Lawrence Berkeley National Laboratory
Recent Work

Title
AUTOMATED COUNTING OF CELL CLONES: A PROGRESS REPORT

Permalink
https://escholarship.org/uc/item/6k54i7ad

Author
White, Howard S.

Publication Date
1976-06-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6k54j7gc
https://escholarship.org
http://www.cdlib.org/

YV dHo U ou ) oy o

LBL-4674,. |
UC-48 )
TID-4500-R64

‘ ' AUTOMATED COUNTING OF CELL CLONES:
- A PROGRESS REPORT

Howard S. White, Eleanor A. Blakely, and
Tracy C. Yang -

DONNER LABORATORY Ty

June 1976

N A SR AT,

iy

Prepared for the U. S. Energy Research and
Development Administration under Contract W-7405-ENG -48

o A

For Reference

Not to be taken from this room

- _

PLOp-1dT

\?




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency. thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Uu i U« 24 uUdao R

LB, 4674

AUTOMATED COUNTING OF CELL CLONES: A PROGRESS REPORT

~ Howard S. White
- Computer Science and Applied Mathematics Department

Lawrence Berkeley Laboraﬁoty

and .

Eleanor A. Blakely and Tracv C. Yang

Donner Labhoratory

Univétsity of California
Berkeley, California 94720

June 1976



8.

TABLE OF CONTENTS 22 JUN 76 -

ABSTRACT

INTRODUCTION

THE DIGITIZING HARDWARE

3.1 THE FLYING SPOT DIGITIZER

3.2 THE IBM 7094 COMPUTER

THE GENERAL PATTERN RECOGNITION PROGRAMS
4.1 THE MEASUREMENT'CONTROL PROGRAM
4.2 THE CALIBRAfION AND MAINTENANCE PROGRAMS
4.3 THE DAiA SEQUENCING PROGRAM |

4.4 THE INTERACTIVE DISPLAY PROGRAM
THE TYPICAL PETRI DISHES

THE COMPUTER PROGRAM PETRI

TECHNiQUES IMPROVING THE PHOTOGRAPHIC IMAGE

A NINETY DISH EXPERIMENT

SUMMARY AND.CONCLUSIONS

6

16

17

18

20

22

25

- 26

28

33

b2



TABLE OF CONTENTS
10. ACKNOWLEDGMENTS
11. REFERENCES

12, LIST OF FIGURE CAPTIONS

22 JUN 76

Kb

45

46

14



00 o 45U U0 0/

1. ' » | ABSTRACT _ - | 1

This. report summarizes prbgress made in adapting the Flying

Spot Digitizer, designed for bubble chamber data measurement, for

.ﬁse_‘inb enumerating human cell <colonies grown in vitro. A

description  is given of. the digitizing hardware and-;hevgeneral
pattern recognition_prqgrams‘which are available in the.FSD system.
The developmént of fhe computer program calied_ PETRI 15‘3150
described. This neﬁ software provides the basis for analysis of

the digitized information from the FSD.

. As with, particle  track .studies from the bubble chamber,
experimental data are photographed and‘thevfilm strip is processed

throhgh--the FSD for digitizing. Tests of the FSD-PETRI analysis

’systémb have been made with film strips.of the cell colonies grown

_oh . plastic- petri dishes. . Further work 1s necessary, but

preliminary results presented here demonstraté that the system can
be used to. enumerate cell colonies with a precision near that of
counts made by hand. =~ This precision was made‘possible Byvthe
méchine's ability to distinguish overlapping colonies as more than
a siﬁgleviérge cslony. In addition, the FSD—PETRI system‘provides

information which is wvirtually impossible to obtain by hand;

namely; a measurement of the distribution of colony sizes including

those of very small colonies. These data potentiélly will enable

. the biologist to more cleérly‘uhderstand cellular mechanisms of

damage and repair, and will greatly facilitate his ability,to

obtain measurements of cell survival rapidly and objectively.
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.Quantative mammalian cell radiobiology traces 1its origin to
the efforts of T. T. Puck andvassociates‘(l).-’This group was
responsibile. for the introduction _ of mammalian single-cell

Currently, the method of culturihg single

techniques in wvitro.
‘cells in. a nutrient . medium is used as a survival assay for many
treatments in laboratories all over the world.

Tﬁe_ critérion‘.eétaﬁlished_ i§ a measufe df fhe feprqduetive
iﬁtégrity of‘vcells.>  The cells..ére:uéualiy incubated 1n‘pe£ri
'dishgs gnder' cqﬁtroliedf>cohditions .of temperature ahd humidity..
If'.aﬁﬁropriaté diIutiOns are»méde, the.g;dwth and diviéion of ﬁhe‘
sihélé Cells proceedstuntilva.discreté; roﬁnd didne;_whose progeny
are 'dérived from a si;gleAparent, is visible to fhe eye. When the
clones - are of a éufficient size, their gréﬁth ié'terﬁinaﬁed dnd
their visibiligy.ié enhanced by stéining-with‘a d?é:like.methyleﬁe
Blue;  7.Surviv§l detepminations are .made by. handcoﬁnting " the

resultant. blue - spots 'left on .the bottom >of_ the petri dish,

'Eyen under control cqnditions‘ kwith ‘no knqﬁn deleteriou§
ménipﬁlations), not.vallvéf théﬁcells piated ohtp'phe petrivdishes
will pfoducé a clpﬁe. The terﬁb"plating efficiency" isjcdmmoﬁly
used to .1ndi¢ate whéﬁ percentagé-of,contpol cellé actﬁally‘grow
_inté vcalonies. | ItA'is USuaiy aSSuméd that the séﬁ¢ ffac¢ion;o£
cells will bevviablg from é single popuiation; h§wever, tﬁis'is not
alwéys< true as £héré 'Ls‘ somev indfdntion.thaf céll survival LIs

dependent on the concentration of Cells.plated. :
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Hand counting of control clones is.usually not a laboriéus
process 1f an appropriate concentration of cells was selected. For
most established mammalian cell lines, tHe shape and size of clones
from untreated cells are fairly uniform. It becomes a more tedious
task howevef to hand-count cloges reéulting frOm cells which have
been Subjecied to a treatment, such as exposure to a radiation dose
(see Figure 1). Colony number is reduced with increasing dose Qf
fadiatibn, and the. distribution of colony shapés and silzes 1is

widened.

_Puck, and_ Marcus (2) originally set.SO cells éfter 10-20 days
as the criterion for colony size to be scored for cell survival
deperminapions. "Nias and Fox (3) elégéntly demonstrated that the
apparent discrepancy between survival data from clone cduﬁting and
those from growth inhibition cell count sfudies could be reconcliled
by scoring a larger minimum clone size. The clone size which
repfesénted "at - least ”eight cell divisions for Hela (human
carcinoma) cells 10 days post—irradiatioﬁ correspoﬁded best with:
the growth> extrépolation curQe survival data. Survival estimates

with a less demanding colony size cut-off were markedly higher.

A few investigators have taken the time to count clones under
the microscope, evaluating the cell number present, but this is a

very tedious, time-consuming‘ and difficult technique. Most

‘investigators just scan colonies by eye, or with low magnification,

"and set an arbitrary 1lower .thréshold diameter for clone size.

Reexaminations of the end-point criterion for survival in cellular
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radiobiology emphasiig the fact that technical differences exist
within - the survival = literature which must be taken into

consideration before meaningful comparisons are made.,

The Eiomedical bivision has begun _an-extéhsive progrémvto
study ;hé’ effects of BEVALAC accéleratea heavy ions oﬁ cultu}ed
human__cells, iﬁ order go explore the.féasibility of using these
beams: fqr cancer 'theraby. It is desirable to accurately measure
cell -susiVal parameters after doses of accelerated,part;cles in
brder_yo know more -about the radiatioh—indﬁced increase in the size
distribution of colonies, and to more precisély determine when the
colbnigs stbp growing. It is hopéd that this informatioh, which 1is
not  usually .obtainable withvcoﬁventional techniques, will provide'

evidence to elucidate cell damage and repair mechanisms after

radiation of different qualities.

Experimental data from the BEVALAC rﬁns 'are‘generated in
severél sessions bf contiguéus days and nigﬁtsf The Backlog of
petri dishes to be counted is one of thé most severe iimitations in
present procedurés, More dafa could be accumulatédvif‘colony

counting were done automatically.

There are several - au;omated . systems available to count
colonies. One very advanced technique deveioped in the'laboratofy
of Donald A. Glaser (4) can préciéely enﬁmérgte and characterize
cell colonies. waever, its use requires elaborate changeé in the

-entlre procedure for handling the cells. Some commercial equipment
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is also available - to automatically count colonies (5); however
these instfuments,have pfoblems‘1dentifying,colony clusters, do not
resolve small colonies, .are subject to artifact and background

interference, and are usually relatively slow in operation.

The . Flying Spot Digitizer was. built at LBL to measure
experimental physics data. - When recently the demand for physics
use diminished, it was possible to explorevother applications. One -

most promiging application is to golony counting in petri dishes.
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3.1 THE FLYING SPOT DIGITIZER

The Flying Spot DigitiZer (FSD) was designed specifically for
bubble'éhambep data measurement. The bubble chamber acts both as a
ﬁarget for particles froﬁ the accelerator; and as a detector of the
products from the nuclear reactions which take place within the
chamber. ~The bubBle chamber 1is wusually filled_ with 1liquid
hydrogen, éo that "évents" take place on protdns not bound into

more complex nucleii. The liquid is heated, but compressed so that

boiling does not take place. When pressure is released
momentarily, the liquid® forms - tracks ° of bubbles along the"
trajectories of the charged particles. A magnetic fileld 1s

maintained in the ;hamber to cause the particles to move in helical
orbits. The tracks can then be photogpaphed, shdwing a mapping of
the orBits in the chamber space. Since photographs are taken from
threg or more camera locations, it is possible,to reconsturct the
trajectories andv determine ‘the momentum vectors.ofvthé‘éharged
particles participating in the-events.._This recbnstruction dépends
upon very érecise measurement of the t:ack lbcations‘with reference

"to fiducial marks.

A vefy llafge number of photographs 1is produced by bubble

chamber experiments,. Normally three views of each event are
photographed in each Bevatron pulse. A single experiment may’
continue taking film for several weéks, so that a million

three-view photographs are obtained, containing . about 300,000

useful events. ‘One such experiment, orvr else a combination of

.5
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experiments.yielding about the.  .same numbe;<of'even;s to be measured

is. performed each year, The FSD was designed to meet these

. ’ »
measurement needs economically. "It has now measured about four

million bubble- chamber events since'beginning opefation'ln 1963.

The design goals‘ for the FSD  were preéision, speed, and -

economy of measurement, as welll as versatility of appllcatinn.’

“Since bubble chambers produce film in'a.variety of formats, the

'FSD "was built wifh a platen area 150 mm.iohg and 60 mm wide, so as

to éccoquate. fiim“ from allvchambersé Tﬁe accuracy rééuiremenfs
weré set :by. film.Bése.;tability éhd by tﬁe_itmits impoééd by ﬁhe
bhot;gfabhing_ bptics. B Thése reéuireménté suggested' thét " TFSD
accuracy in tﬁe neighbofhood éf 2 miéfpns:would céﬁée measurement
érrﬂrg lto lﬁe‘ émall‘in.campariéon to f%ésother }a¢t6rs}' Speed of
ofégaﬁibn and vaécuracy weré made pos;ible by.usiné a Hoﬁgh-Powcll
DeVice-(HPD) to scah‘thé'film, and by pusﬁing.the then state of the

art . for digital véirCuitry. Econohy was achileved by totally

. automatic operation under control of the computer which reduced the

measurements.

The device as implémentedfét LBL.is aBle'to measure from 100
to 366 :film images per hour, dépen&iﬁg upén,forﬁat and écnnnihg
density; . bimagés may‘ yieid from 50;000 to 1,000;000 position
mea;uremeﬂts- ééchg ithose 6f betriAdisﬁesitypiéally yield iO0,000.
fﬁage features in the siéé_fangé 15 éo_350 microns éﬁn'bé m&aéurcdi
with accdracy from 3 to “5‘miéf0;s, gcsbéciivéiy, by.the wsb as

implemented. - This -accuracy refers to the 'feproduéihillty of .
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measurements” made by singie intersections Cf-therflying’spoﬁvwithv.

'

the image features.

’

The FSD' employes a Hough- Powell Device. (6) as its digitizer.

A schematic drawing of the FSD optical system is shown in Figurc 2.

.The device vat Betke1ey‘is cnebof:tnreebsimilar hachines that
‘were buiit concnrrentlyv-in i§62;1964..5 thnersuiweren bniliiac
Brookhaven Nacicnal Laboratory-(ﬁNﬁi and the European Organization
for nNuclear Reaearch (CERN), Althougn’detailed:inpiementation was
different fOr eacn af' these,rthey sharedwa comnon genes{s; The
' Basic conceprs were worked out by an informal team of persons from
‘the three -labora;ories, which 1included Paul Hough from BNL, Tor
Lindjarde and Brian Poweiljlfrom CERN,. and Jack Franck Jerone

.Russell_ and Howard White from LBL. Many'valuable suggéstions were

given by physicists RalphfSchutt‘and_Allen Thorndyke at BNL, Lew

Kowarski at CERN, and ‘Edwin McMillan; Wilson Pdwell and Arthur
Rosenfeld at - LBL, and from others too numerous to name

individually. .

The  HPD 7contains’ a fixed slit and ‘a moving slit,_whose

intersection defines an aperture which moves aiong the fixed elit.

This aperture is illuminatedvby a mercury-vapor ‘arc lamp, producing

a very’bright spot that can be imaged upon the film to be scanned.

Simultaneously, another: part of the light from the spot 1s imaged

hpOn a reference grating by which the location of the spot can be -

measured accurately. This reference gratingvis labeled "picket

™
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fence" in the figure, The spot aperture is aboﬁt 16 microns in
dimension, and is imaged‘ upbn the'film and_;eferencé gfutlng‘by:'
means of a one~to~-one optical system. Thg lehs apertﬁfes'cause the
3pot1_1magés to be abouﬁ'éb'microns in dimeﬁsion‘due_to;difff&crtbn

limits,

The spot moves along the image of the fixed.slit. TWO.pptical‘
systems cause thié' j@agé tto be:eithgp across or parallel‘to fhe
long dimension of the ‘film.l,These gre shown in the figuré with
labels. "normal éweep" and "abnormal swéep",> respectively.. ‘A

mechanical shutter allows light to pass‘thrOUgh one or the other of

‘these systems.

A mechanicalvstage carries the f11m platen,>cau$ing 1t*t0 movc
with  respect to. the fixed slit image. By moving ﬁarall¢] to,tHe_
long dimensi&n_of the,film,‘and selecting the normal mode opttés, a
raster scan,‘of tﬁe'film ié generated._»Thisfﬁaster is 1n§onded to
acéﬁrately_measure theiposition of line~1like 9bject§ orienccd aldné
the length of'fhe film, _ﬁimilarly,.by'sele;ting‘ghe abnormdl'mode
optiés, énd moving the stage orthogonally to the 1ong~dimension 0f
the film,'the;abnérmai_ot thhogqnal mode_écan;rastg; is genuréted,
This raster 1is 1intended ' to -aécurételfv:measure_the bositfon of

line-like objects oriented across the film.

.The position_of the mechanical stége is dfgitiied with'a least
count aécuracy of 2.5 microns. 'This'positioﬁ is measured with

Ferranti linear position resolvers which use moire—fringe patterns
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'

';o*.detect vstage.hopiqn. ‘A scaler counts fringes bidirectionally,.

and thus alwayé feflécté the stage poéition.

Each raster scan line visv'prqduced by the'tfaversal of the
fixed slit by one of _ the mov;ng.slits1 ‘Eight moviﬁg_slits‘are
arranged symmétrically» on the disc.  These -are semi-circular"

approximations - to ‘an involute, so that the'ihtersection moves with

‘uniﬁorm velocityv_along the fixed slit. Thé disc is_dr{ven by a

3600 rpml' motdr,. yielding =~ 480 - scan = lines per. - second,.

The  pbsition‘ of,thévséot:is kﬂowﬁ'to a pfecigioﬁ of l'microﬁ
by éombarisopvtoithebféférgnce gragiﬁg{  A colimatéa beéh of ligﬁf
froh the mercury Vapof arc.lémp is imaged ;hfough tﬁe.Slif_aperfuret
onfo éach'of fhé ﬁhrée,cptical systemé; .Matéhed Gbetz Artaf.ienéeg
are 'used  tQ 'image‘ﬂfhe ;spét: upog'the'film biatén énd'fefefence.
grét[ng. 'vuThésé Lenses' are designed for one—to;one cépyiﬁé,;aﬁd

have extremely low off-axis distortion."quCe"they are carefully

'matbhed,_.the 41fferentia1"dist0rtion betweén the ‘lens 1in the

‘reference gfating‘ optical path and either of those in the film

meaéurement‘lpath is‘vsmall“ enough that it vdoes.not'deed'tg Be 
included in .theh calibfétion equations. . xThe spof i@age onfthev
reference g;afing ;15 ‘also appr&xima;ely 20-micfons in dimeﬁsjdn;
Ihe'_ référenée ‘grating is composedv””bf altérna{e opaque and'
transﬁarent bands,.teach band being 16 ‘microns wide.'_Tho'spot
sweeps across theée bands,.producing a moduldgéd 1qtenéify'§rofile
reéembling ~a sine curve. The spot positioh is‘therefore measuféd

by <counting peaks from the Dbeginning of the sweep to give a
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fundamental reference to each 32 micron reference position, and by

)

time interpolation within the interval to yield a least count of I
micron, . Because the disc is'fothtingIWith considerable inertia, -

the étability of the time inte%poiétién over the 32 micron interval

is extremely good.

‘The‘ spot'moVes-élong the ert'at'a‘vélocity 6f 32 microné per
ﬁicrosecoﬁd. " The basic reference grating cycle has a frequency of
1 MHQ.“ A phésévlpcked oscillator 1s operated af the f%fth hafmonic
of  this frequénqy; and provides thé standard for épot:posltion;

causing a scaler to 'read directly in least counts whose slze 1s

very close to one micron.

The - HPD was chosen .over ‘a ‘'cathode-ray tube b(CRT) spot
generator ' for several reasons. Although the choice was made in
terms  of ‘the much. less well developed . state of “"CRT imaging

. i . . K ) .

tqchhiﬁues ‘that 'ekiétqd “in 1962,: many -of the® reasdnsrare gtfil
applicablé aﬁd ﬁouid cause a similar declsion thdayQ The
mechanipal §pof generq;or.offers long term caLibrétiqn stabijity i“_,
contrast to tbe CRT, whicﬁ iS‘subject té-distortioﬁé that change as
é function of recént'ﬁistory of uée. It was ﬁot péssibié in 1962
to gene;ate avspo§ of 16 micron diménstdﬁ'wifh a Ckf, ghd to.use a
.lafgep spoix woﬁ1d  have dbwngraded'the sigﬁal—tb;ﬁoiSGIratio for .
 hubb1e_ chamber data. Area vscanning requires ‘tﬁat thé entire
scanning »aréé ngCOQEred Qith a.faspér;’ The'épeéd‘of'mvasdfémenc
is_.therefore diréctly dependént upon hqw‘fag£Athe spot can move,

Because CRT phosphors Thave a slowly decéying,compdnent-in,their
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1ight emission as a,fuhction of time;.to move the spot és faptdly
with a CRT as 1is done:with the ﬁPD_would cause ‘a.very lﬁng tail of
luminéScent éhospﬁor 'to folloﬁ the spbt;.-wi£h  gfaye'-ldss”bf
contrast. The sbeed, of the spéf motion‘aiéb tequifes.é.véry
_iﬁtense spot, 'sinCé‘ the spof moves thfoﬁgh iﬁéuq1amé£er'ln about
500 nanOseéonds, and.therefére the.numger'of photéné is so small as’
to be.the pfiﬁcipal Compoﬁént in tﬁe éighal to noiéé ratio. These
cbnsideratipns,'qf ;réster.-stability,'Spot speed and intenéjty are
'eve; now  ya1id feéséhs fqr using‘thg HfD to generate the flying

spot.

The‘ outpu£- frém the HPD 1; iﬁﬁéﬁsity as a-fdhction’of sﬁot
'positidn;' The_iﬁtensity.of,the‘light-receiVed by a photoﬁpltiplier
Qiéwing ﬁﬁe }piaten ha§1 Been modulated by the imagéfph the f{1m.
This iﬁtensity bié;éxpressedbas,an analog vOltage_varying invttmé.
.:The -ébot'.bgsiﬁionlfscalé: is read.oup elégtrdnically to give the
coordinéte ofi;hg spot. . | / | |

The . cénte; of area of the intenéity profile is usédxto'define
tﬁe lééétién éf"'the .‘fééture' beipgﬁdigifized,.»A schemat{é
‘representation. of ‘tﬁe intensity t;;ce  is definédlin‘Figﬁfe 3.
Because bf  thé‘ rapid spof motion, thé‘inténsitj préfile has a
'éubstantial 'ndise compénent caused. by S;atistiéél noise. fThé
éentef of area 1is leésf affected by this random noise of all

"digitizing techniques.

Digitization 1is accomplished by .recording intormemory‘the
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scaler value corresponding to the  center : of area of-featﬁfes

"w" 1in the

encountered by‘the spot. The spop.cdordinate'is laheled
normal ~mode, "w’'" in the Qrthogqnal>mddc. A digitizing threshold
is established as. an . analog voltage. Whenever the spot voltage

exceeds the threshold voltage, the feature is deemed to have:bggun.

It. ends .when the 'voltages - return .to the inverse relationship.

Provision is made in the FSD for digitizafion éi£her‘of 1mages
having opaque feathrés .on a élear »backgrpund;v or e¢lse clenf
features on.an opaque background. The -image is best digittzed‘wheq
‘clear areas have  tFansmissivityv0f 80% or more,'and opaquevafeas
have transmissivity_ less than 20%. Because of the nature of the
petri dish iméges; whiph have small round featu:eé, digitization of"
these as clear 1images  on opaque background {is pr@fcrred to

eliminate problems of dust particles adhering to theé film.

Mofi&g dfvthé sﬁot across the ih%gé one'time‘is £ekmed a scan
iiné;  Thé rastéf“sdan is.comboséd‘df a}numbef of c;néecﬁtive scan
liﬁéé, .eaéh .scaﬁniﬁg :a. different areaiof the‘pictufo-due to thé
staggv'm6tionv between s;an lines.  The digitized'résﬁlts of a Qcan
iine  inc£uae the X 'of"Y ‘éoordinafé of fﬁe éfagé, depend1ng on
whether ;hé norméler 6rthogoﬁal mdde is;selectéa, f;flowcd by the
W or W' :cdprdinates of ali“ _éénters'of gréa for features 
_éﬁcnuﬁtered. Because closeiy spacéd féétutes may’causg chsecuftv§'
w's to occur too rapidly for tranémiésion to the computer, a buffer
memory collectsvdigitiz;ngs,frpm one scan line, gnd{trnnsmiésvfhem

to . the computer during the measurement of the following scan line.
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Two bufférs altgrhate to handle qopsécutive scaqvlinés; These
buffers.caﬁ cdntéin as m;ny a§ 120 w-valués; This limit was.choégd
as being several times fhé max imum number of fgathrgs’encountered
in bubble ;chamber images. It is equally satisfactdry for pétri
dish"ihéges. Electfonic circuitfy exists in the FSD'thch alqusA
digitizing.'df featu;é elemen£s at any spacing, 80 lﬁﬁg as.no‘mo;é

than 120 are enéounteféd.in one scan line.

Z_Digitizingé of-consécutive scan iiﬁes_comprise\the dafgvstreém
qf‘ ohé' sweep of ;he’ stage. ‘The first.ééan’ling.transmits the
scaler positibﬁ ‘corréspoﬁdiﬁg- to the vf{xed. stage " coordinate,
fbllowed  by that of the_md;ing codrdina#e and.the feature ceh;ers;
' Thg data .stfeam' nékt . has mqving  stage _éoordiﬁafe aha feature
dghters of.‘the 5secoﬁd  scaﬁ line, 'O;her  scan_-lineélfolwa;f
Depending .on'limagévsize'and:shaﬁ Liné sepérétién,.anywhere_frdm:a
few ‘Hundfed to several thousand scan lines édmprise'a.sﬁeep,zﬁhiéh
1s the érimary“ un1t of daté sent to ;hé computer. The.atfacbed}'
computer is .réquifed' to proééss the daté'%eream in real time, i?
-e.,, Qithinbthé-ﬁime framéwofk’established b& the FSD in.genetating
it;‘ Tﬁis ¥31necessafy‘bééadse the FSD éfage has 1argeiinertta; and
its sé:vo'>requires_several hundfed ﬁiiliééconds té_br;ﬁg it up to
~ speed or to stQp>it. To intefrﬁpt méasuremént'ﬁithih é sweepvwduld 
require fetfacing part of the. sweep éqd régtarping, a pfohibitiveiy

uneconomic process.

The FSD has a film' transport system which poSitions'the

desired 1image on the £1lm platen. Figure 4 shows the Berkeley
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FSD‘with its film‘ﬁrahspdrt and.film platen visiﬁle iﬁ ffpnt;of thg
operators. Provision is‘madé for rolls of filﬁ holding as much as
1000 feet of.film, so.tﬁat time 1oéfvin'filﬁ-cﬁéngidg fs.minimtzﬁd.
The rolls may .ha?e 35 or ZO mm film, >é1théf perforated or
unﬁérforated.. .‘Speciai platens “"have  bedcn uséd‘for film of
inférmédiéte sizes.i.'When the film ié peffératéd, the pdsitioning
is by means of the sproket Holéé. 'The.FSbiéhdiprogramé assume that
thc'imagés bear a fixéd}rélationéhip to the sproke; holes,'and that
they. are unifdrmiy spacedf Maﬁy bubble chamber formats include a
strip of line markings across the film Which encode roll ana frame
number. These allow film to be automatically positioﬁéd undér
control of the cohputér prbgram: When this data box'infofmétton.is
not 'inciuded in the film format, it is necessary for the operator
to. positiqﬁ thé“réll'vmanually before measurement of_Lhe fiﬁst
frame. Subséquenf.frames meeting the uniférm spaéing crtfcrta cén
then be poéitioned automatically. Unperforated  film fequires
special' markings t% be exposed alopg the edge of the film tﬁ allow

automatic cedtering of theé 'images.
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3.2 THE IBM 7094 COMPUTER

'vThél FSD is atfachéd online to anvlﬁﬁ{709441igcbmpﬁter. This
is a :1arge .scaie' general pﬁrpoée .cdmputer built Wiéh d[screte
transistor technﬁlogy, It Qas%uégra&ed“from'a 7090.compute( during
the early days of the;FSD. Its_speéd and éabééify are necessary.to

maintain the real-time relationship with the FSD.
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Several ﬁew prograﬁs wefe written to glLow use-of,the éxiéting 
FsSDh hardware to explore a variety of_pattern reéégnition
applicétioné;  .The programs which ﬁadvbeen used for bﬁbble'éhamber
work were sbecially'designedbfor the film formats éndviﬁfdantidh
contént uniqde to bubblé chémbef‘déta; A set programs_waé needed

that would control the/digitizafidn and handle the measurements of

a wide_variety oi‘poséibie film images.

The goal. of these programs was to meet the reél—time demands'
of- the hardware;_ to allow the power'of_a Largé gencral pufpoée"
combuter S to address ﬁhe pattern récognition probigm, Qnd to“
implément, procedures which. were sufficiently econbmical-dgxté be

directly -suitable for use in actual data processing applications.
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4.1 THE MEASUREMENT CONTROL PROGRAM

A program (701) was ‘written for the iBM 7094 compufer thét
would control.tﬁe measufement gnd'transmit thé digitizings in ﬁos£‘
compact form to tapé for subsequent _ghal&sis. It.is in this
pfogram ‘that the real-time éonstréints of the FSD hardwarermﬁst be
met. » These.liﬁit thé aﬁount of image procéssing thét.can bp done
dbncurfently with  the ' measurement. HHérdwére sensed error
,éonditions'aére’ dealt Qith,] usually by 'fbféing“ éome hardware
feiditialization, and repeéting -~ the measureﬁent of the ‘Image In
‘whichlghe error was detected. The'déta stre;m frbmfthe”hardware is
_analyéed 'for> vélidity while.tﬁeAdigitiéihgs of interest are'ﬁéing

abstracted for output to tape.

The measurement control program islshpplied»with a déck of -
control »ca£ds Wbich specifj the format and desériptoré of the film
VILmaées- to be digitiéed. Identifyipg labels as:roll, fra@é, and
imége se?ial number, together withvthe deséription of the image
'Aloéatiéns oh'the filﬁ are contained in tﬁe'COntrol deck. 'This'deck 
aléo contains ﬁarameters desqribing the number.and mode of the
ldigitizing sweeps, thé ‘digitizing-thresﬁéld, and the ;reé of the

imagé to be transmitted to tape for each sweep.

Under control of this program on the IBM 7094, the FSD is
“operated to measure’_the film., Once the proper roll of film has
been plaCed.upon-the FSD and has beeﬁ moved to the correct initial

position, further operation is wunder control of the computer



0O o U455 0400666

A.i - : THE GENERAL FATTEkN RECOGNITION PROGRAMS - 19
THE MEASUREMENT CONTROL,PRQCRAMﬁ u1
program. Sweeps bf the ﬁixstvimége are begun, and as each swecp 1s
made,. fhé digitizings vof the appropriafé area.éreyé;nn§;iftéd to
tape. The data stream ’is checked for scan line integrity, and
error flags set by‘the.hérdwaréfafe mqnifore&.‘.should any error of
sigﬁificance ‘be détécted, tHe'Vdigiﬁtzjngs'are.diScarded without
béiné ‘written to tépé;"and the_éweep is repeated, A sum@ary of
»ope;a;ionél andvuof aepepted‘érrors-is ga;heredbfor quality control

purposes at the end of the run.

The  odtpuﬁ  tape coﬁtains digitizings of thé specified 1mégé
aréa,. ..Eééh 'sweep' yie1ds a“blo?k of ﬁhjsical récords contéiniﬁg
diéit{zings. frdm, ”tonsecﬁfivé” 'scan lines. - Tﬁg 18-bit wqrdé
éhhractefiziné Xy and W coordinétés afe'storéd in order of the1r '
.dcéuraﬁge: Wiphin fhe.d8ta stream, except that théy éfe.pucked two
ber "36-bit  machine word. One  XY' and ali W Valuesvwithih‘the.
selected region aré written for each scan liné.'_A»finai record for
“each sﬁeeb éqntains a Suhmary’ of - ail fesets 'énd oﬁhef efrof
correciions taken ' by the program. Each image fields‘aiénnttguous
gr&ﬁpY'éf'véﬁysical recordé on fhe‘0utput tape. About 6,0QO,QOO
coofdihétés.-can be’ writtén dnl one reél of tape. The‘numbér of
ihageS' Qritten “per reél; depénds-.uponlthe'numbef of digitizinga_

contained withidreach‘image.'
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4.2 THE CALIBRATION AND MAINTENANCE PROGRAMS
Three calibration and maintenance.programs alsq¢opgrate'0n-the
IBM 7094 computet.,,Thgse programs were:déveloped for_use‘in'bﬁbble'
' ' _ o A :
chamber. 'measurement‘ control, and relate more.to the FSD hardware

thén to “the .particular. . kind 'uof' ‘data - beingf?digit{zed,

One‘_progr;m (434; ﬁéeékfﬁé éﬁo:ﬁeé§;¥é;éﬂg modés £o calfhrgté
the optics of the HPD. It does this by finding and ﬁéaéu}iﬁg.a
field Qf: fiduéials distfibutédw'throughqut,the placeﬁ]afea'to be
'_digitizéd. ALogétions, for‘yeaéh;fiduéiai are calculatd. from both
QrthOgdngi andvnormal,ﬁodes, ~The éqefficienms relating theﬁmicpon
cobrdiﬁate_ system,~¢ommqn'th'bOphﬁqués;:tolthe‘two modé;dependent
raQ :cbordiﬁa;e  sy§tems'Vare,¢then.,adjustéd by évlléasc-sqﬁareg
Eroéedure. Thé,p;ogfam rebeaté fhis.cyéle Of meééureﬁént followed
by c&lculationé uﬁtil.valiv~fiducial measufements &;éld:the éamé
values 1in Dboth modes within spécified folerancgs, _The'new set of
' coéfficiént$  is'fﬁhén;:punched. out -~ on cards_for.inclusion‘iq»the
control  de¢k .ofi-programf:701.. This,procedufe is ddne évéry,week
when thé _FSD. is, runn1ng continuously;,_1; pnly rare1y detect$ a
"significéné _chaﬁge_iﬂ tﬁeucalibrapionﬁcoefficients;'but}ls used t¢ 

certify the accuracy of the FSD digitizations.,

One- of the maintenance programs (431) 1s run just before
beginning a measu:emeht run. . It is used to check the FSD data
stream for ihtegrity., Even very low freduencyvintefmittanp errors

of digital transmission ‘can be found by the prbgram.' The second
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maintenance program (41l) is use d torcheck" the. analog track center

circuits and the interpolatlon osc1llators, which only infrcquently

RS

requifé a&jﬁstment. The program is used periodically as a (hock of

oy

the 'adjustment, and ‘as a ve;y_necessary analysis tool while the -

adjdstmentS'are being performed.
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4.3 THE DATA SEQUENCING PROGRAM .

i

The program CFIN gathere into‘contigdoue mords“alltdigitilings
from each local image area.‘ This program operates on the CDL 7600,
and is written in’ FORTRAN 1anguage.' It reads the tape produced by
program 701, in iwhieh data are ordered according to the naturai
progression of the FSD':ih heaeh,sweept For pattern recoghitionv
purposes,_.it iéh desirable-pthat digitizings forheach local area
vbeing consideredv‘be,hgathered together,.regardiess'of'which Swer
was thev‘souree._'Program CFIN- achicves this result by stnrlnr the
data in packed form ‘in the large core memory (LCM) of the CDC 7600.;
Provision' is ﬁaée b.to. overflow onto_“disc if the number df
digitizings pihv one .image. exeeeds the eapaeity”of;the LCM."fhis"
1imit'.i$ about 1,060,000 digitizinga; A@d is not reached in PETRI

data}

The program dividee'thebimage area intofsectors'and zones,. add
eollects- digitizings of‘ailiéweeps into theselgroopinga. Because .
the 'typical image may yield 100,000 digitizings, it is imposeible
forv.the. pattern 'recognition program_to store all. of the ptcturL
image at 'one time; 7. Sihce .the‘FSD produces digitizings'of-ode
picture regioh'ih at”leaet'two sweeps_thormal and'orthogonal);‘the
data stream ‘muét be reordered to gather_all digitieings of ohe
region together; | |

The .larger division unit of _the_timage is the eector.H'A

{

gretangular array of sectors is placed" upon the picture,'with scctor
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,siie being chosen so that' a ‘few thouéand dig{t1zings will lie
within thé typicai -séétorL  This choice 1is predéterﬁinéd'for a
giveh. class 'éf'inpuﬁ data. Becqpse.thévséctor“divisions are laid
out without breferencé to the§specifié 1nformatiod content of an
imége,7it'is expécted.that image'elements.wilL sometimés_be'dividea
into two or more sécfo;s. ‘The intent iS'ﬁo,have ‘the sector slze be
seQeral times the picture element sizé. For PETRI use, the image
is- divided into 96 sectors, eachuaboutljvmm‘square on. the Image.
These._form an arfay 12'_by 8 16 thé X. and. Y coordinates,

respectively.

The sﬁallervunit is the zone, which'normally is a sqpare'ﬁith
512 micron side. »Digifizings are ;epfesented by bebit eﬁtries
contéining two 9Tb££ fields of X and Y»cdordinatés and a 2-bit flag.
fiéld uwhich identifies the sweep modetof the digitizing. .Because
it 1s necessary to use 18 bits to describe a complete X coordfnate
in the ‘imége;. the digitiéings within the zoné aré exb;essed in a
coordinate system'who;e origin is at thg corner of the zonc. It is
tﬂerefore possible to pack three digitizingszinto onév60fbit word
of the CDC 7600. ATwo_other words pef zone give the zone iduntity 

and the origin of the =zone with respect to the image origing

The CFIN output tape containsAthe digitizinés orgaﬁi;ed intbv
séctors -aﬁd zoﬁes.‘ Eaéh sector is a pﬁysical record whdéc'lengfhb
is determined by the density of‘digifiéings in that picture'reginn.
The median value for PETRI data. is. agout 500 digitizings per

sector, The sector record contains one logical record of sector
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information, -and oﬁe logical-récord_forfeach_ngn;empﬁybzbné-within
the seétdr. The‘entire seétor:fécord is.ohitted 1f the sector iq'
empty of digitizings.7>. The sector heéderA'feEOrd cdﬁtains fhe~
ideﬁtity of .thef'sector,_-itSf refefehce. 10cat16n"inv thg 1magé
coordinates;-and an index to.the*variaﬁleJlengtﬁvzohe tecofds;:ﬂThe
zone redordsfcon;ain.tﬁe digitizingsvin‘théipacked“férmvpféV16uély'
described. The  physica1 reéqrds on-. tapé' contain record se rlaL
number, word Countu,aﬁd' a.final chéékword.to veriﬁ&-theeaCQthte

trangmission of data.
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4.4 THE INTERACTIVE DISPLAY PROGRAM

The program -PRISM operates on the CDC‘ 6600 cbmhuter'td
interactively display‘the'information of a CFIN tape. A Tektronix
4012 Graphical Display terminal . is used to interact wifh,;he

computer. The standard LBL interactive system SESAME (7) provides

the host environment .for PRISM. A standard graphics support

package GRAFPAC (8) Cis ﬁsed ‘td Oberéte' the ‘display.

.PRISM conducts a dialog with the_términal operator that allows
him-taumdve,from;image,to,image,_to Sgt_the displéy pa:ameters{ and
to display .désired vimaggs. Theidispléy may be made a;>any'sca1e
and  center, - and can shbw points from selected.digitizing modes.
chtér éna.zone‘béﬁndaries can BéuéhpérimpOSed uhder'contrdlfof the
Qpératdf.' 'Since'thé74012'ié aVStbragebscreen deviée,_no’cémputer
cost islékpendéd in refreshiﬁg~thé displéy és woﬁld be the Cése for
termi;alé théﬁ do no£ héQe this.property.

The'RRISM program serves two puf§oses: it allowsAthe:digitized_»

<

data: - ;to '~ be .studied .in detail as a graphic-presénpation, and 1t

"vservese_as__ﬁhe host execﬁtive for.. the"development of pattern

recognition. .programs for specific. . applications. .- Behnusg most

operations are more economically perfofmed on the CDC 7600, the
application program, . once. developed,_‘is:then transferred to the

larger computer for production runs. But PRISM still remains as a .

.very useful toqi for stﬁdying problém"imagés and testing new

, Jdmprovements,
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In July, 1975;.two petri dishcs*hefchélectcddés”h%ing typical-'
‘of those for which:automatic colony.couhtingvtechniques'ﬁerc to be
developed. - Thcée ‘wore 66 mm ddshcs;fhahing 3b°9ﬁ,106;¢9”ﬁt351e
colonies wcll distributedv throoghodtd thé.;diSh. » Onc dlsh was
'selecced—from a control set,:andhthe other:froﬁ.ovsct chat‘had hcen
exposed to.>a_ 560' rad;' dosc _ofﬂxfrayg.‘-Thisvdose_;as sclecced'
. - . . , S RN » ‘ A
because it lies below ;he 1% sdrvivalﬂlevei for cells irradiated
with X-rays on glass, and results in the.broadvdistc{buttoh of
colony sizes wéisce.éftef high doses. The dishes}wéfe ohotographod
using a - fine—graided, “high .contrésf emdlsioh; ﬂilluminntfoh}Wéo
from behind the'disheé:_'

Figures-S add_6hshow'photograph5.of:the‘cont?oi andjicradtaccd
dishes, .respectivciy. ) Ip_;may 4he‘seen:chat'ih bothwcpngrqliand
irradiated plctures, 'thé colonies are gencfalif todndvbsolid,iohd
are relatively'ﬁsmooth;edggdf : Their opacity is good éo'chat'thé
contrast to vthé' surroohding background 1s high._ .The background
fieid is'relétivély:clear of unwadtéd markS3'or obtical noiqe,feven‘
1h.ﬁhe 1rradiaced3dish;_ The photographs were made with 35 mm fllm,-
and théw :imagéé'_7are "therefore " almost exactly a" two-times
'démagnification 'Qf‘ the quiginal “dishesf 5‘1Thé>%aihmeter»bf'che'
colonies 15':épproximafe1y 'ZSOdmicfono’On':heﬂcohtfol'dishhimage‘_
There . are 'VéfY"-féw ,cloSély-épaced _colonies'ih etthér_dlsh;

One ’congiderable pfoﬁlém- in theoe photoéraphs is.the hcdvy‘

rind=-1like fing; caused by the refdections on the vertical wnlls of_;

the petri dishes. Qince the colonies ext nd 1nto the rind they
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cannot be .disxinguisﬁedgfrom-it onvthe_basiswéf their loqq;ion.in
the dish. 'The rindwis:VEry bréad»in thevphotégrhph,»and itsﬁedges
are uneven.. The;e are multiple Linesidssqciated with it. Because
the major ~band - of 'thg_ rind;,is very chh'larger thaﬁ,the.fsn’s
méximum,_digiﬁizingl-size ,of.AOO micfons; this pért 1§ drastically
supprcésed in the digitizings, ahd thevbglk of the points éome from
theﬁuneven:edges,of the. rind.. This éau;es;thé 16cacion of the dish
edge to be-quite qncertéin; and makes counting in the victﬁity:off
the edge to be inaccuréte; Several qttempts were made for the
‘progréﬁ tovloéaf;.thé.eégeé uéihg the uneveﬁ swaﬁh of digitlzings, -
Suf' confuéidﬁ. Bétween 'Eéldhiesv and edges alwayS 8ave uncertd1ﬁ 
discfimi;atian Vneéf the'iine‘6f‘diﬁision. It was deéided t0ﬁsQ1ve
thig probleﬁ By‘changiﬁg the diéhléhapé,-and’no fuftﬁer effortvwas

taken in the'progfam to remédy this probleﬁ,'
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- The —colony COUnfing-pfbgram PETRI  was devéldpg&ﬁon.whe‘basfsi
of ﬁhe two Sample'diShés‘just desctibed; &it-was-rebognizud that
the sample data ‘base’ waS"small,."hutf~itﬁfW5s‘lfeltthhut-rtHe
development of a relatively simple iprogram to cbuﬁt';his ltm1tedV
case wbdld:be-uséful in poiﬁting the &ay tQWafd improvemenpéxtn”thé
techniqie not ' only in tHe soffwafé,“ﬁufTin'phe.preparattbnaof the
dishes and 'in the ﬁﬁotoéfath'aé Qell;; Aﬁd indeéd‘éuch-hné heeﬁ
the casec. | |

PETRI accepts data in thé format.éf‘the%CFTNbéutput thO,f;6d
performs two pr1nc1pal ope?atiéns,;f gétheriﬁg thc ﬂigttiainp‘finco
clusterﬁ, and :identifying" the‘clﬁsté;s. It was developvd wiLhin
the .CDC >6606 ‘ﬁbst progrém PRISM 'ana;£h§ﬁ tfansfe?red‘to‘thé: :bC
7600 computer fof operation on larger quan£1£iee of dé;évkh;n JAfew
.frames. The flow Qf data through thé en;iré‘;;stem 15 éhowﬂnin

Figure 7. o . o | .

Due to the center-of-area digitization by ;he_FSb,.colhnies
are peréieved in skeletonized forh.-‘This is 111ﬁs§rated in figure
8 for an‘isdlated colony and férytwo.cdionieéllyiﬁg closevfo each
‘other. | The size -of thei.coldhiesxpﬁ the film iﬁagé, about 25b '
miérons,b éllows‘ about eight sweepé.pfveach mode to'iﬁtéfséct'the-
ﬁolony when 'the scan line.épacing is 30 microns. Thesevgive'f1Se
to.an equal number of digit1z1ngs, to form a:characteristic "¢féss"
S in the graphical d1splay. Usually a few additional digitt ing% are

produced from intersections of the scan line with irregulan edges

or other imberfectioné_in the colonies;'_Therefore 20 digitizings
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are cypicq;ly peceived.fo:.colonies of average size.

Digitiéiﬁg;  6f ihdiﬁidual ihagé feéture eleménfs ére:g5tHéfed
into ‘éeparate liéts by a proces;lbcalled vaElqstering"; The
clﬁstér&ng algofithmAused is s{mple in drdef to sa?é computer time
qhd memofy bspage. ff§ HOBjeétsvts._ﬁo 'gathér ,inéo a Iiét all
.digitizings lying» close to_éaéh_otﬁér, but separated by some gap
‘dimension frém"all éthe: digitiziﬁgs.in the image. The algorithm
bégins_ in the first zone of the figst sector. The first point
.initializes (ppens) the first cluster. A cluster region is defined
that gxtends a disﬁance GAPX in both X—cpordinate directions, aﬁd a
disténce GAPY viﬁ.,béth Y—boo;dina;e, dire;tioﬁs from the point.
The next point is cbmbaréd, to éxisting open cluster listsg, and
eifher .added' if it lies  within - the region defined.for an open
clustér, br else it is used ‘to dpén a néw ¢lu$ter definihg a new
region.i When a pqint is added tbvan‘existing cluster, the regilon
défined 'fér ”that' ciustgf ié‘ exténdéd, so tHat a border of éize
deﬁerminédv by GAPX énd: GAPY is always méintainéd; When the
additibn' of é new point to.én exiét{ng cluster'cauées?tWO cluster
vrégiogs‘ ﬁd_.oVerIap,  thé cLQsters dré ﬁergéd; and.fhcir.lists,aré
éombiﬁed.w A_single:rétaﬁgﬁlaf régiqn is defined with a gap of thé
;éme ;size"aé before sufgohnding'it.i The seafch is éontiﬁﬁed.for
all points»confained in the zone. fAt.the éompletion of ehéﬂ idﬁe,'
all ldpen clusteésvaré examined. Thééé“whitB do ﬁot.extend 1ﬁto.a5
yet unsearched zones are cloS?d. to Eunthef additions;'andvére

written to an intermediate file. Only active clusters reside iIn

R
31
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core memory during the <clustering process. The procéBSfis then

continued to the mnext -zone, and to thé next sector. When all

‘'sectors of the imége ,havev been pfocessed,» the‘remaining,openf
clustersv'afe.closéd and written to the cluster file, whiqh'ts,then

rewound to ‘prepare for the next phase of the PETRI procedure.

Each cluster in turn is analyzed to determine its identity.

Only three "identities are presently fecdgdizéd: single .colonles,

double colonies, and "6ther";_ It was felt that it is better ‘to -

develop “and Qberaté this simplistic model ‘than tO"delay its

operation while devéldping ‘more ‘spphisticated_ models while not

having "yet sampled enough data to  gain realzinsight into_thév

problems which otﬁe:ldatajmight present.:'

:Recognition"of the number of colonies within a cluster is

based wupon the nature of'the,skeletbns formed by the_digitlztngsg

A single colony is cross-shaped, with the normal mode digitizings

comprising the vertical bar, énd the orthogonal mode'digittzings

comprising the horizontal bar. ~ In the graphical display, ﬁhe

X-coordinate 'is vertical, directed.downward;,theercoordinatu is

horizontal, directed . to the. right. The dispersion about the mean
for the choofdinate of the normal :mode points'”i$>émall'for

skeletons having a single vgrticél bar."SimiléfLy, thé diSpefsion

“about the mean  for the X-coordinate of'orthogonhlvmode points 1is

_Smatl for skeletons having a single "horizontal bar. Clusters

containing only one colony .are therefore chéracterized by small

dispersion 1in both . dimensions. ~ Clusters with two colonies will
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have large dispersion in at least one or the other dimension.  The
classification "other" 1is applied to very large clusters having
larger -dispersion than - expected forf.double ‘colonies. These

primarily result from portions of the rind.

A size 1is associated with each cluster'whicﬁ is the mean of
the lengths of the skeleton bérs in the two diménsions. This 1is
simplistié for - clusters having two,goloﬁies, but the freqﬁency of
such‘features in the samplé‘dishés was sufficiently Sﬁ&ll that this
was unimportant for these dishes. It is one of seVerﬂlv&etailg
which need- étténtion before the prograﬁ is feady for éxpeflmental“

data.

Those exberienced in.counﬁing of colonles by‘hand asserf_fﬁat
size ié a sufficient criterion for détgraining which colonies are
td .b¢'~counted. Tﬁé-ﬁrogram is baéed hpon.this aséuﬁptién. AIL
ciuéters are tested against a " size - threshold, and thosc which
exéeed this are counted once.if siﬁgle, and twice 1f double.  For
conyeﬁiencé,..ten -thresholds. are used by the ptogram,'so'that ten

¢ ' ) e
different counts are obtained as a ~function of  silze.

The progfam PETRI yields-as oﬁtput'a listing of ail clustefé
in. the}imgéé'whose dimension is-greatér‘than some small.threshold,
énd gives for these their identigyvnumber;vcoordinate ibcattdn,
class, aﬁd ‘size. For each. 1mage_ithe total couﬁt‘ptevipusly
described . is  listed, aiong withlidentifying numbers wﬁicﬁ relate

the counts to the film images, and thereby to the actual dish
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7. TECHNIQUESVIMPROVINC THE PHOTOGRAPHIC IMAGE 33
During t he time in  which ‘the PETRI program was being

developed, .several modifications‘ in technique were made with the

intent of {improving the <contrast and measurability of the fllm

_images. Since-sdbstantial numbers of photographs are expectéd to

- be - measured, attention. vas given  to making the task of

photographing the dishes one which would be as routine as possible.
A’ Flight Research camera; capable of automatic operation with long

rolls of 35 mm film, was adapted to.this use. A jig was destigned

- which will alldw_rapid positioning'of the dishes so that the images
‘yill’ always bear the same relationship to the framec indek

perforations. A variety of emulsions and exposures was tested on

the FSD to find optimal settings.

The problem of ‘the rind was obv:_[atedY at least in the next
intended ;groups‘ of dishgs, by deveLdPing'a te@hﬁiquo of center
plat[ng; ~ In this, the tisSug'cells érevinnogulated,into oﬁjy the
central region of a 100 mm petri dish, Instead of swirling the
dish to distribdte the sample, the innoculating pipette Is used to
metef thé sample 'thrbughout the central 60 mm pqrfinn_of the
cultufe mediuﬁ; The »procedure"gehéraliy Qorks Qell,vand can-
produce relatively weli distributed colonies {n_the dishes. Tt
dqes_ have .the drawbacks of‘usiﬁg larger and thus more gxpensfve_
dishes, with more nutrient med ium and more incubator épace. Tﬁe

plating technique on the larger dishes 1is also more tedious.

A better 501ution to the rind problem is prbbably found In the

design of a new shape for the petri dish. By sloping the dish
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bottom doﬁnward. from'the dutside'wail for seVeral hillimeferé;_sd'
that 'only the»centfél bortion of'tﬁe'dish is flat, it 1élprobaﬁl§i
possible to'bre;enf adheraﬁce 6f the‘qolonies ciosergﬁ the Qaiiféd
that cblonieé and findﬁ wili ’occhy»mutuaily'éxciﬁéive regibﬁé;
Such a dish hés Seen desighéd by Jaék Guﬁﬁ and CédrgeyﬁatésAéf_the_
MechanicaL Engineering Dépagtmeﬁt at ﬂBL; xﬁut Hésindt yétrﬁeen'

tested.

An"improvemént.'was made to the'sgaiﬁing tecﬁnique; .To get
maximum 'contrasf'tbetween _colony. aﬁd bagkgroﬁnd,‘che‘dighe3'wcré
rinsed. inb tapf water after staining. . This pr@cedure rembyed thg
- somewhat mottléd appeérance‘ found 1in. earlier ;diéﬁes;' and d1d
improvg Qontrast. It has the hnwanfed propefty of washiﬁg awayvtﬁg 
centralAregioné of Sbmé,célonies: leéving ém§ty circies'qr'"dqﬁuts"'
in. the film.ihageé. An‘adjustment was'ﬁade:to PETRI.t0 reducg if&;

propensity for didentifying. these features as .double clusters.
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8. A NINETY DISH EXPERIMENT . - 35

'Film of dishes especially prepared for ?SD measurement became
avnilable in Febfuafy, 1976. Twovtissue strains were used: 49 .
dishes _coétaingd' T1 strain . human . kidney VtisSue, and 41 dtghes
contained V79 strain Chinese-hamster Lung‘tissue; The disheé were
appfoximately equéllyj' divided | between contfol and irradiated.
sampleé, with 25 control dishes for each strain, and 24 Tl strain

s

.and 16 V79 'strain irradiated'dishes.; The rédiation dose was 500 

rad.. in all cases. "The =~ dishes ~were prepared using the
centér-plating and tap water :rinsing techniques previousiy
described. . The first dish from the Tl control series 1s shown 1in

Figure -9, and the first dish from the Tl irradiated series is shown
in TFigure .10. We identify’ these dishes as TICIL and TI1X1,

réspectively.

" The 49 dishes of TI1 culture'were‘digitizedfin two Sepafnte
run's -~ having }subétantiallyv different analog thresholds. The runsg:
-Qere made .. at different'_thresholds: to démbnsfrate that_counting
pechniques do not critically depend upon threshold nor phbﬁographic
exposure. It ié convenient to identify the runs by the nnmq of

their data tapes. CFIN25 digitized the T1 1images at high

threéhold,- resulting 1in smaller apparent Colony‘diamétérs'uﬁd‘the 
supression of.féint or small image featufes. CFIN27 diéit{zea the
same Aiméges indepeﬁdently of the preVious ruh, at a low threshold;
so  that small and‘.féint featﬁreg were inéiudéd,‘ ahd' colony

diameters appeared larger. Similar high and low thréshold runs

were. made on the V79. images. These' were labeled CFIN26 and
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CFIN28; respectively. A final‘'digitizing run’wa;“hade.qt fhé_same
,time,'with.the low threshold uséd'for’CFiN27 add'CFINZS,‘bfocESSing
onl? the first 1image of each of the four series of dishes, Tﬁis
run 1is labeled CFIN29. It alldws cOmpafiSOn'pf two indépeﬁdenf

measurements having the same ‘instrumental settings.

Displays of these digitizings are con;gined'in sevgpaljfigufgé'.
which.'follow.' Figure Ilbshows CFiNé9 digié?éings_of”the firét T1
control 'dish‘ (T1Cl). This display.was made by.tﬁe program PRISM,
uéing the-Tekﬁroﬁix 4012'G;aphical Display terminal.' A part'of‘the.f
same image, .bUt digifi;e@ in the.CFLNZS run at_high.thfeshold,.is

shown in Figure 12. For reasons that are not entifely clear, the

colony Himages on this film are hot uniformly opaque, but{#how'“

considerable -amount- ofA'structure. - The crdss—shaped digitigings
~which héd characﬁeriZed previoué'.péﬁfi'fdish :1méée5'afe not as
dominant as expected. The:edlarged display.givesiiﬁdicgtfdniéf the
ambunt -ofxstructufe detail ﬁigitized ih tHé,pic£urq§._'fhé p;dgram
still gi?ésv reasonably satisfactdfy‘ performance, 'aﬁd was ‘not
“changed since futurévvimaggs “are expected'toireturh‘to‘;he'mbfe

disc-1ike - shapes which prOdﬁce the ‘ idea1ized skéletons,

Digital displays of the first irradiated dish of the Tl series
(T1X1) are shown 1in Figures 13 and 14. _Again,-the full dish
display is from the low threshold run CFIN29} and the enlarged

portion from CFIN25.

A comparison of the diameters measured at the_samé thr¢$h01d
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setting fof single coloﬁieé in the.uﬁber'hélf-df TIXI waé ﬁade,'and
is plottéd in Figure 15. Coiohiés wére‘mafched'by ﬁﬁeir'cbqrdinate
Locatibns: in the two'measuréments; and sizes frém the CFIN27.and,
.CFIN29 tapes were compared. ~The differences 1n,diametef between
colonies of. CFIN27 “and thé'meaﬁ of”;he two runs wefe calculated.
The standérd deviation of these differences is 10.2 microns. When
Onev'recalls.that.the scah'line spacing‘is_30 microhs, and that thé
scan rasters.«havé an arbitrary shift in zero causing the linéé to
fa11 randomly'in the tw§ digitizationg, pne.wbuld expeéf this Galuq_

to be near 15 microns.

Combarison of diémeters measured vat ﬂifferent- Ehrésholds
iﬁciudes' ‘not only ’instrumental | scatter - but %Lsoj[ntfinsic,
differences 1in the opacity and structure of the coloniés, " This is
 most pronouﬁced.in tﬁe 1arger.é§10niés Qf thevcontgql_diéheéf 'Such
.a -compérisén is":shown in ‘Figure 16, with data from.CF[NZS and.
CFIN29 .fof dish TICl. The‘most obvious feature isbthe shift.nﬁ
approximately - 100 microns 1in colony diameter,ﬁwhich rQSults.from
the difference in digitizing threshdld. Thére_is_mbre prpnouﬁced
scétfer' in the‘distfibution, caused by different opacity grédienps
iﬁ _&ifférent colonies. Some colbﬁies 16 the ﬁhotograpﬁ'arg grey
whilé others afe black. 'The.standérd:deviatioﬁ of CfiN?S diame£ef§

from the adjusted mean for individual colonies is 46 microns.

A study of measured colony diameters in ten dish samples was
made. Figure 17 shows results for the first ten control and the

first ten irfédiatedf-dishes*‘of the CFINZS digitizatton. The
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distributionv'of ‘each 'sample into the variéus size‘groupings is
shoWnr as percent bf‘the total sample. As is eXpected,'the>control
dishes " 'show é” sharp peaking . of si?e in the ﬁé1ghborth¢mof :0Q
microﬁs,’ while the irradiaﬁed dishes éontain ¢oLonies which'bccome
muéh' ﬁore frequent with débreasing size.  Figuré‘L8 glves the sémé
distriBution for the CFIN27 -digitization. .Hére the control dlshes‘
have «colony sizes ciustering’arAUnd 400‘microns;' This 100 micron
difference 1in apparent diameﬁer is dué to the different‘digttt;ing.
threshold in thé' two runs. Tﬁe'saﬁe»compariSOQS-were madé for
dishes of the V79_'cultures,'and are showﬁ‘iﬁ Figures lé»and 20.
fven though these -coloniés have a'differeﬁf edge\structufe, the
difference béé&een diémegérs of céhtrélg 1s'nndt. féf from 100

microns.

The" dishés of'“thé Tl cultufe were:qounted twiCe‘by;hqnd,:aS
wéll .as”_by the automatéd:technique in the runs CFIN25 andACFINZZ.
VThe' Hand counts -were - performed independently by LQo_persoﬁs.whu
have -had much eipetienté' COuﬁtingv disheé. ‘Agreement was made

before counting as to ‘the minimum size for inclusion in the counts.

The = machine’ counts were ' functioﬁs  of thevminimﬁﬁ.size
phpéghold; 'A“ cénstant 160 micfbﬁé'was.takeﬁ as repreéght{ﬁg ﬁﬁe
diffe?enée in size bét&een.the tyo rQns, baseé ﬁpon ;héldifferengé
in size observed.ip the c&lonies'pf Tin (Eigufé 15); and onn‘the.
_differehée bétwaen "‘peaks 1n.tﬁe’c05trol colony size distrihutiﬁnsf
(Figures ~ 17 and 18). éhe‘machine couﬁts'were ;hefefofevdeterminéd
by the choce of only one threshold»pafameter. ‘Tﬁis was chosen so

t
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that the nuhber of colonies counted in ;he §9h;roi dishes of the
lesaméle; éveraged between the CFIN25 aﬁdFCFIN27 runs, equaicd the
avgrage‘ of thé .haga counts for tﬁe same dishes. “The final value
was theﬁ roundea £6 ‘the neérést 10 miérohé; For CFIN25, the

minimum size counted was 140 microns, whereas for CFIN27 .it was 240

microns.

A comparison  of the -~ counts.  is shown in Tahle T.
Table 1

COMPARISON OF Tl .COUNTS

Control (24 dishes)

Hand count (EB) . 152.5 clomes/dtish
Hand count (TY) ~ . 1s53.8. v
CFIN25 (High thresh, 140 mu) 151.8 . "

CFEIN27 (Low thresh, 240 mu) 156.5 "

‘X;rdy (24“dishes)'f

"Hand count (EB) U 103.0 clones/dish
" Hand coﬁht'(TY) ' o 92,9 "
'CFIN25 (High thresh, ‘140 mu) 96.2 2

CFIN27 (Low thresh, 240 mu) - ~ 93.6 N

These entries reflect the _averagevbf the counted dishes of each

series., 1t may be noted that the count of irradiated clusters made
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by ‘machine ‘lies quite ‘close to fhat' '6btained_byvﬁand.,

Sé that the variation ,ip coqnts from'aish to dish canibé
studied, the}coﬁnts ape_plo;teﬂ_in Figure{21 aé a fgﬁctibn of dish
number. Foﬁf_cqunts are.plotted for each dish,,refleqting the_two'
hand and two machine values. It may be seen thé; the hand ébﬁhts.
agrée bquite weil_.with each ofher, having a‘calcu1ated avéfager
déviation for #he tonffol dishes éf .3, aqd-for fhe irradiated
~dishes of 8. The machine countsrélso gi?e gbod internal agfeémcp;,v
suggesting that the efféécs of diéi£izihgjthresholdIUpon coJony 
edges are well compénsated;by the 100 micron thféshold'differéﬁce{
However, the maéhine and hand counts . agree less weli-thah:dh eifhcr
series alone. The average deviatipn§v1n count céfctlateq for the
twol scries QEB" and CFIN27 are 9 and 25 for control and 1rrudldted‘

dishes, respectivelyf

The differences between _Hahd .ahd machiﬁe céuqtsAalmOSt
cértéinly reflect more subtle discriminétiqns thaﬁ size aloﬁe 66
the part éf those  making the hand'cbuﬁts._ The most gigﬁiftcant
differences betwéen counts are in dishes fiXS and f1X9,”where.thé
CFIN27 count exceeds EB by about 15%, and in-dishes;Tlxla éhd_
lelS, where the maéhine- count 1is about‘SOZ smaller than EB. A
detéiled‘ sfﬁdy of these comparisons has not yet been made. To_dd‘
'sé will require mapping the colonies meeting thé hand counting'
criteria,. and étpdying the machiﬁe’.measurementg on a colony by
colony basis. No obvious features distinguish ;hesevdishes from

other dishes of the experiment, as can be seen by studying Figures
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“A Ncoméatison‘ of the' maéhihétéo;ﬁfs for'thg_V79 cuthre'was
made aisb;’aﬁd is showﬁ i%.Figﬁré 26.i No.comparison was madé with‘
hand cdunts éér tﬁese.: ﬁecaugéhgﬁe édges of the.V39 célqnies havgﬁ
»differént véppéaraﬁce grbm .those of thé' Ti strain, it ts not
‘suprising ;d find that thé éamé differéﬁce in size used toAcofrect
fé; threshold 'differehcés wduld no£> be applicable.' The figuréf
-shows that using a 5ubs£antialiy largér minimum size of 444 microﬁs
for coﬁﬁting ‘tgevvcontrolrdishes brings e#eellent'agréément. The
seémingly laréé juﬁp in»minimﬁm.féduired to bring agfeement.is 5
~consequence of the deep valley near.size 250 migrons in Figure 20.
The value of 444 microns was chésen to force the counts of-CﬁINzé
and CFiNZS.into‘agreement for the control diéhes.’ Agéth it appears
that’ the machiﬁe counts agree very well for the.two runs, even at
Qtdely ,differénf .thfesholds, once the constant différencc Ln,sizé

due to threshold is taken into account.
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The. Flying Spot Digitizer has been tused 'succéssfully_to
enumerate normalvand irrédiated human_cell c@loniés. In addition,
clone size distriputioﬁs havé'teen measuréa 6;et'a widetttaﬁéé‘thﬁn
is currently _availaple with cqmetéially_Atgilabté;syét;ms..-éoﬁé
information . ~on the clone 'shape‘ ;ndt gtructﬁre‘ hé?é -aiéo beeﬁ
obtained. ngéthér'.thege.m?asutements pr&yidé'neﬁ.daté wtich:got
beyond thatltp_which.radiétionvbi;logists.tsuaily have ﬁcceSS.._fﬁg
FSD, which waélvdevelopea in the Ph&sicéthviéiéﬁ of LBL Q{tﬂ tt;
financial ;SUPPOPtH ot' the U. 'S.. Atémit.;Enéfé§ ACo&migsibﬁ, is‘
,availéﬁle fot .the tetati?ely. médefatéw.c;;tt-ot tbperatitn ~and

maintenance.

There are some drawbaéks‘With fegard‘tofthe gée of“tﬁ1s system
for colony vc0uhtiﬁg. _ 'The"IﬁM '7094'qqmp0ter is bulky ‘and old.
Maintenanéé ;tosts Varef'higher fthantwould”bejthe,caSevEor'a‘neWett
computér;‘ hOWeVer,f“thet higﬁ spééd»of3opération,féfftgieﬁt use of
memory,Aaﬁd'capaﬁility'fof ptecisg:measuremegtsibf‘the'tbtai'syétem"
warrants vits. sériods 'conéideration fpr!coﬁntingbof ceil.clones,
It shbuld a;sq be mentioned-that becauée”the FSb—PETRL systém'uses_

film;v.it can analyse data obtained remotely at other laboratories.

Analysis of _biologiqal' datau has 'béeﬁjﬁade feasiblé Byt
supplementing the FSD aﬁd its'genéral pattérn recognition brogramé
with the néﬁ_ cémputer‘ program PETRI;‘ t A ﬁtoccdﬁrg.thés:beeh..
developed whereby human cell colonies grdwn_ii Vitro aﬁd stained
for contrast, are photogtaphed on.long.sttibs of 35 mh‘filmtb Thé
FSD-PETRI system digitizés and anaLyéés the'colody data; Thtrd'nré
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three threshold settings which_éan be mqqipulated in tHisvs§stém:_
(i) the. light intensity setting used'fbf digitiziné':he colony
pafﬁefns, (2) the‘distAnce threshold ﬁsed to resolve‘the integ;ity
ofv the digitized éLusﬁers, and (3) ﬁhe thréshold setting used to

determine the minimum colony: diameter to be enumerated. .

In a single ninety dish experiment, prelimihary”tests were
made at various threshold settings in ofder to find agreement with
counts ~of the colonies made by hand.  One groub of threshold

settings resulted in colony counts which shqwéd a high degree of

correspondence between hand and machine counts of control and

irradiated human cell colonigs.'

wdrk téward continuing improvement of tﬁe cIone iaencificdc1onW
algorithm needs ‘to be done;1 but frqm:'thié early progreés,'we
conglude that the FSD-PETRI sysfeﬁ holds pfomise fof 1cs sﬁccéssﬁul
use ‘as‘ a ‘means of routinely enumerﬁ:ing cell colonies grnwnfnﬁ

petri dishes, more rapidly, with greater objectivity and;providing

considerably more information than 1is possible with hand counts.
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