symbols will
be called control sequences and are the subject of the first sectjon,

The Control Symbols

Control bit-~sequences or control sequences are necessary in order to properly identify the entries as
they are read out of the dictiopary. These control sequences are placed at the junctions of the different
parts of the entries so that the boundaries of the adjacent portions of the entries may easily be determined.

Recognition of the control sequences may be accomplished in the dictionary output register by interrogat-
ing the proper word positions as they are received from the dictionary. It is convenient that these control
symbolg always be stored in the same location in the computer word and also that different parts of the entry
always start with a full computer word. The one exception to this is the source-language part of the entry.
This portion of the entry is not transferred to temporary storage from the Dise, but is regenerated from the
search register after the rest of the entry is read out. The source-language part of the entry may therefore
be stored in the lexicon without regard for the positions where the break symbols will occur in the computer
word. When the source=-lapnguage part of the entry is regenerated, however, the control symbol must occur in
the twelve right-most bits of the computer word. As an example, for the instance of a 42-bit computer word
and 6-bit codes for letters, random occurrence of control symbols, in temporary storage, such as the follow=-
ing, should be avoided:

Wd n - 1 xxxxaxx
n QCHORAY
n+ 1 Hi«« FOU
n+ 2 ND;}I%N
n+ 3 /BASEw «
12
o+ 4 xxxwux®
n+ 5 XXXXXXX

Where oo, denotes the breakpoint or contrel sequence, hetween parts of the entry, and xxxx denotes the
start of the tag portion of the entry.
Rather, the control symbol should always be stored in a standard position such as in the last six bit posi-

tions of the word, The first part of new portions of an entry will then always occur at the beginning of a
computer word. For the above example:

Wd n -1 =xxxxxxx
n OCHOBAN
n+ 1 #
n+ 2
n + 3 ION/BAS
n o+ 4 Ersxto e
n o+ 5 xxwowX

Where: ¥* denotes a bhlank space.

Some additional storage is required in the second case, but the problems assoclated with read-out to the
printer, proper identification of the program steps for the individual entry subroutines, and interrogation
of tags are all greatly simplified if the second system is used. The gecond system is assumed in the follow-
ing discussion,

Identification of the various parts of the entry can be established by interrogation of the right-most
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twelve-bit positions by a digit recognition eireuit, If a single control sequence36 were uged as in the ahove
discussion, a counter must be used in conjunction with the digit recognizer. The counter would be stepped

up one count each time the break symbol was encountered during read-out of an entry from the dictionary., With
the counter on 0", the search cycle would be in progress. With the counter on "1", the target lahguage equi-
valents would be in the process of read-out. With the counter on "2", the tags would be in the process of
read-out, and finally, with the counter on 3", the individual entry subroutines would be in the process of
read-out. When a control symbol was encountered with the counter on 3", the counter would be returned to

llo " .

The use of four break symbols requires three more symbols than would be required if a counter were used,
apd three symbols are a fair portion of the total of 64 unique seguences provided by a 6-bit code. Also the
digit recognizer would have to be more sophisticated if four different symhols had to be posjitively identified.
On the other hand, the counter presents a light addition to the circultry. Since the added circuitry for the
counter is not great, a single control symbol is the wiser choice.

In this section it has been shown that the problem of recognition of the various parts of entries may be
solved by means of controel symbols. The method proposed is similar to that used in the pilot model of the
FPhotoscopic Disc, The differences are due to the fact that the pilot model does not have a clearly defined
computer word other than the 6-bit code group for the individuoal symbols. This proposed deslgn is concerned
with a machine which will be optimum for logical processing, and modifications of the design of the pilot
model are therefore necessary,

The next section is concerned with optimum storage of the addresses of the entries.

The Index

The index is intended to be a table, located in high-speed storage, where the processing programs may
find the address of any portion of any entry which is stored in the high-speed memory, given only the position
in the sentence of the text word corresponding to that entry, In this index, six locations are made available
for each text word and the memory locations are assigned in text order. As an example of the operation of
this index, suppose that the entry corresponding to text word "n" has been read out of the lexicon into high-
speed storage. In addition, assume that the locations in high-speed storage where the index for word “n” is
to be stored are K, K + 1, . . .K + 5. The addresses of the entry corresponding to word "n", then are to

appear in the index as follows:

locations/__a\\m...tl
000121 :

{ 000129 —

¥Word n storage

"_

Address of target-language equivalents of text word 'n
" grammatical tag "
individual-entry subroutine
source~language word or words
last computer word storing
Idiom identification

1]

™

"

AREFERRAER
+ + + + + +
DWW E N

Word "n + 1" storage

Portion of
the core memory

The £ix index positions assigned to a single entry gtore are, respectively, the address of (1) the first
memory location storing the target-language equivalents, {2) the first memory location storing the grammatical
tag, (3} the first memory location storing individual-entry subroutine, (4) source-language sewantic unit,

(5) last memory location used to store this entry, (6) idiom identification. As an example, the nuwmbers shown
in the index storage locations would indicate: (1) that the target-language eguivalents of the entry for word
"a" are stored in {high-speed) memory locations 000121 to 000128; (2) the grasmatical tag of the entry corre-
sponding to text word 'n" is stored in memory locations 000129-000139; (3) the individual-entry subroutine

of the entry corresponding to text word "n” is stored in memory locations 000140 to 000158; (4) the source-
language words of the entry corresponding to text word 'n"” are stored in memory locations 000157 to 000175;
(5) the last location used for storage of the eniry corresponding to text word "n" is memory locatien 000175;
(6) text word "n" is not a part of an idiomatic sequence since the contents of index location "K + 5"are =ll
Zeroes,

The first three of the six index locations for an entry are leoaded similarly; when a control symbol is
encountered, the logical circuitry records the high-speed memory location where the next computer word to be
read from the dictionary will be stored. This next computer word will, of course, be the first computer word

of the next part of the entry,

Timing of the indexing operations iz accompilshed with three c¢lock-pulse geguences: one clock-pulse se-
quence is the one megacycle clock generated by the Photoscapic Dise; the other two clock sequences are gener-
arted from the one megacycle clock by frequency division., One of the two clock sequences is timed to produce
pulses at a rate of one pulse for each period of time required to read one computer word out of the Photoscopic

361‘he Photascopic Disc uses a plurality of control sequences, mainly because segmwentation of the bhit
stream from the Disc is extremely difficult if only a single control sequence is used (cf, Disc Reader High
Speed Logic, INTERNATIONAL TELEMETER CORPORATION TECHNICAL REPORT No. 6, November 20, 1956}, This problem
is extraneous to the discussion of this chapter and therefore is not digcussed,
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Digc, The other clock sequence is timed to produce three evenly spaced pulses during the period of time re-
quired to read one computer word out of the Photoscopic Dis¢, For convenience, the three clock sighals are
denoted as follows:

1 microsecond clock sequence Clock 1
clock providing 3 pulses per computer word Clock 2
c¢lock providing 1 pulse per computer word Clock 3

The timing of these last two clock sequences cannot be specified in micreseconds since the length of
the computer word has not been specified, The length of the computer word will be specified in the next

chapter; the repetition rate of clock 3, R3, will be:
106
33 =

When C = computer word length in hits.

Note that the computer word length must be divisible by 3 in order that each pulse interval of clock 2 may be
identical to every other pulse interval of clock 2,

The operation of a representative circuit which will perform the indexing function i1s shown in Figure 6.
Dictionary Output Register #1 receives the output of the Photoscopic Disc in serial form, as explained in
Chapter 7. The "match signal” is gemerated by circuitry which is not shown. This signal occurs whenever a
match is established between the source-language portion of a lexical entry and a text semantic unit, The
"match signal” persists until the complete entry is read out of the Photoscopic Disc and transferred to
store. Since the control sequence is the right-most twelve bits of the computer word, and it is assumed that
2 match has been established, a pulse ¢f clock 3 occurs simultaneously with the next clock 1 pulse, and con—
sequently at that time the contents of Dictionary Output Register 2 are transferred to high-speed storage and
the contents of Dictionary Output Register 1 are transferred to Dictionary Output Register 2, The computer
word now stored in Dictionary Output Register 2 contains the control sequence, and therefore is the last
computer word of one portion of a lexical entry. The next computer word starts a portion of a lexical entry,
and therefore must heve an index entry denoting its storage location in high-speed storage, This function is
accomplished by the one storage counter, the flip-flops IS ., IS , and IS, and the associated circuitry,
Briefly the operation is as follows: Flip-flop I8, is set to *§"* at the same time the contents of Dictionary
Qutput Register 1 is transferred to Dictionary Qutput Register 2. The control sequence counter is also
stepped up one count. The next clock 3 pulse will occur when the next computer word (the first computer word
of the next portion of the entry) is transferred to Dictionary Output Register 2. This pulse will set 182
to "1" and IS; to "0" through A,. Except for the case of the Sth index position for an entry, the next clock 2
pulse sets IS, to "1", which opens A, to the next clock 2 pulse, opening A, which transfers the contents of
the core-storage counter to the proper index locations, The index gates for controlling storage are not shown,

The firgt four index locations for each entry are loaded as described above, The last two locations, or
the location of the last storage position used for that entry and the idiom identification, must be loaded
with different circults from that deacribed for the first four index positions. In the case of the last loca-
tion, which is stored in the fifth tndex position, storage may be accomplished in a way very similar to that
described above. The only difference is that the contents of the core~storage counter must he transferred to
the index location before it is stepped up rather than after., This is accomplished in the circuit of Figure 1
by the 3 counter. This counter is always set to zero by the clock 3 pulses, then counts up with clock 2
pulses., At count 1 the core-storage counter iy stepped up one count, except when the controel sequence counter
is on "5" in which case the transfer to index is on count "1" and thé core-gtorage counter is stepped up on
count "2", In this case, tramsfer is inhibited by the count 5 output of the control sequence counter, The
count 5 output of the control sequence counter sets flip-flop 5 to "1" which opens A_ to the next clock 2
pulse which then steps up the core-storage counter by 1. Flip-flop 5 sets flip-flop 6 at "1" on the same
clock 2 pulse, The next clock 2 pulse opens Ae, transferring the contents of the core-storage counter to the
index.

The last index position is reserved for identification of idioms, This problem is considered in the next
section,

Storage of Idiomatic Seguence

The idiomatic sequence creates a problem in search and storage in that it is possible for a second or
succeeding word of an idiomatic sequence to be located and stored in the core memory before the entire se-
guence 1s located and stored. It 1s because of thiz possibility that a separate group of 6 computer words
must be reserved in the index for each text word {or free form) rather than esach semantic unit.

If a word is a non-first word of an idiomatic sequence, this faet is denoted in the index by the occur-
rence of a unique code sequence in the last index position for that entry. When processing programs refer to
text word "n", the first step is to check position 6 of the index. If the unique sequence is stored in this
position, the computer treats this index position as if it did mot exist.

Two idiom storage counters are required to mechanize the handling of idioms. These are denoted in
Figure 1 by ID, and ID,. These counters both count up whenever a space symbol is encountered during the
saarch c¢ycle and are reset to Zero each time a new search sequenre starts, After the complete entry has been
transferred to the core, the three counters perform their duties in idiom indexing by interrogating the idiom
counter contents after an entry has been stored in the dictionary. If the contents are non-zero, the index
storage counter is stepped up six counts, Since at the instant that the storage of the entry was completed,
the index counter wag on the sixth index position for that entry, the contents of the index storage counter
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will be in the sixth index position for the next entry after stepping wp six counts. The code "11...1" is
then stored in this position, denoting that this entry corresponds to a nonfirst word of an idiomatic sequence,
At the same time that the index storage counter is advanced six counts, one of the idiom counters is reduced
by one count., That idiom counter 1s then interrogated for contents of zero. If nonzero, the cycle is re-
peated, If zero, the idiom indexing is complete; and the second index-storage counter is backed up simul-
taneously with the second idiom counter in the ratio of six counts of the index-storage counter to one count
of the idiom counter, When the idiow counter is on zerc, the indexing cycle is complete and search starts for
the next word.

The equations for these various conditions are included in Figure 12 along with a schematjc diagram of
the complete circuit.

The Print-Out Procedure

After processing has heen completed, the target-language equivalents must be printed out. The print-out
scheme must provide two functions.

1. Location and transferral of the target-language equivalents in the desired text order to the printer.

2. Release of the high-speed memory locations to new enmtries after the equivalents in these locations

have been transferred to the printer.

In the instance where word reordering is accowmplished, the index entries are moved about so that at the
time print-out i1s performed the index is ordered according to the desired order of print-out, The problenm
of locating and transferring the target equivalents to the output printer is thus a relatively simple problem,
and can be accomplished by a stored program which is entered when the machine attempts to process a new seman-
tic unit and finds that this semantic unit is an "end of sentence’ marker (usually a peried).

The target-language equivalents are easy to locate since the first computer word of each index entry is
the location of the first word of the target-language equivalent for that entry., The program would start
transferring computer words out of the high-speed memory, beginning with the location stored in the first
index locatiorn of the first word of the sentence. The transfer continues until the position of the first word
of the grammatical tag is reached. This location is stored in the third index position for the entry, and
the determination is easily made by comparing the location of the word which is about to be read out with the
number stored in this third index location. If they are the same, the word about to be read out is a gram-
matical tag and should not he transferred. The machine would then skip to the location storaed in the first
computer word of the next index entry, repeating this c¢ycle until the end-of-sentence marker is reached,

After all target-language equivalents have been transferred to the printer, all storage positions whose
contents were transferred to print-out may be erased and new entries stored in these positions, To accom—
plish this (see Figure 12}, a high-speed repister is provided in which the last core storage location avail-
able to the search configuration is stored, In other words, the next location after the one whose address is
stored in this register contains part of an entry belonging to a sentence for which the computer has not yet
completed processing. The contents of this register are continually compared with the contents of the storage
counter; and, when they are unequal, a "store” command is transmitted to the search configuration. The search
configuration then proceeds with dictionary search and transfers material to the core storage until the con-
tents of the storage counter and the register are equal, when the "store” command is removed.

Sumnary

In this chapter are considered the problems which are associated with indexing material as 1t is read out
of the lexicon into temporary storage, processed, and transferred to the output printer, It has been found
necessary to Interrupt the access to high-speed storage of the processing programs during transferral of
material from the Disc to high-speed storage and during print-out. The disc will be read at 1 megacycle; so
the transferral of an average entry of 700 bits would take only .7 milliseconds to transfer, With an average
access time of == seconds to the two-memory lexicon system, the percentage of time, T, that the high-speed
store would he unavailable to the processing programs would be:

L0007 (100) = 2.8%
1
40
which would not be serious. Print-out would be slower per bit than search, but since only about 15% of the
entry is target-language equivalents in the lexicon and this figure should be decreased to 7% or so after
processing, this operation should not cause any serious delay. A buffer store betweem the core and printer
should allow read-out to proceed with no delay to the translator operation.
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Chapter 9

The Processing Unit

The processing unit of this design correspends to the arithmetic unit of a general-purpose computer,
The logical processiug in this unit is performed according to stored programs in the high-speed memory.

The most critical problem related to the processing unit is the selection of the operation codes., The
operation code requirements for translation processing are somewhat different from those of a general-purpose
computer since the general-purpose machine must be designed for arithmetic operations while the translation
computer 1s concerned only with logical operations, In addition, wost of the programs which are written for
a general-purpose computer are used only a few times; so the general-purpose computer is designed for ease of
programming. The importance of ease of programming is further evidenced by the wide usage enjoyed by inter-
pretive programs such as FORTRAN,37 BELL LﬁBS,Ss and BACAIC.39 These aids to programming convenience use a
conglderable amount of high-speed storage, and the calculation or processing speed of the computer is reduced,
For example, the BELL LABS interpretive program for the IBM 650 utilizes all memory locations between 1000 and
1200; these 900 locations are not available to the programmer. In any particular problem some of the subrou—
tines in the BELL LABS routine will be used, of course, but it will be a rare problem which will use wmost of
them. The interpretive part of the routine is a pure convenience which is paid for by a sacrifice of a
storage space,

The reduction in processing speed which results from the use of an interpretive program is typically
about one-fourth to a little over one~third. For example, if a particular run takes 8 hours on the IBM 650
when programmed with the BELL LABS routine, it may be expected that the same calculations may be performed
in about 5 to 6 hours 1f the programs are carefully written in computer language.

Ease of programming is of primary importance in the translation problem only during the research stage.
The commercial translator requires a high processing speed; and, since the processing routines are used over
and over during the course of operation of the translator, the routines must be carefully written in computer
language.

During the courze of designing a computer, the decision as to which operations are to be made available
to the programwer as operation codes 1s made by an evaluation of the utility of the operation against the
cost., Thus the decigion must be made after a careful evaluation of the problem by programmers and logical
designers, The final decision is often somewhat arbitrary.

The programg which have been written for this investigation are sufficient for an evaluation of operation
codes for the translation problem,

The COperation Codes

The operation codes which are desgired for a translation computer are considerably different from those
of a general-purpose machine since a translation computer requires only logical operations to perform the
processing programs, plus a few operations which are required in order to move ijnformation in, out, and
within the machine, The required processing operations are essentlally the micrc- operations of a general-pur-
pose computer.

A tabulaticn of the IBM 650 operation codes with a ligting of the number of times each code was used in
the three rounds of processing and the interpret routine is shown in Figure 1.

IBM 650 Operations Which Are Not Required for Translation

The operations of MULTIPLY, DIVIDE, TABLE LOOKUP, ADD ABSOLUTE or SUBTRACT ABSOLUTE, and RESET AND ADD
ABSOLUTE or RESET AND SUBTRACT ABSOLUTE are not required as operation codes, For convenience these operation
codes which are not required for translation are marked by asterisks in Figure 1,

37FDRTRAN, International Business Machine Form No. 32~0306-1, March 1958,

SSWalontis, V. M., A Complete Floating-Point Interpretive System for the IBM 650 Magnetic Drum Calculator,

IEM TECHNICAL NEWSLETTER, No. 11, March 1956.

3QGrems, Mandalay and R, E. Porter, A Truly Automatic Computing System, PROCEEDINGS OF THE WESTERN JOINT
COMPUTER CONFERENCE, AIEE Special Publication T-85.
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Figure 1

Operation Codes Used in the Three Rounds of Processing

Operation

No operation

Stop

Add upper

Subtract upper

Divide

Add lower

Subtract lower

Add absclute

Subtract absolute
Multiply

Store lower

Store upper

Store data address
Store instruction address
Store distributor
Shift right

Bhift and round

Shift left

Shift and count
Branch non-Zero upper
Branch non=-zero
Branch minus

Branch overflow

Reset and upper

Reset subtract upper
Mvide - reset npper
Reset and add lower
Reget subtract lower
Reset add absolute
Reset subtract absclute
Load distributor

Read

Punch

Table lookup

Branch on Distribuator 8

Op code

00
01
10
11
14*
15
16
17*
18%*
10%
20
21
22
23
24
30
31#
35
36
44
45
46
47
60
61
Ba»
65
66
67*
68%
69
70
7L
84%
20-989

4186

Times
Uz

26
0
257
23
0
119

103

117



The MULTIPLY, DIVIDE, and TABLE LOOKUP Operations

The MULTIPLY, DIVIDE, and TABLE LOOKUP operations are not required in the translation process, as is
shown in Figure 1, These three operations all require fairly complex circuitry. For instance, a serial
MULTIPLY circuit may require 3 inhibitore, 5 flip~flops, 2 6-decision-element counters, and 7 diodes, Other
designs are possible, of course, but all are couaplex., An appreciable simplification in circuitry is thus
posasible if these operations are not provided,

The Absolute Operations

The ABSOLUTE operations are not required in the translation process. The complexity of the circuitry
required for mechanization of the absolute operations, Op Codes 17, 18, 67, and 68, depends largely upon the
way the normal ADD and SUBTRACT operations are performed., If complementary arithmetic is used, all negative
nunbers must be complemented., If the ADD and SUBTRACT opéerations are performed serially by interrogating the
signs of the two numbers first, and if ADD or SUBTRACT is performed by comventional adders or subtractors,
the absolute operations can he mechanized by a relatively simple modification of the cirecuitry for sign inter-
rogate. The only additional circuitry acquired will be that which is required to allow one of the two parti-
cipating numbers to be always considered positive regardless of the actual sign of the number. The ABSOLUTE
operations are not required in the translation process ss shown in Figure 1, but the savings are not large.

Shift and Round

The SHIFT AND ROUND and SHIFT AND COUNT operations are not required for the translation process, Since
these operations are similar to the normal SHIFT RIGHT and SHIFT LEFT operations, discussion of SHIFT AND
ROUND and SHIFT AND COUNT will be included in the next section with the dizcussion of the normal SHIFT opera-
tions.

Required Operations

The Bhift Operations

The SHIFT AND ROUND operation is relatively easy to mechanize in the instance of pure binary operation.
Probahly the easgiest way to mechanize this coperation would be to add the contents of the rightmost bit position
to the rest of the accumulator contents just before the final shift operation,

The SHIFT operations were indispensable for the programs of this report. The two shift operations, SHIFT
LEFT and SHIFT RIGHT, accounted for one hundred seventy-nine of the instructions tabulated in Figure 1. The
shift operations are of lesser importance in a machine in which the logical AND and logical OR operation codes
are included, as will be discussed in detail under logical operationg. The SHIFT operations are important in
any event as may readily be seen jin Figure 1 and should be included in a tranglation machine, Since the
programs are concerned only with logical processing, the SHIFT AND ROUND operation iz of no value, and SHIFT
AND COUNT is of 1ittle enough value so that it does not have to be included,

The Add and Subtrazct Operations

The ADD and SUBTRACT operations, operation codes 10, 11, 15, 60, 61, 65 and 66 accounted for 1132 of
the instructions of the table of Figure 1, and are thus the most used of any of the operations. The design
details of circuits to perform the ADD and SUBTRACT operations are discussed in many standard texts?C and will
not be discussed here, These add and subtract operations, surprisingly enough, create a falr amount of circuit
complexity.

The ADD and SUBTRACT operations are not required for the program steps where data are actually processed
if operation codes AND and OR are provided, ADD and SUBTRACT are often very convenient in instances where the
program steps are modified, however, These operations must he included in the translator operation codes.

The Branch Operations

The normal BRANCH operations used in a digital computer require examination of a shift register for one
of the following three c¢onditions:

1. conteats of register are negative
2, all register positions are zero
3. specified register position is zero

The required circuitry for the mechanization of these operations is not complex, but the number of
clircuit components required is not inconsiderable. Condition 1, the determination of sign, 15 relatively
simple since this requires the interrogation of only one bit position; and hence only a single AND circult is
required with inputs of a command from the operation code interpreter, the clock, and the minus lead from the
sign flip-flop. The output of thia AND conveys the required information,

The other two operations are considerably more costly to obtain with practical cirecultry. If an ideal

4OP'hi.ster, Montgomery, LOGICAL DESIGN OF DIGITAL COMPUTERS, John Wiley and Soms, 1958, p. 276,
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AND were available, Condition 2, all zeros, would he easily obtained by a single ideal AND, The zero lead
from each storage element in the shift register would give at least 36 inputs to the AND., Two more inputs
would have to be provided: one from the clock and one from the code interpreter. 'The output of this single,
ideal AND would be the desired 2ignal. Unfortunately, the ideal AND does not exist; so the usual practical
AND component is restricted to twe to four inputs in order to preserve margins for reliable operation. If a
very high speed transistor logic¢ were used (no diodes), approximately 17 AND components would be required,

Condition 3 requires the most circuitry of all since only a specified bit position is to be interrogated.
The circuit requires at least 36 AND components, one for each bit position. Three inputs to each of these
AND components are required: the Zero lead from the corresponding bit position storage element, one lead from
the clock, and a lead from the operation code interpreter, The output of these AND components would be inputs
to a single OR, whose output would be the degired fumction, Again, no single diode OR will handle 26 inputs
end maintain reliable margins; so some additional active elements will be required, Approximately 17 OR cir-
cuits, four of them active, will give the desired margins,

The BRANCH operations are essential to the translation process, These operations, operation codes 44, 45,
46, 47 and 90-99, accounted for 314 of the instructions of Figure 1. As was pointed out, a fair amount of
circuitry is required for these operations, and alsc a considerable number of operation codes. TFor instance,
the BRANCH ON 'n' ZERO requires at least 36 operation codes, one for each bit position,

Several other BRANCH operations could be of considerable value, For instance, the programmer is often
concerned with the determination of whether a particular word is ip the genitive case, IFf a ERANCH ON POSITIONS
25-30 ZERQ operation code were provided, this determination of tag category could be made very rapidly, The
large c¢ircuit requirements of the BRANCH operations make this prohibitive; and, if logical AKD and logical OR
operation cedes are included, such operations may be conveniently performed in a few program steps without such
branch operations. This will be discussed more fully in the section on Logical AND and OR later in this chap-
ter.

The Control Operations

The remaining IBEM 630 operations may be considered as control operatione since they are concerned with
control of the flow of material in, out, and within the computer. These operations are: KO OPERATION (00),
STOP(01), the STORE operations {(21-24), LOAD DISTRIBUTCR(69), READ (70) and PUNCH (71),

These operationg are all necessary in the translation computer. NO OPERATION would be equivalent to the
TRANSFER operation, which is required in a single-address machine,

The STOP operation is useful for program check out and should be included, The READ and PUNCH operations
are performed in this design by the Search and Print Out configurations, which were discussed previously.

These operations are all traffic operations which require only standard gating circuitry, and, of course,
must be included.

In addition to the operation codes which have been discussed, additionmal codes are required, two of which
are logical AND and OR, These operations are discussed in the next section.

New Operations, Logical AND and logical OR

Two operation codes not provided in the IBM 650 are desirable for a translation machine. Logical AND is
of extreme importance, while logical OR is strongly recommended, Both of these operation codes are included
in many larger machines, such asg the IBM 704 and 709,

The most important operation for s translation computer which is not included in the IBM 650 codes is that
of logical AND. The program shown in Figure 1 was written for a machine identical to the IBM 650 except for
the AND operation code and a 36-bit word length. With this hypothetical machine an adjective requires 39
program steps for the comparison; while a substantive requires 34, and a particle or an adverb 23, Thus, for
this comparison cperation, a convenient word length and one additional operation code decreased the number of
program steps (and hence the time required to perform the program) by 950%.

The logical AND operation requires almost a trivial modification in the circumitry. Bign has pno signifi-
cance in logical AND {(or logical OR). The operation can be performed by the adder by utilizing only the
carries output of the adder,

Logical OR also requires almost trivial modification of the standard ADD circuit since logical OR is
realized by the sum output of the adder, just as AND is realized by the carries output.

The importance of logical AND extends considerably beyond its importance in determining common grammatical
cages. For instance, the programmer often wishes to erase a particular case possibility from a grammatical
tag. On the IBM 650 this is 2 relatively c¢lumsy operation. Probably the best way is to place the tag in both
the upper and lower accumulators, then shift left far enough to erase the unwanted case information from the
upper, then right far enough to erase it from the lower, then shift back to normal and add the lower to the
upper, For example, suppose that the genitive case is to be erased. For convenience, suppose the tag is just
10 bits long and that the third and fourth digit positions (from the left) are gemitive case, The program of
Figure 7a will then perform the required operation, and the answer will appear in the upper accumulator after
program step 6.

Suppose that logical AND iz included in an operation code (say operation code 25 is logical AND). The
program of Figure 7a may théen be used to perform the same operation. In the program of 7b, two instructions
are required, one of the two a constant. Note also that six shift operations are required for the program of
7a, and none for that of 7h, As was pointed out in the section on shift operations, the inclusion of logical
AND considerably decreases the need for shift operations.

Logicel OR is useful for setting to "1" a certain pattern of bit positions in which one or more of the
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positions may already be "1", This is performed by storing the tag to be modified in the accumulator, then
"ORing"” with a constant which has zeros everywhere except for those positions which are to be "1", and in
these positions the constant contzing "1's", If logical OR is not provided as an operation code, each of
these tag positions must be interrogated by a BRANCH CN ZERO instruction to determine first whetber a ) is
already stored before any attempt is made to add a "I" into this position. Figure 8a shows a program for a
gingle address system with standard IBM 650 operation codes for setting positions 3, 7, and 8 to 1, The
particular number which i= to be operated upon has 0, 1, and 0 respectively in these positions., Operation
code 13 is a skip (or TRANSFER) operation, Sixteen instructions are required for this program, including
constants,

Figure 8b shows the same operation performed when the machine is provided with a logical OR operation
code, Logical OR 1s assumed to be operation code 26, In this instance four instructions, including constants,
are required,

Other Possible Operations

Other operation codes would be useful, such ag branch operations of the type BRANCH ON POSITICHS K-n
ZERO. Unfortunately, a considerable number of operation codes are required for such BRANCH operations. As
was shown in the previous section, the inc¢lusion of logical AND as an operation code essentially precludes
any real need for operstions of this type: hence it would anot seem wise to include them.

The operation codes puggested will perform the operations necessary for the franslation process with
circuitry which is modest for a large-scale computer, The program length would have to become of very con-
siderable size before processing speed would be the limiting factor,

The discussion so far in this chapter has been concerned with operations whose utility is evident in a
computer of the type of the IBM 650. In the next section it is pointed out that a different accumulator
configuration would be useful and that this modification has further zignificance in the choice of operation
codes.

Accumulator Design for the Translation Computer

The selection of operation codes 1s dependent upon the mumber of registers used for storage of data in
the arithmetic unit. The IBM 650 uaes three registers: the upper accumulator, lower accumulator, and distri-
butor. For machine translation two registers are adequate, but some modification to the IBM 650 design for
the acocumulators must be made., For this design, a two-register accumulator is regquired. Pertinent specifi-
cations of this device are as follows:

1} The two accumulators will be individually addressable, as in the IBM 650,

2) The two accumulators will be tied together for the shift operation, i,e,, 1f a SHIFT LEFT command is
executed, the leftmoat bit positions of the lower accumulator are shifted tnto the rightmost bit
positions of the upper accumulator, The IBM 650 has this property.

3) The accumulators will be capable of a shift operation performed in a ring, i.e., if a SHIFT LEFT
operation 1s executed, the leftmost bit positions of the upper accumulator, which would be lost in
IBM 650 operations, are shifted into the rightmost bit positions of the lower accumulator. This is
stmilar to the ROTATE MQ LEFT operation of the IBM 704, except that in this translation design
both accumulators are shifted as a2 unit and both accumulators may he commanded to shift efther right
or left. The shift operation as used in the IBM 630 shall also he possible,

4) The BRANCH ON POSITION X ZERQ instruction will refer to interrogations of position "X" of the upper
accumulator.

The first of these apecifications, individual addressability, is provided generally in computers and
needs no special comment., The second specification conforms to IBM 650 design. This specification is re-
quired for an additional reason in the translator design hecause according to Specification 4 the instruction
for interrogation of bit positions is performed only in the upper accumulator. By the use of ROTATE SHIFT
described in Specification 3, bit positions in the lower accumulator can be interrogated by first shifting
these positions into the uppér accumulator. The properties listed in Specifications 2 and 3 allow the machine
to examine conveniently a portion of the tag which i3 two computer words long. Specification 4 could have
applied to the lower accumulator just as well as the upper. This BRANCH ON POSITION "X" ZERO requires a con-
siderable number of operation codes; so allowing "X" to include 21l positions in both accumulaters is not
practical.

The only remaining part of the design which must be considered in order to specify the operation codes
of the translation computer is the sgpecification of the length of the computer word. This will be accoa-
plished in the next section.

The Length of the Computer Word

In a stored-program machine, the minimum length of the computer word is determined by the requirements
of the instructions, For instance, in the translation computer about six bits are required for the operation
codeg and about fifteen bits for addressing the approximately 32,000 locations in high-speed storage; so the
computer word must be at least 21 bits long. Other considerations may dictate that the computer word should
be longer than this: redundancy for error detection and error correction, convenient word length for data
words, and matching requirements between different memory systems in the computer,

Error detection and error correction are not contemplated in the design presented in this report since
the need for such redundant coding can only be established by a careful analysis of the relliability of the
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system weighed against the complication caused by this redumndani codiang in the logical design. Since reliabil-
ity of components is outside the scope of this report, the advisability of inclusion of eérror correction or
error detection codes is not considered.

The minimum convenient length for the data words of the translator is 36 bits (the necessary awount of
code for the case information). A longer word length than 36 bits would be convenient in handling tags since
positions more widely separated in the tag than 36 bits must often be interrogated in order to establish the
pococurrence or hon-occurrence of a particular condition,

The instructions could utilize the 36-bit word length by the inclusion of more sophlsticated programming
instructions; but, although such techniques are of tremendous convenience to general-purpose programming, they
are not advisable for machine translatien. Machine translation programs are special-purpose programs which
will be written and stored once, then used continually and essentislly without change. Programs for general-
purpose computers, on the other hand, are generally used only a few times. The instruction-word format of the
general=-purpose machine is therefore designed for convenience of the programmer, and storage is willingly
gacrificed to accomplish this end. In the instance of the unigque programs Ior machine translation, the pro-
grams will be used continually; and ease of programming i3 secondary to processing speed and the requirements
for storage of the programs. The instruction word should, therefore, have a length of about 21 bits.

The 36-bit requirement for data is a minimum requirement., A longer word length would be acceptable or
even desirable. If the standard computer word length were established as 42 bits, this would be satisfactory
for data; but it {5 jest twice the requirement for instruction words, If the standard computer word is estab-
lished as 42 bits, two instructions may be stored in each computer word. When instructions are executed, the
computer would automatically perform the imstruction stored in the left-hand 21 bits first, then the instrue-
tion stored in the right-hand 21 bits.

The operation codes for a translation machine may now be specified and listed in Figure 8.

Operation Op Code
No operation 1
Stop 2
Add Upper 3
Figure 8. Subtract Upper 4
Add lower 5
Subtract lower [
Store lower 7
Store upper B8
Store data address 9 (uses lower accumulator for function of
distributor in IBM 650)
Bhift right 10
Rotate shift right 11
Shift left 12
Branch Zero Upper 13
Branch Zero 14
Branch minus 15
Reset and add upper 15
Reset and subtract upper 17
Reset and add lower 18
Punch 19
Transfer 20
AND 21
OR 22
Branch position x zero 23-64

Suamary

In this chapter the requirements of instruction-word and data-word lengths have been reconciled by the
specification of a computer-word length of 42 bits. The instruction words would then be stored two to a
computer word. The left instructiom word in each computer word would automatically be executed first by the
computer, then the right computer word.

The processing requirements of machine translation can then be accomplished by 64 operation codes. Fif-~
teen bits are allowed for addressing, representing 215(42) = 1,376,256 bits of high-speed storage., With about
105,000 bits reserved for entry storage, about 1,271,256 bits of storage are available for processing programs,
or about l;%i%izéﬁ = 60,500 program steps or just the upper requirement specified in Chapter 6.
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IBM 850 Program Sheet

Figure 9a
Erase Payments

Froblem Page _of
Loc Data |Inst. Upper 8003 Lower 8002 |[Distr. 8001 Remarks
0001 ISTART 11 11 11 11 11]J11 21 11 21 1] Positions 7 and 8

2 (a5 0004 11 11 11 11 11§31 11 }1 00 OO of UA are to be replaced

3 (30 0008 )0 00 OO0 00 11§11 1% 11 11 11 with zerc if one, and to

4 {30 0004 00 00 00 00 00|00 11 11 11 11 remain zero if zero.

5 |35 0008 00 60 1t 11 11|11 GG 00 GO OO

& {10 8002 11 00 11 11 1111 00 00 00 OO

Figure %b

0001 |START 11 11 X1 11 11 Use of logical AND to

2 125 000¢ 11 00 11 11 11 11 00 11 11 11 te accomplish same effect

C {li 0011 {11 11 as 9a

Figure 10a
"get to 1" Program

000) |START 1101011010 1101011010

2 193 0005 Pos 3 not zero

3 j9v 008 Pos 7 not zero

4 |98 0012

4 113 out 1101011 110 B

3 110 0014 1101011110

7 |69 HO03 Frogram for setting

8 13 0003 positions 3, 7, and C

9 110 0015 to '1" when these

10 169 BOO3 positions may or may

11 |13 QU4 not be 'l' before

12 (14 0016 1111011110 processing

13 {12 out

14 |00 0000 [0100

15 100 0100 [0000

16 |00 1000 0000

Figure 10b

0001 |START 1101011010 Use of lopgical OR

2 126 0004 1111011110 to accomplish same

3 |13 aut effect as 10b

4 :00 1100|0100 {1111011110

42]




Chapter 10

Summary and Conclusions

This repeort has been concerned with an analysiz of the problem of machine translation of scientific
Russian into English., The fundamental problems of translation have been considered and an attempt made to
develop the relationships between these problems as well as to indicate methods of solutiom., In particular,
the following points have been established:

1. The scientific vocabulary is rich and extensive. Machipne translation of scientific material requires

a lexicon of considerable sizZe--probably 130 to 182 million bits for translation limited to one field
of science. :

2, The computer can process material only according to syntactic cues; all semantic and pragmatic rela-
tionships which are to be considered in the processing operations must be reduced to syntactic rela-
tionships by the programmer and linguwistic comsultants before the machine algorithms can be written.

3. A meansg of measuring the quality of translations is of considerable importance in machine translation.
An objective measure of the completeness of the translation may readily be defined; a measure of
accuracy or correctness, conversely, is subjective by nature, and cannot he objectively defined. An
‘objective measure has been suggested which iz adequate for multiple-meaning problems.

4. A shorthand notation for the lingulstic specification of the processing cues is of considerable
importance for construction of the computer algorithms, A reasonably comprehensive system has been
presented. This system is capable of extension to accommodate additional cues as they are specified.

3. General-purpose computers may be used for regearch in procesgssing techniques, but such machines are
not satisfactory for commercial translation. An extensive study of processing using the IBM 650
general-purpose computer has been reported in this report.

6. A speciazl-purpose computer which is capable of producing machine translations economically could be
constructed, Only two components of such a machine are not now available on a production basis: the
large memory and the prinmt reader., Components which will satisfactorily perform these two operations
are in the development stage, however. The Photoscopic Dise store will adequately satisfy the require-
ments of the large memory, and several firms have reported good progress in the development of an
electronic reader. A tentative general design for a speclal-purpose transtating machine is presented
in this report. This special-purpose machine would be of considerable importance for research in
machine translation and could be used for commerical translation,

The special-purpose computer suggested 1s capable of considerable flexibility, It is anticipated
that ultimate design requirements will, in some cases, be different from those specified in Chapter 6.
In particular, it should be possgible 1o extend the large memory to 3, 4, or 3 Photoscopic Discs 1f
such a large lexicon is found necessary. It is pointless at this time to argue that the lexicon
should be of a capacity of, say, 300,000,000 bits rather than 200,000,000 bits. Our MT operational
lexicon will approximately require a 30,000,000 bit capacity. It is important that the translating
machine be capable of extension as larger lexicons become available.

7. 'The foremost problem of machine translation is not a problem of components; the compomnents are much
nearer to realization than the knowledge of how they may be used., Linguistic analysis of the transla-
tion problem still must advance consgiderably before satisfactory machine translations are possible,

The linguistic cues which are required are manifold, complex, and can only he specified by a
concentrated effort by well integrated teams of technically competent perscnnel.

In conclusion, 1t is the belief of the author that research in machine translation will supply knowledge
about the fundamental problems of language that will transcend applications to machine translation alone. Such
fundamental prohlems as automatic library search and bandwidth compression of communications should receive
partial solutions from research in machine translation.
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Appendix I

Probability of High-Frequency Words

The probability of cccurrence of individual members of the word count is of interest. Epstein12 pointa
out that it is reasonable to consider the probabllities of all words which occur ten or more times in a sample,
Ten occurrences are chosen since the probability is then established that in a large number of samples, the
occurrences of the word will, for nine-tenths of the samples, be closer to ten than twenty. In other words,
if a word occurred ten times in a sample of 100,000 worde, the probability would be 1/10,000 for that sample.
Confidence level 0.9 in this instance means that 1f tem of these 100,000-word samples were taken, the expecta-
tton would be that in only one of the ten samples would the number of occurrences of that particular word be
c¢loser to twenty than to ten.

A more precise and somewhat more useful way to consider this problem is to develop an expression for the
range of probability which a word may have with confidence level .9, S8pecifically, if ten samples of the
same sSize were taken, and the number of cccurrences of a particular word in each sample was divided by the
number of words in each sample, then it may be expected that these ratios will be of the same order of magni-
tude but certainly not equal, An equation will now be derived which expresses the increment € hy which the
ratio of the number of occurrences of a particular word divided by the number of words in the sample will
differ from the actual probability of the word in an infinite sample. Confidence level 0.9 is assumed, In
other words, on the basis of ten samples, only one ratio may be expected to differ from the actual probability
by more than the increment € .

For any & »>0, the event

<Emn (1)

!ig - p|=E is the same as lSn -~ np
n

Whers: Sn ig the number of occurrences of the word in the sample

n is the sample size
p is the actual prohbability

Dividing (1) by (npq)1 2, where q = 1 - p, we get
Sn - np ¢ m 1/2
1/2 2
(npq) Pa (2)
We may also write

S - np
__Eﬁ_i7§ = 5%
(npq) "

Where S; is the reduced number of successes. The De Moivre-Laplace limit theorem states that
Pr(a<st<p) = § b - @
where ﬁ is the normal distribution function defined by

X
1 -
) = gy 12 -£eﬁ dy
sn - o + E( n ) 172
(npq)1/2 (ra}
s 1/2 1/2

Pr(a ¢ §% < b) = Pr - PIES By, §IE(D 1/2_§_g

N tnpa) > Pa P4 a

where Pr is the prebability of the bracketed expression

If a =

Then

>

This can be shown to give

Pr{ s, ~- mp <5(__E) 1,"2_ 25 L1
172 = ef B -
(apq) Pa (pq) !



on the basis of Eq (1)

<e} = 2§ ('};) 1/2:] -1 3

For a confidence level of 0.9

PP{: _n pI& E‘] = 0.9 ;
n

80

n 1/2

— = 1.9;

2 ﬁ {& (pq] } = 3
and
= 1.65 ,

(%)
rq
For a sample size of 30,000,
£ . —L85 Jra = .0095 oa .
30,000
and since

p {1l , a~1 ,

£ = .0095 ﬁ

The percentage increase in the probability of a particular member in the scientific word count over the
probability of the same member in the general-language word count is defined as

then

AL = (p. - ) - (p_ 4+ E)

1 ] s E E ps - pg and
pB‘
{4)
A, = (ps + gs) (Dg £g) P < P ,
E
pg
where A = percentage gain,
Ps = probability of the word in the scientific word count,
P~ = probahility of the word in the general word count,
gz = range of probability of the word in the scientific word count for confidence
level 0.9,
£ range of probability of the word in the general word count for confidence
& level 0.9

Example 1:
The Russian word M occurred 1132 times in the sclentific word count and 1160 times in the general lan-
guage word count. The increase in probability is then:

1132 1160
PS = —W = 0377 Pg = m = 0387
65 = .0085 J.0377 = .00185 E ¢ = 0085 /.0387 = 00187
P + E = .0396 P - & = 0406
s g 4 E
P - £ = .0358 P =K = .0368
5 -3 g g

Stnce the ranges overlap [}p > P, ) and (psev £, Y< (p, - £ i] , the increase in probabllity is zero,
Thiz means that it cannot be said tﬁat W1th confidehce level Q. g the prohability increased at all,

Example 2:

The Russian preposition p occurred 1076 times in the scientific sample and 724 times in the general lan-
guage sample. The increase in probability of the Russian word B in the scientific over the general language
samples is:

1076 724
PS - 36,000 Pg = W = .0241
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€, = .0085 L0355 = ,0018 €, = .0095 J0241 = ,00147
P, = .0341 P = .0256
.0377 & .0226
A = ,0341 - ,0256 (100) = +35,2%
o241

The increase in probability of a word in general-languwage materisl over the same word in acientific
material may be defined by equations similar to Eqs (4):

Al = (pg - Eg) - (P,a - 65) Pg) Ps
P
-3

1

A, = (Pg + & - (Ps - E) ch.ps
P

-]
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Appendix II

Print-Out of the Third Round of Processing

A complete print-out of the Third Round of Processing is presented in this appendix, The words were
stored consecutively in the machine according to the listing, starting with the address listed in the left
most column of each row. For example, the word 60 Q006 1161 is stored in location 0160, 65 8002 0169 in loca-
tion 0161, 000000 0000 in location 0162, 2201170120 in location 0163, and 60 00670221 in location 0164, The
first 2 rows of the print-out are concerned with the loading of the program, which accounts for the zerces
in the address colusn of the print-out.
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Appendix Ti1

Optimum Ordering of the Dictionary

Input-Output BEquipment

Ideally, the ifnput to the translator should he the printed page. Recognition, while of extreme importance,
is outgide the scope of this report and will not be discussed. Thus it is assumed that the text material has
been coded on tape, and that these tapes are used to introduce the text meterial into the computer.

For the input tape, punched paper tape is wore satisfactory than magnetic tape, This is due to the fact
that paper tape is read by virtuwe of ite position with respect to the reading device, while magnetic tape
is read by means of velocity of position with respect to the reading device. The tape 1s read only a few bits
at & time, so umless a buffer store is used, magnetic tape would reguire a far more complicated control than
paper tape.

Tape could also be used as the output media, but many excellent high-sgpeed printers are available, so0 it
is possible to produce a printed output directly from the computer. Hence it will be assumed that the computer
output must be in a form acceptable to a high—-speed printer,

The Large Memory (Dictiomary)

S8everal memory systems are now in existence which will store the dictionary necessary for Machine Transla-
tion, even a large one containing every relevant paradigmatic form of the contemporary source language. Since
these very large memory systems tend to be serlal access devices, or at least gemi-serial devices, optimum
storage and search techniques for a serial memory will be considered in some detail.

In order to make the development more general and since at least two Photoscopic Digces are required for
the dictionary, it is assumed that the translation dictiomary is stored on two identical serial-access devices,
If only one device is assumed, the design problem would be considerably simpler since the problem of coordinat-
ing these memories would not exist, The design baged on two devices can be extended easily to apply to more
than two devices.

Information Storage on a Serial Access Memory

For a serial access device used for dictionary storage, the average access time will be dependent upon
the way the source lapguage words are coded in the dictionary, For minimum access time, the entries must he
ordered in such a way that the words which occur most often in text will be the first to be encountered during
the search procedure. This may be accomplished by ordering the entries so that the probability density of
the likelihood of finding a particular entry corresponding to a rendom text word is greatest at the points
where the search 1s most likely to be proceeding.

This problem was consiJtred by International Telemeter for thé instance ot a system using a single Photo-
scopic Disc. The problem will be considered in much more detall in the next few pages in order to demonstrate
the relative merits of different ordering schemes in a more general system which uses two serial memories for
the dictionary.

The proper relationship between the probability density of finding a random word in a particular region
of the memory and the distance from the start of the search is easily determined. If the proability density is
F(x), and x the distance from the start, then the probability of finding the word in an incremental distance,
dx, 18 F{x), dx, The problem is then to arrange the word order in such a way that the first moment of the
probability density function of the word order (F(x)) is minimized, or:

00

drﬁ F (x) dx
§ = L]
PR ax
Q2
0o _ _ 00
and eince F (x) dx = 1 by the definition of probability density, X recuces to x = ‘f' x F (x) dx.
O o

In order to minimize the average access time to information stored in the memory, a special slphabetical
sequence must be deviged to place the more common words near the beginning of the dictionary. To determine
the desired alphabetical order the probability density of verious letters must be obtained.
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In Figure 6, the letters of the Russian alphabet which may start words are listed in standard alphabetical
order, In the first column to the right of the letters is listed the number of words with this first letter
in a 2671 text sample, For instance, 48 words starting with occurred, 377 with . 444 with , and so on,
The second column lists the number of pages in Callaham's "Russian-English Technical and Chemical Dictionary,"
which are required to list the words starting with that particular letter. For instance redquires 19 pages,
and 13 pages. In order to minimize the first moment of the probability density function, a listing accord-
ing to a probability density of words in the dictionary is required, This may be approximated by dividing
column (1) by column (2) to give column (3), which has the dimensions of "occurrences in the text per page of
dictionary." in Figure 6b the letters are reordered according to their value in column (3) of 6a. Note that
the order is considerably different from standard alphabetical order. This ordering would be optimum for a
single memory in which the search always started from the beginning, The calculations of Figure Ta show the
benefit of ordering. Figure 7a shows an average search distance of 380 pages for ordering according to stan-
dard alphabetic sequence, while Fig. 7b shows that for optimum ordering only a 283 page search distance is
indicated.

The calculations of Figsa, 8a and 8b show the importance of search from the middle of a memory rather than
from one end, In such a case the words of highest probabllity density must be placed near the most probable
position of the search, or the middle of the memory. Figure 8a shows an example of double ordering i.e., the
dictionary is stored in the individual memories in such a way that the probability of a random text word being
located in either memory is very nearly .5. The order of Table IIIA places the letters of greatest probability
density at the start of each memory, In contrast, the order of Table IIIB places the words of greatest proba-
bility density near the middle of each memory. The average search distance 1z considerably less in the second
case; about 75 pages as contrasted to 139 for the case of search from the beginning of the memory,

Order is thus an important consideration in any non-random-access memory. In an actual case, optimum
ordering might also depend upon the second or third letters of words as well as the first, It is not abso-
lutely necessary that succeeding letters have the same code as the first: the input device could code in any
desired manner, Dictionary search is only a matching problem so it is only necessary that the incoming text
material be coded identically to the source language portion of the dictionary entries.

Table 1A
gz%;uﬁ:é:t)m of Search Distance for Various Types of Ordering {analysis of
ALPHABETICAL ORDER SINGLE ORDER
Probability Probsbllity
Qoowr.  Pases  _Demely Pases  __Demslty

s 46 26 .17 s 2 26.5
¢ 90 32 2,81 | 3 1.7

B 3T 52 T.28 1 9 1.
r 48 36 1.33 | 36 7.63
z 179 32 5.6 ] 52 7.25
® 51 2 26,5 o 49 6.04
x i | 7 L2 ) 25 5.95
s u9 25 5,95 -4 32 5.6
R 279 19 1.7 a 3 5
x 215 54 3.97 T k) 4.85
x 27 19 1.42 [ 75 Lab
" 137 38 3.6 B 13 4,38
B 275 36 7463 x 7 Lol2
o 296 49 6.0 ¥ 23 4,25
n hddy 106 he?0 n 106 42
P 12 39 3.4 x 5L 3.97
¢ 34 75 L. M 3¢ 3.6
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1
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Fird 12
6 32
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& 16
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Table IB

Boyble Ordering
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the First Word

3.

2,75
2.81
2.08

1.7

1.67

1,56
1.42
1,33

595
5.6
b.b
n
3.6
2,75
2.81
2,08

1.56
1,00



Ampl.,

a .77
6 2.8
B 7.28%
r 1.33
B 5.6
° 26, 8
x holi2
5 5095

B .7
E 3N
X 1.42
N 3.6
¥ 7.63
o 6.00
n k20
p 3.4
] 4.6
T L85
¥ 25
) 1.5
x 2.08
o 1.67
1 u
o 2. 75
1 1
2 L.38
® 2
a 3

32
52
36
32

25
19

19
38
36

155
194
269
306
329
345
st
366
a7s
387
Jes
402

442

377

179

2 8 FEE BIER

25
25
15

33

57

15

EResup

179

199.5
21.5
258
295
3
360

402.5

552.5
609.5
665.5
695.5
7ns
729
7395
ThB.5
759
766
77345
781

%

3ol
380

3760
31,700
6140
29,000
$120
5670
29,700
61,900
55,500
7950
6,200
99,000

119,000
213,000
73,000
210, 000
120,000
68,100
17,500
18,200
11,100
4,100
25,100
1,530
by, 000
1,562
11,730
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15
27
279
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149
179
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7
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136
w9
156
179
285
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o
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Table IILA

Double Orderdng with End Start

Kidih
2

9
36
49
3
37
13
7
2

444

3 &
M- .

.5
7.5
nzs
2.5
152,5
167.5
32
303.5
»
35h.5
368.5
9.5
45
8.5

165.5
230
27
301
33
35
351.5
360
369

15500
5310

2650
16950

56900
L9400
37800
9950
29100
8620
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Table IIIB
Double Ordering with Center Start

Qce. Width Am Nom.
27 19 183.5 4950
17
15 9 1695 2550
165
4o 26 152 F000
139
180 37 120.5 21700
lo2
SE 23 20.5%5 8870
79
3 7 7545 340
72
57 13 65.5 3730
59
296 49 34.5 10200
10
99 9 b5 L5
kY
51 2 0
1
275 36 19 5210
37
15 3 32.5 576
L0
132 39 599 1850
9
Lishy 106 132 58600
25 16 05,5 5130
197.5
90 32 181.5 14320
165.%
3 1z 159,5 5250
153.5
137 3e 134.5 18400
115.5
215 - 88.5 19100
61! s
m 52 35.5 13400
9.5
2979 19
9.5
L9 25 22 3280
34.5
179 32 5045 1250
T6.5
3uh 75 1, 39200
15L.5
25 12 157.5 3640
163.5
2 b 16y, 328
164.5
25 15 172.5 4310
120.5
2 2 181.5 363
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Appendix IV

Some of the Economics of Machine Translation

The costs which may be expected for machine translations are of considerable interest,

When the economics of a certaln process are considered, it is necessary to compare the proposed method
with other existing methods, In the case of MT, economic studies usually consist of comparigons between costs
of material translated by machine and costs of human translation of the same material. These studies neces-
sarily include a consideration of the advantages of both methods, since per-word cost of translation is not
the only criterion for judging the feasibllity of transletion by machine,

MT has several advantages which for some applications might make it attractive even if it were consider-
ably more expensive than human translation. For one thing, a wmuch smaller staff would be required to perform
large scale transelations by machine, especlzlly if an efficient electronic reader were available, One machine
with an efficient electronic reader and two operators should be able to replace forty to sixty human transla-
tors. A staff of forty to sixty poses in itself a considerable personnel problem. In addition, the machine
translator could be programmed to catalog automatically the material it translates according to key words or
key sentences in the text, It is also true that the machine could perform translations extremely rapidly.

All of these advantages wmight be more important than the cost difference if the application were, for example,
in 2 field like military intelligence,

A comparison of the costs of human translation with estimated costs lor machine translation is rather
difficult. Machine translations contemplated at the pregsent are considerably different from human translatiomns,
with the degree of difference varying with the type of material to be translated, The difference would be
great in the case of mathematical texts including much demonstration of mathematical developments. It would
thus be idle to compare costs of a polished hyman translation of such material with a hypothetical machine
translation of the same material. Translators at the Uhiversity of Washington who were consulted indicated
that, for material which is& not too highly specialized, the cost per word would probably be about one cent.

It would seem, therefore, to compete on a strictly cost besig, a machine must be able to perform tranalations
for not over one cent per word,

Several suggestions have besn made for the design of a translation machine. In the elaboration of the
design of such & machine one has to consider the translation procegs and the computer requiremente for each
step. There are four definite steps in the translation process:

1. Preparation of the text material for the machine.

2, Dietjonary search and the production of the first crude word-for-word translation,

3. Logical processing to improve this first crude word-for-word translation,

4, Print-out of the improved word-for-word translation.

Two methods are available for preparation of the text material for introduction into & translator, The
first 18 the use of typists copying the text material on punched or magnetic tape which 13 then fed into the
machine, The second method requires the use of an electronic reader to read and code the text material auto-
matically. A considerable effort has gone into the development of electronic readers in the last five years.
Intelligent Machines Corporation and IBM have both demonastrated electronic readers, but no one has yet demon-
strated an ¢lectronic reader capable of the high speed necessary for MT,

The experience of the UW research group would indicate that the preparation of material on tape by typists
will cost between ,75 and 1 cent per word. This estimate iz based on a salary scale of $240 per month (a
little below the standard for private industry in the Seattle area) and on the employment of competent typists
who were graduate students in the Ruasian division of the Far Eastern Department of our University. Thus it
is gquite clear that an electronic reader must be developed if MT is to become commercially practicable,

An estimate of the cost of the various steps in the translation process iz as follows:

1. Preparation of text material (by typists) .85
2. Dictionary search {Photoscopic Memory) .08
3., Llogical processing .50
4, Print out (Flexowriter) .05
Total {cents per processed word) 1.48
Conclusions

The electronic reader is of tremendous importance for MTI, Without such a device machine translation
cannot be justified on the basis of cost alone. A really efticient electronic reader will reduce per-word
costs below those of human translationsa, On the other hand, it is likely that, for many applications, MT will
not have to be justified merely on & cost-per-word basis,
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In the early stages of MT research most writers were concerned more about a memory with sufficient storage
capacity than about any cther component of a MT computer., It seems that with memories such as Telemeter
Photoscopic Memory the problem of permanent storage 1s near solution, The main problem is now an electronic
reader,

448



