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CALIBRATION OF CAMERAS AND MULTIPLEX AEROPROJECTOR INSTRUMENTS

BY
T. P. PENDLETON

(PAPER PRESENTED AT THE ANNUAL MEETING OF THE AMERICAN SOCIETY OF PHOTOGRAMMETRY

JANUARY 18, 1937)

A E R I ALP HOT 0 GRAP H Y HAS BEE NUS E 0 CON TIN U 0 U SLY B Y THE U· • S. GE 0 LOG I CAL SUR -

VEY FOR SIXTEEN YEARS OR MORE 'AS AN AID TO THE CONSTRUCTION OF TOPOGRAPHIC MAPS.

DURING A LARGE PART OF THIS PERIOD, IT HAS BEEN jELT THAT THE WORK O~ THE TOPOG­

RAPHER WAS FAC1LITATED ~Y THE USE OF PHOTOGRAPHS AND INTEREST HAS OFTEN BEEN EX­

PRESSED AND SOME STUDY CARRIED' ON IN PHOTOGRAMMETRY AS A BASIC MAPPING METHOD.

DEVELOPMENTS ABROAD AND AT HOME, ESPECIALLY DURING THE PAST TEN YEARS, HAVE SHOWN

VERY CLEARLY THAT THE GREATEST VALUE OF PHOTOGRAPHY TO THE MAP MAKER DOES NOT LAY

IN ITS HELPFULNESS TO THE PLANE TABLE OPERATOR, WHIOH IS VERY MATERIAL, BUT RATH-

ER IN THE POSSIBILITY IT HAS FOR THE tiEVELOPMENT OF NEW AND BETTER ~AYS OF PRO-

DUO I NG MAPS. T HIS VALUE OF P HOT 0 GRAM MET R Y AS AN OR I GIN A L MAP PIN G METHOD I S NOW
MORE GENERALLY REOOGNIZED BY PERSONS IN A POSITION T'O JUDGE or THE ADVANTAGE THAT

WILL'BE DERIVED FROM SUOH USE. IT IS BELIEVED THAT THIS INCREASED APPRE91ATION

OF THI S METHOD WI LL BE SHARED ALSO BY MAP USERS OF THI S COUNTRY AS SOON AS TOPO-

GRAPHIO MAPS OONSTRUOTED BY PHOTOGRAMMETRIOAL PROOESSES HAVE BEEN RELEASED FOR USE
BY THE GENERAL PUBLIO. THE ADOPTION OF THES'E NEW PROCESSES, WITH THE IMPROVE­

MENTS THAT MAY BE EXPEOTED FROM TIME TO TIME, OARRY WITH 'THEM THE PROBLEM OF MAK­

ING AND CALIBRATING MAPPING CAMERAS THAT WILL SUPPLY PHOTOGRAPHIOREOORDS OF A

SUFFIOIENT DEGR'EE OF AOCURACY. IT IS NECESSARY TO STUD'Y' THE PROBLEM OF OAMERA

OONSTRUOTION WITH THE V,'EW OF INDICATING TO MANUFAOTURERS THE QUALITY OF THE PHO­

TOGRAPHIO REOORD THAT MUST BE OBTAINED

STATEMENT or IDEAL REQUIREMENT
PHOTOGRAMMETRY OAN ONLY ATTAIN ITS GREATEST USEFULNESS WHEN THE ~ATTER OF

MAKING THE PHOTOGRAPHS IS APPROACHED WITH THE PURPOSE OF REOORDING AND PRESERVING

THE TRUE ANGULAR INTER-RELATION OF DIRECTION LINES FROM THE CAMERA TO THE INFI­
NITE NUMBER OF OBJECT POINTS THAT MAKE UP THE VIEW. THE EXACT PRESERVATION OF

THIS BUNDLE OF DIRECTION LINES PRESENTS PROBLEMS THAT MUST BE SOLVED JOINTLY BY

THE OPTIOAL DESIGNER, THE MEOHANIOAL ENGINEER AND THE PHOTOGRAPHIO OHEMIST. THE

POSSIBILITY OF ATTAINING GREAT .ACCURACY IN THE MAPS TO BE ·DRAWN IN TH~ FUTURE IS

DEPENDENT TO A GREATER DEGREE ON THE SUOOESSFUL APPLIOATION OF PHOTOGRAMMETRY TO

MAPPING PROBLEMS THAN ON ANY OTHER SOLUTION THAT OCCURS TO THE WRITER. HOWEVER,

INCREASES IN AOCURACY OF MAPS SO OONSTRU·CTED OANNOT BE OBTAINED WITHOUT OORRES-
PONDING INCREASES IN THE PRECISION WITH WHICH THE BUNDLE OF D,IRECTION LINES'IN

THE VI EW CAN BE REOORDED AND LATER MEASURED I N THE LABORATORY. SO' THE OAMERA BE-

OOMES A SURVEYING INSTRUMENT IN FAOT AND MUST BE SO REGARDED IF THE FULLEST AD-

VANTAGE IS TOBE TAKEN OF THE POSSIB'ILITY THAT 'PHOTOGRAPHY PRESENTS. IT IS NOT

TOO MUCH TO EXPECT THAT AS A SURVEYI NG I NSTRUMENT THE CAMERA BE EQUAL IN CON­

STRUCTION AND ADJUSTMENT TO OTHER SURVEYI NG I NSTRUMENTS AND YI ELD RESULTS OF OOM­

PARABLE PRECISION.

SINGLE LENS CAMERAS OF AMERIOAN OONSTRUOTION, IN OOMMON USE TODAY, WITH A
VERY FEW EXCEPTIONS, CAN HARDLY BE CONSIDERED A.S SURVEYING INSTRUMENTS. THERE IS

NOR E A SON T 0 B'E LIE VET HAT THE R E QUI REM E NT S T HAT MUS T B ,E MET ARE BEY 0 N D A0 0 0 MP LIS H ­

MENT IF 0 I RECT EXPRESS I ON OF THE CHARACTER' ST I CS THAT A MAPP I NG CAMERA SHOULD

HAVE CAN BE BROUGHT OUT BY DISCUSSION. IT IS BELIEVED THAT AN EXPLANATION OF THE

NEED FOR OAREFULLY CONSTRUOTED OAMERAS WI LL GO A LONG WAY TOWARD SEOUR I NG THE

NEOESSARY IMPROVEMENT IN DESIGN.

THE ESSENTIAL PARTS OF AN AERIAL MAPPING CAMERA ARE THE LENS, THE SHUTTER,

THE CAMERA CONE, THE FOCAL PLANE, THE FIDUCIAL MARKS AND THE FILTER, IF ONE IS
USED. EACH OF THESE PARTS OF THE OAMERA WILL BE CONSIDERED BRIEFLY WITH T~E IN­

TENTION OF POINTING OUT THE NECESSITY FOR CERTAIN TYPES OF CONSTRUCTION TO MAKE

POSSIBLE THE DESIRED PRECISION IN CALIBRATING THE CAMERA FOR USE.

THE LENS

--- -rHE LENS SHOULD BE WELL CORRECTED THROUGHOUT WITH SPEOIAL ATTENTION TO CUR­

VATURE OF FIELD AND DISTORTION OF THE IMAGE. DISTORTION HAS SUCH A DETRIMENTAL

E I" F E 0 T ON THE USE . 0 F . P HOT 0 GRAP H S FOR THE PURPOSE WE HAVE IN MIN DT HAT EFFORTS

]
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SHOULD BE MADE TOWARD ITS ENTIRE ELIMINATION INSOFAR AS THIS IS POSSIBLE. CUR-

VATURE OF FIELD SHOULD BE:- MINIMIZED ·TO SECURE THE MAXIMUM SHARPNESS OF IMAGE

WH I CHI.S 0 N L Y P 0 S SIB LEW HEN THE FIE L 0 I S F L ATAN 0 CAN B E B R0 UGHTINT 0 COl N C IDE N C E

WITH THE FOCAL PLANE OF THE CAMERA. FOR THOSE CASES WHERE A MARKED CURVATURE EX­

ISTS, A RECOMMENDATION SHOULD BE MADE BY THE TESTING LABORATORY AS TO THE PRINCI­

PAL DISTANCE TO USE SO THAT THE SETTING OF THE LENS IN THE CONE WILL BE SUCH THAT

THE FOCAL PLANE WILL CUT THROUGH THE CURVED FIELD IN A ·POSITION THAT WILL GIVE

THE MAXIMUM SHARPNESS OF IMAGE THROUGHOUT THE FIELD.

THE REQUIREMENTS AS TO FOCAL LENGTHS AND 'ANGULAR FIELD OF VI EW WILL VARY BE­

CAUSE THEY MUST BE COORDINATED WITH THE MAPPING APPARATUS W.lTH WHICH THEY WILL BE

USED. IT MAY BE SAID, HOWEVER, THAT A MARKED REDUCTION IN THE COST OF TOPOGRAPH-

I C MAP S CAN B ESE CUR E 0 WHEN THE F f E L 0 0 F V lEW I SEN L A R G ED, S 0 ·1 TIS IMP 0 R TAN T

THAT THE EFFORT BE MADE TO GREATLY INCREASE 'THE FIELD WITHOUT DETRACTION FROM THE

QUALITY OF THE IMAGE yN ANY DEGREE. MAPPING APPARATUS IS NOW. AVAILABLE THAT. RE­

QUIRES A 90 0 FIELD OF VIEW IN THE CAMERA LENS IF THE UTMOST ECONOMY OF OPERATION

1ST0 BESE CUR ED. T tiE A 0 V ANT AGE S 0 F A WID E A N GLEO F V lEW WILL B E A PPRE C I ATE 0 II F ­

TER CONSIDERATION OF T'HE FOLLOWING TABULATION WHICH ASSUMES THE USE OF THE PHOTO­

GRAPHS IN THE MULTIPLEX AEROPROJECTOR:

RELATIVE EFFICIENCY OF NORMAL AND WIDE-ANGLE CAMERA

FOR MULTIPLEX MAPPING

(SATISFACTORY COVERAGE ASSUMED FOR BOTH PLATES)

HEIGHT ABOVE REFERENCE PLANE ••••••••••••••

EQUIVALENT FOCAL LENGTH •••••••••••••••••••

ANGULAR FIELD OF ViEW •••••••••••••••••••••

FORWARD OVERLAP •••••••••••••••••••••••••••

SIDE LAP ••••••••••••••••••••••••••••••••••
AIR BASE (NET GAIN FORWARD) •••••••••••••••

BASE ALTITUDE RATIO.c •••••••••••••••••••••
NET ~AIN LATERALLy ••••••••••••••••••••••••
NEGATIVE SCALE ••••••••••••••••••••••••••••
NET AREA PER PAIR (IDEAL CASE) •••.•••••••••

NUMBER OF STEREOSCOPIC MODELS PER 15'
QUADRANGLE LATITUDE 35 0 •••.•••••••••••••••

AREA PER MODEL (ACrUAL CASE) ••••••••••••••

PLOTTING SCALE ON MULTiPLEX •••••••••••••••

RECOMMENDED CONTOUR IN;rERVAL ••••• •••••••••
ACCURACY OF DELINEATION OF CONTOURS •••••••

RELATIVE SENSITIVITY OF MEASUREMENT OF

ELEVATION (0.1 MM. LINEAR PARALLAX) ......

ESTIMATED TIME'PER MODEL ON MULTiPLEX •••••

ESTIMATED TIME PER SQ. MI. ON MULTIPLEX •••

7 X 9 INCH
CAMERA

18, 700 F"T.
8.25 INCHES

69 0 20'
60%
25%
8,160 F"T.
1:2.29
11,900 F"T.
1:27,200
3.49 SQ.MI.

84
2.92 SQoM I.

1 :15,480
50 F"T.

!.25 FT.

11 .91 FT.
7 HOURS

2.L~ HOURS

9 X 9 INCH
CAMERA

18, 700 FT.
6.00 INCHES

93 0

60%
25%
11, 220r-FT.
1 :1 .(,7
21, 0374 FT.
1 :)7 ,40.0
8.46 SQ.MI.

\

36
b.8 SQ.MI.

1 :15,480
30 FT.

.:!.15 FT.

9.08 FT.
10 HOURS

1 .47 HOURS

COMPARING THE FIGURES GIVEN ABOVE, IT WILL BE SEEN THAT THERE ARE LESS THAN
ONE-HALF AS MANY PLATES OF THE WIDE-ANGLE TYPE TO HORIZONTALIZE AS IN THECASEOF

THE NORMAL TYPE OF PHOTOGRAPH, AND, ASSUMING THE -SAME NUMBER OF HORIZONTAL AND

V E R TIC A L CON T R 0 L POI NT S FOR THE ARE A I N E A C H CAS E , THE R E WILL B E A GREA T ERN UM B E R'

OF POINTS PER MODEL FOR THE WIDE ANGLE PHOTOGRAPHS WITH A GREATER INCREASE IN

STRENGTH OF THE WORK. THE BASE ALTITUDE RATIO IS MUCH IN FAVOR OF THE WIDE-ANGLE

TYPE OF PHOTOGRAPH RESULTING IN A GREATER ACCURACY IN MEASUREMENT OF VERTICAL

DISTANCES, THE· GAIN BEING ABOUT 30% BASED ON COMPUTATIONS FOR LINEAR PARALLAX.

T H'E L AR G EAR E APE R MOD E L WILL PER MIT GREA T E R S EPA RAT ION 0 F CON T R 0 L ,OR PAS S ,

POINTS WHICH MAKES FOR MORE ACCURATE CORRESPONDENCE SETTIN~S. THERE WILL BE FEW-

ER EDGES AT WHICH AN ACCURATE JUNCTION OF MODELS MUST BE SECURED, LESS PHOTO­

GRAPHIC FLYING, THE POSSIBILITY OF REDUCI~G THE AM00NT OF CONTROL AND FINALLY AS

A RESULT OF THE FAVORABLE FACTORS THAT HAVE BEEN MENTIONED, A REDUCTION IN COST

OF MlJLTIPLEX OPERAT·'ONS.

THE CALIBRATION OFACAMERA IS ADVERSELY AFFECTED BY FAILURE OF THE MANUFAC­

TURER TO PERFECTLY CENTER THE VARIOUS ELEMENTS OF THE LENS. FAILURE TO DO THIS

RESULTS IN AMBIGUITY IN THE DETERMINATION OF THE PRINCIPAt. POINT OF TH~ CAMERA AS
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THE LENS TAKES ON THE PROPERT I ES or A WEAK PR I SM AND ROTATES THE AX I S ON THE

EMERGENT SIDE or THE LENS OUT OF THE PROLONGATION 'OF THE EXTERIOR AXIS. THE ER­

RORS CAUSED BY THIS BEHAVIOR CAN BE COMPENSATED T'O SOME E'XTENT IN STEREOSCOPIC

MAPPING '""t-N-STRUMENTS-, ~CH AS THE MULTIPLEX, BY INCLINATIONS OF THE PROJECTORS

EQUAL TO THE PRISM EFFECT OF THE LENS, BUT MAKES IT IMPOSSIBLE TO CALIBRATE THE

CAMERAS BY DIRECT METHODS-W I THOUT THE DEVELOPMENT OF SPEC I AL TEST I NG APPARATUS.

CARE MUST BE .TAKEN IN MOUNTING THE LENS ELEMENTS AND CELLS TO MAKE THE AXES COIN­

CI DENT AND NORMAL TO THE FLANGE SURFACE OF THE SHUTTER IN WHI CH TrlEY ARE ASSEM­

BLED. THE SHUTTER SHOULD BE HELD IN POSITION BY BRINGING THE FLANGE OF THE SHUT­

TER AGAINST THE PROPER MACHINED SURFACE OF THE CAMERA CONE AND THEN CLAMPING AND

DOWELING IT IN POSITION. THIS WILL ASSURE RETURN OF THE LENS TO POSITION WITHOUT

DISTURBING THE CALIBRATION SHOULD IT BECOME NECESSARY TO DISMOUNT THE iHUTTER FOR

REPAIRS. THE PRACTICE OF HOLDING THE LENS ELEMENTS AND SHUTTER IN POSITION BY

MEANS OF SCREW THREADS SHOULD BE ABANDONED FOR MAPPING CAMERAS AS IT NECESSITATES

A RECALIBRATION OF THE CAMERA EVERY TIME THE LENS ASSEMBLY IS DISTURBED.

THE SHUTTER

THE SHUTTER SHOULD BE OF A TYPE THAT WI LL EXPOSE THE ENT I RE PLATE ALMOST S 1­

MULTANEOUSLY. SHUTTERS THAT OPERAT~ ON THE PRINCIPLE OF FOCAL PLANE SHUTTERS EX-

POSE ONE SIDE OF THE PLA,TE BEFORE THE OTHER AND THEREFORE DISTORT IMAGES WHEN

PHOTOGRAPHS ARE MADE .FROM MOVING AIRCRAFT. THERE IS PROBABLY NO SERIOUS OBJEC-

TION TO THE USE OF FOCAL PLANE SHUTTERS IN TERRESTRIAL MAPPING CAMERAS, BUT CER­

TAINLY THEY HAVE NO PLACE IN AERIAL CAMERAS THAT WILL BE USED IN MAKING PHOTO­

GRAPHS FOR TOPOGRAPHIC MAPPING.

ATTENTION IS DRAWN TO THE, NEED FOR GREAT RIGIDITY IN THE SHUTTERS AND A DE­

SIGN THAT WILL, PERMIT THEM TO BE TAKEN APART FOR OVERHAULING AND THEN REASSEMBLED

WITHOUT DISTURBING THE CONSTANTS OF THE LENS OR OF THE CAMERA. PARTICULAR ATTEN­

TION IS CALLED TO THE PROBLEM or DESIGNING SATISFACTORY SHUTTERS FOR THE WIDE

ANGLE LENSES THAT ARE COMING ON THE MARKET.

THE CAMERA CONE

PROVls"'i"'CiN""MUST BE MADE FOR MAINTAINING A tlXED RELATIONSHIP BETWEEN THE LENS

AND THE FOCAL PLANE. To ACCOMPLISH THIS IT IS ADVISABLE THAT THE LENS, THE CONE

AND THE FOCAL PLANE BE ASSEMBLED AS A UNIT. IF THE CONE IS DESIGNED FOR GREAT

RIGIDITY AND CAST FROM MATERIAL OF A LOW COEFFICIENT OF EXPANSION WITH THE FOCAL

PLANE AND SHUTTER SEAT MACHINED TRULY PARALLEL TO EACH OTHER, THE'MOST IMPORTANT

REQUIREMENTS FOR MAINTAINING A CONSTANT PR,INCIPAL DISTANCE FOR THE CAMERA WILL

HAVE BEEN MET. THE DESIGN LEADS TO DIFFICULTY IN ADJUSTING A LENS TO PI GIVEN

PRINCIPAL DISTANCE UNLESS A HEAVY RING IS INSERTED BETWEEN THE SHUTTER FLANGE AND

ITS SEAT IN THE CAMERA CONE. WITH THIS RING IN PLACE, IT IS POSSI~LE TO MAKE

SLIGHT CHANGES IN THE PRINCIPAL DISTANCE BY MACHINING THE RING TO THE REQUIRED
THICKNESS.

CONSIDERATION SHOULD BE GIVEN TO THE POSSIBILITY OF CONTROLLING THE TEMPERA­

TURE OF THE CAMERA CONE, THE LENS AND THE OPERATING MECHANISM WHEN WORKING AT HIGH

ALTITUDES WHERE LOW ,TEMPERATURES MAY NORMALLY BE EXPECTED. THIS PRECAUTION WILL

DO MU C H 'T 0 PRE V EN T C HAN G E SIN THE CON E T HAT MIG HTALT E R THE P R INC I PAL DIS TAN CEO F

THE CAMERA AND CHANGES IN THE LENS ITSELF THAT WOULD DISTORT THE IMAGE AND FOCAL

LENGTH, AND WILL ELIMINATE MANY OF THE MECHANICAl FAILURES THAT OCCUR WHEN OPER-

ATING, AT VERY LOW TEMPERATURES. TEMPERATURE CONTROL WI LL. BECOME I NCREASI NGLY

IMPORTANT AS FLIGHT ALTITUDES ARE INCREASED IN THE FUTURE. IN THE CASE OF FILM

CAMERAS, HU~IDITY CONTROL SHOULD BE STUDIED TO AVOID CHANGES IN THE FILM BASE DUE

TO EXCESSIVE DRYNESS OF THE ATMOSPHERE AT HIGH ALTITUDES.

THE FIDUCIAL MARKS AND THE PRINCIPAL POINT

ALL MEASUREMENTSMADE ON PHOTOGRAPHS I NTENDED FOR MAPP I NG USE MUST BE REFER­

RED TO SOME FIXED LINE AS AN ORIGIN. THE LINE COMMONLY ACCEPT-ED FOR THIS PURPOSE

IS THE NORMAL, DROPPED FROM THE REAR NODAL POINT OF THE CAMERA LENS TO THE FOCAL

PLANEOFTHE CAMERA,THEPOINT SO INDICATED BEING THE "PRINCIPAL POINT." THE DIS­

TANCE FROM THE REAR NODAL POINT TO THE FOCAL PLANE OF THE CAMERA IS THE "PRINCI­

PAL DISTANCE." THE PRINCIPAL POINT MUST BE INDICATED ON ALL PHOTOGRAPHS MADE

WITH A MAPPING CAMERA AND THE METHOD COMMONLY USED TO ACCOMPLISH THIS, IN CAMERAS

WITHOUT A GLASS FOCAL PLANE PLATE, IS BY INSERTING FOUR FIDUCIAL MARKS IN THE

tlELD OF VIEW IN SUCH POSITIONS THAT LINES DRAWN BETWEEN OPPOSITE MARKS WILL

-- ..........J
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INDICATE THE POSITION Ot THE PRINCIPAL POINT BY THEIR INTERSECTION.

THE E X ACT L 0 CAT ION 0 t THE POI NT CAN BE 0 E T E RMIN E 0 INS EVE RA L WAY S BUT I NAN Y

EVENT, THE TESTS SHOULD BE MADE AtTER THE LEI~S, THE tlLTER AND THE tlDUCIAL MARKS

HAVE BEEN MOUNTED IN THE CONE. IT IS EVIDENT THAT THiS METHOD Ot LOCATING THE

PRINCIPAL POINT WILL NECESSITATE A TYPE Ot tlDUCIAL MARK THAT CAN BE ADJUSTED TO

THE DESIRED POSITION AtTER THE PRINCIPAL POINT TEST HAS BEEN MADE AND THEN tAST-

ENED RIGIDLY WHEN ITS POSITION IS VERltIED. THE MARKS ~UST BE ADJUSTABLE SO THAT

THEY CAN BE MOVED TO THE DESIRED POSITIONS AND THEN DOWELED TO PREVENT tURTHER

MOVEMENT.
FIDUCIAL MARKS MAY BE EITHER OF A MECHANICAL OR OPTICAL ~YPE, T~E MOST SAT­

IStACTORY DESIGN IN ANY CASE BEING DEPENDENT TO A GREAT DEGREE ON THE MAPPING AP­

PARATUS WITH WHICH THE PHOTOGRAPHS WILL 6E USED. WHEN THE MECHANICAL TYPE IS

ADOPTED, ATTENT ION SHOULD BE GIVEN TO THE SURtACES THAT WILL CAST THE I R SHADOW ON

THE tOCAL PLANE IN ORDER THAT THEY WILL·SHOW CLEAR CUT DEtlNITE LINES ON THE PHO­

TOGRAPHS. THE OPTICAL TYPE Ot MARK CAN BE DESIGNED TO PROJECT A MINUTE DOT ON~O

THE tlLMOR PLATE SURt,ACE, WHICH WILL PROVE MOST SATIStACTORY WHEN USED WITH MAP­

PING INSTRUMENTS THAT HAVE OBSERVING SYSTEMS Ot CONSIQERABLE MAGNltICATION.

GREAT CARE IS REQUIRED IN PLACING THE FIDUCIAL MARKSAS IT IS ESSENTIAL THAT

THE AXIAL LINES THEY DEtlNE INTERSECT IN THE PRINCIPAL POINT Ot THE CAMERA. THE

ACCURACY REQUIRED WILL VARY WITH THE MAPPING APPARATUS THAT IS USED BUT IN ANY

EVENT, THE ALLOWABLE TOLERANCE MUST BE SMALL. AN INtlNITELY DISTANT OBJECT IN A

DIRECTION NORMAL TO THE tOCAL PLANE Ot THE CAMERA WiLL HAVE ITS IMAGE AT THE PRIN­

CIPAL POINT WITH A PERtECTLY CENTERED LENS, AND RECENT TESTS INDICATE THAT THIS

PO I NT CAN BE. DETERM I NED BY BENCH METHODS. WITH AN ACCUR ACY OF !. 0.025 MILL I METER

OR BETTER. HOWEVER, THE POINT SO bETERMINED IS NOT COINCIDENT WITH THE tOOT OF

THE PERPENDICULAR TO THE tOCAL PLANE UNL.ESS THE LENS IS PERtECTLY CENTERED AND

ANY tAILURE Ot THE AXIS TO COINCIDE WITH THE NORMAL TO THE tOCAL PLANE WILL HAVE

THE EttECT Ot SWINGING THE INNER CONE Ot RAYS THROUGH A SMALL ANGLE WITH RESPECT

TO THE EXTERIOR CONE. THIS IS DETRIMENTAL TO THE CALIBRATION Ot CAMERAS tROM

WHICH PRECISE RESULTS ARE DESIRED UNLESS SPECIAL APPARATUS IS DESIGNED tOR THESE

TESTS. THE LABORATORY METHOD OF DETERMINING THE PRINCIPAL POINT IS MORE DIRECT

AND PROBABLY CAN BE MADE MORE ACCURATELY THAN IS POSS I BLE gy METHODS DEPEND I NG ON

COMPARATOR MEASUREMENTS Ot P'lATES EXPOSED ON OBJECTS I N THE HOR I ZON WHOSE ANGULAR

SEPARATION IS KNOWN, PROVIDED THE LENS MANUtACTURERS CAN SUPPLY PERtECTLY CEN­

TERED LENSES tOR MAPPING PURPOSES OR SPECIAL APPARATUS CAN BE DEVISED tOR MAKING

THE TEST.
CAMERAS WITH GLASS tOCAL PLANE PLATES CAN HAVE THE PRINCIPAL POINT DETER-

MINED ASB E FO R E AND THEN ETCHED DIRECTLY ON THE GLASS SURFACE, THUS ELIMINATING

.THE NEED FOR FIDUCIAL MARKS. CAMERAS OF THIS TYPE CANNOT BE UTILIZED·tOR TOPO-
GRAPHIC WORK UNLESS A SPECIAL LENS IS COMPUTED tOR USE WITH THE GLASS PLATE OR

THE PHOTOG RAP H S ARE U S ED WIT HAP PAR AT US I N WH I CHAC0 MPEN S AT I N G REt R ACT 1'0 N CAN

BE INTRODUCED. NATURALLY, THE GLASS PLATE CONTRACTS THE, NORMAL IMAGE BY REtRAC-

TION SO IT IS NECESSARY TO CALCULATE AND ASSEMBLE A LENS WITH A DEGREE OF DIS­

TORTI ON THAT W·ILL COMPENSATE tOR THE EttECT Ot THE PLATE. THE BEST PRACT I CE WILL

BE TO AVOID THE USE Ot SUCH PLATES IN CAMERAS TO BE USED FOR STEREOSCOPIC MAPPING.

THE AXIA.L LINES INQ.ICATED BY THE FIDUCIAL MARKS SHOULD INTERSECT· AT 90 0 OR

SOME OTHER STRONG ANGLE. HOWEVER, THE 90 0 I NTERSECT ION I S MOST SAT I StACTO.RY AS
IT PERMITS USE Ot THE PHOTOGRAPHS IN ANY COMPARATOR MEASURING DEVICE. THE TOLER­

ANCE THAT CAN BE PERMITTED tOR THE ANGLE Ot INTERSECTION IN SUCH CASES SHOULD BE

Ot THE ORDER ot90°!. 30" WHERE COr~SIDERABLE MA·GNItICATION WILL BE USED, ALTHOUGH

GREATER TOLERANCE CANBE PERMITTED WHEN THE NEGATIVES ARE USED WITHOUT MAGNltICA-

TION OR ENLARGEMENT. GRADUAL IMPROVEMENT IN INSTRUMENTS UTILIZING PHOTOGRAPHS

MUS·T BE EXPECTED I N THE'tUTURE AND WITH THESE CHANGES A DECREASE IN TH I S TOLER-

ANCE MAY BE EXPECTED.

THE PRINCIPAL DISTANCE

THE PRINCIPAL DISTANCE MAY BE tOUND BY SEVERAL METHODS INVOLVING COMPUTATION

tROM COMPARATOR MEASUREMENTS Ot PLATES THAT HAVE BEEN MADE Ot TEST OBJECTS I N­

CLUDING KNOWN ANGLES Ot SEPARATION OR IT CAN BE DETERMINED tROM MEASUREMENTS MADE

ON AN OPTICAL BENCH. THE STRENGTH Ot THE METHOD Ot DETERMINING THIS DISTANCE BY

COMPUTATION DEPENDS GREATLY ON THE tACT THAT TWO Ot THE TEST POINTS ARE PURPOSELY
SELECTED I N THE OUTER ZONES Ot THE tI ELD AND THE RESU.LT THEREtORE I NCLUDES THE

EttECT Ot ANY DISTORTION THAT MAY ExiST. VALUE.S THAT ARE CONSISTENT TO 0.01
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MILLIMETER ARt TO BE EXPECTED BY THIS METHOD.

THE LIGHT FILTER

'LIGHT FILTERS ARE UTILIZED FREQUENTLYTOREpUCE THE EFF"ECT OF HAZE. FILTERS

INTENDED F"OR USE WITH MAPPING CAMERAS SHOULD BE CONSTRUCTED F"ROM OPTICAL F"LAT

GLASS TO ELIMINATE ANY REFRACTION EF"F"ECTS THAT MIGHT BE DETRIMENTAL TO THE ACCU­

RACY OF THE MAPS. ALL CALIBRATION TESTS OF" THE CAMERA SHOULD BE MADE WITH THE

F"lLTER FIXED IN THE POSITION IN WHICH IT WILL BE USED. THE METHOD OF" MOUNTING

THE FILTE~ SHOULD BE SUCH THAT IT WILL ALWAYS HAVE THE SAME RELATION TO THE LENS

THAT EXISTED DURING THE CALIBRATION TEST. WITH PERF"ECTLY F"LAT GLASS F"ILTERS, IT

WILL BE POSSIBLE TO CHANGE F"lLTERS ONACAMERA WITHOUT DISTURBING THE CALIBRATION

BUT THiS IS NOT TRUE OTHERWISE.

THE MULTIPLEX AEROPROJECTOR CALIBRATION

THE CALIBRATION OF THE MULTIPLEX AEROPROJECTOR SHOULD PROPERLY BE CONSIDERED

IN A SEPARATE PAPER BUT CONSIDERING THE FACT THAT INF"ORMATION ON THIS SUBJECT IS

MEAGER AND THE MATTER I S CLOSELY RELATED TO THE CAL I BRAT I ON OF" MAPP I NG CAMERAS

THAT IS BEING CARRIED ON, AT THIS TIME IT SEEMS ADVISABLE,TO DiSCUSS THE MOST IM­

PORTANT ASPECTS OF" THE SUBJECT BRIEF"LY.

THE SUCCESSFUL OPERATION OF THE MULTI·P,LEX DEPENDS ON ITS ABILITY TO REPRO-

DUCE EXACTLY IN THE LABORATORY THE CONE OF" RAYS BELOW THE MAPPING CAMERA AT THE

INSTANT OF" EXPOSURE OF" THE ORIGINAL NEGATIVE. THE PROCESS CALLS F"OR THE REDUC­

TION OF" EACH NEGATIVE TOA SMALL SIZE DIAPOSITIVE AND THEN REPROJECTION OF" THIS

PLATE AS ONE STEP IN THE MAPPING OPERATION. THE CHARACTERISTICS OF" THE AERIAL

CAMERA AND THE REDUCING CAMERA USED IN MAKING THE DIAPOSITIVE PLATES ARE CONSTANT

SO IT IS APPARENT THAT ALL PROJECTORS MUST HA'V& THE SAME PRINCIPAL DISTANCE TO

SATISFY THE REQUIREMENT F"OR SIMILARITY OF THE CONICAL SYSTEMS. ANY VARIATION OF"

THIS DISTANCE WILL INTRODUCE IRREGULARITIES IN THE CONICAL PROJECTIONS AND CONSE­

QUENTLY INACCURACIES IN THE MAPS. IT IS LIKEWISE IMPORTANT THATTHEBLACK DOT ON.
THE F I XED GLAS S P L ATE I NTH E F" 0 C NL P LAN E 0 F" E A C H PRO J E C TOR BE COl N C IDE NT WIT H THE

PRINCIPAL POINT OF" THE PROJECTOR, OTHERWISE, ERRORS WILL BE INTRODUCED IN THE
MODEL.

TESTS OF U. S. GEOLOGICAL SURVEY STANDARD AND WIDE-ANGLE MULTIPLEX AEROPRO­

JECTORS SHOW CLEARLY ,THAT RATHER SERIOUS VARIATIONS IN THE PRINCIPAL DISTANCES

EXIST IN THE PROJECTORS WHEN THEY ARE RECEIVED F"ROM THE FACTORY. THIS IS A MAT­

TER THAT COULD EASILY BE CORRECTED BY THE MANUF"ACTURER AND WHICH WOULD IMMEDIATE­

L Y B ERE F" L E C TED BY A S IMP L I F I CAT ION 0 F THE W0 R K 0 FAD JUS TIN G THE 0 I A'P 0 SIT I V E S ,

AND IN INCREAStD ACCURACY OF" RESULTS, PARTICULARLY, IN MOUNTAINOUS COUNTRY.

THIS IS so IMPORTANT THAT IT SHOULD BE MENTIONED IN ALL SPECIFICATIONS COYERING

ORDERS FOR NEW EQUIPMENT.

MEASUREMENTS OF" THE PRINCIPAL DISTANCE IN THE PROJECTOR MIGHT BE DESCRIBED

MOST EXACTLY IN THiS CASE AS'THE "EQUIVALENT PRINCIPAL DISTANCE," AS PROPER AL­
LOWANCE MUST BE MADE F"OR THE GLASS PLATE I N THE PROJECTORS. TESTS SHOULD BE

MADE OF" NEWLY RECEIVED EQUIPMENTTODETERMINE THE "EQUIVALENT,PRINCIPAL DISTANCE"

OF" EACH PROJECTOR AND NECESSARY AL TERAT IONS BE MADE TO BR I NG ALL TO A COMMON

VALUE. WHEN THIS HAS BEEN DONE, THE CENTERING OF" THE GLASS PLATE SHOULD BE

TESTED AND ANY NECESSARY CORRECTION SECURED BY ADJUSTMENT OF" THE PLATE ITSELF".

A VARIATION IN THE FOCAL LENGTH OF" THE MAPPING CAMERA F"R·OM THAT FOR WHICH

THE MU'LTIPLEX' REDUCING PRINTER IS PROPERLY ADJUS'rED WILL DISTURB THE SIMILARITY

OF THE ORIGINAL AND REPRODUCED CONE OF LIGHT RAYS. SMALL VARIATIONS CAN BE COM­

PENSATED FOR BY UTILIZING A VERTICAL SCALE FOR HEIGHT MEASUREMENT SOMEWHAT DIF"-

F"ERENT FROM THE HORIZONTAL SCALE. IT IS BETTER AND MUCH MORE CONVENIENT, HOW-

EVER, TO RESET THE MULTIPLEX REDUCING CAMERA TO GIVE A PROPER REDUCTION, PAR-

TICULARLY, IF" THE AREA TO BE MAPPED IS LARGE. A MEASUREMENT OF THE FOCAL LENGTHS

OF" THE REDUCING CAMERA PROJECTION LENS WILL BE F"OUND INVALUABLE IN THIS CASE.

CONCLUSION

RECENT EXPERIENCE WITH THE CALIBRATION OF MAPPING CAMERAS INTENDED FOR

STEREOSCOPIC MAPPING AND IN TEST WORK WITH THE MULTIPLEX AEROPROJECTOR, HAS LEAD

THE WRITER TO CERTAIN CONCLUSIONS WHICH HE BELIEVES WARRANTS THE CAREFUL CONSID-
ERATION OF THE SOCIETY. .

1. THE CAL I BRAT ION OF CAMERAS I NT ENDED FOR USE IN

ECTS IS RATHER UNUSUAL IN THIS COUNTRY AND CALLS

-----,
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EQUIPMENT BEFORE THEY CAN BE MADE PROPERLY IN THE LABORATORY. THIS MATTER IS AL­

READY RECEIVING THE ATTENTION OF THE NATIONAL BUREAU OF STANDARDS AND IT IS HOPED

THAT THE, NECESSARY EQU I PMENT WI LL BE AVAI LABLE FOR USE BEFORE ANY LARGE NUMBER OF

MAPPING CAMERAS ARE PRESENTED FOR TEST.

THE ADJUSTMENT OF THE F I DUC I AL MARKS I N THE CAMER A AFTER THE DETERM I NAT I ON

OF THE PR I NCI PAL POI NT HAS BEEN MADE I S PROBABLY OUTS I DE OF THE WORK THAT THE NA-

TIONAL BUREAU oF' STANDARDS IS IN A POSITION TO PERFORM. FOR THIS REASON, IT

\'1OULD BE WELL FOR THE U. S. GEOLOGICAL SURVEY, AS A BUREAU INTERESTED IN TOPO-

GRAPHIC MAPPING, TO EQUIP ITSELF TO SET THE FIDUCIAL MARKS AND THEN MAKE AFINAL

CHECK OF THE ACCURACY WI'TH WHICH THIS HAS BEEN ACCOMPLISHED.' PROVISION SHOULD

ALSO BE MADE FOR LOCATING THE PRINCIPAL POINT BY COMPARATOR MEASUREMENTS ON TEST

PLATtS tNSTEAD OF THE BENCH METHOD.

2. A STUDY OF THE PROBLEMS OF THE DESIGN AND CALIBRATION ,OF CAMERAS INTENDED

FOR USE WITH PHOTOGRAMMETR I CAL APPARATUS LEADS ONE TO BE'L I EVE THAT ALL PHOTOGRAPHS

OF EXT~NSIVE AREAS SHOULD BE MADE WITH CAMERAS OF THE GENERAL TYPE DESCRIBED IN

THIS PAPER REGARDLESS OF THE IMMEDIATE USE FOR WHICH' THEY ARE OBTAINED. THIS

WILL MAKE THE NEGATIVES AVAILABLE FOR TOPOGRAPHIC MAPP'ING WITHOUT INCREASING THE

COST OF THE PHOTOGRAPHS TO THE PURCHASER. IT IS, REALiZED THAT SOME COMMON MEET­

I NG GROUND MUST BE FOUND THAT WI LL MAKE POSS I BLE THE 'USE OF SPECI AL CAMERAS AND

SPECIFIED FOCAL LENGTHS BY BUREAUS NOT INTERESTED IN TOPOGRAPHIC MAPPING, BUT A

PROPER SPIRIT 01'" COOPERATION SHOULD BRIDGE THiS DIFFICULTY. MORE SERIOUS OBSTA­

CLES TO OVERCOME WILL BE THE ELIMINATION OF SHRINKAGE EFFECTS THAT MAY BE EXPECT­

ED IN FILM DURING SEVERAL YEARS STORA.GE AND THE DIFFICULTY OF ESTABLISHING GROUND

CONT'ROL ON PHOTOGRAPHS THAT NO LONGER CORRECTLY REPRESENT THE APPEARANCE OF THE

GROUND DUE TO SEASONAL CHANGES IN VEGETATION.

3. THE NEED FOR SETTING THE EQUIVALENT PRINCIPAL DISTANCE OF ALL MULTIPLEX

PROJECTORS TO BE USED ON THE SAME BAR TO SOME COMMON VALUE HAS BEEN MENT 10NED BUT

lHE REQUIREMENT MUST GO MUCH FURTHER THAN THIS FOR ANY ORGANIZATION THAT MAY EX-

P E C T T 0 UTI LIZ E A CON SID ERA BLEN UM B E R 0 F THE S E INS 1 RUM E N TS I NTH E F U T UR E • THE

FAILURE TO HAVE A COMMON EQUIVALENT PRINCIPAL DISTANCE PREVENTS THE INTERCHANGE

OF PROJECTORS FROM ONE BAR TO ANOTHER. IT IS BELIEVED THAT THIS RESTRICTION ON

-THE FREEDOM OF USE OF THESE INSTRUMENTS SHOULD BE REMOVED: THE GEOLOGICAL SURVEY

IS USING FOR ITS FIRST STANDARD TYPE PROJECTORS AN EQUIVALENT PRINCIPAL DISTANCE

OF 45.79 MILLIMETERS, ALTHOUGH A.VALUE OF ,46.00 MILLIMETERS IS PREFERABLE AND THE

CHANGE WILL BE MADE LATER. IT WILL GREATLY SIMPLIFY OPERATIONS FOR THiS BUREAU

IF ALL OTHER PROJECTORS OF THIS TYPE THAT MAY BE PURCHASED IN THE FUTURE ARE SE­

CURED 'ON ORDERS SPECIFYING THE VALUE'OF 46.00 MILLIMETERS. THE WIDE ANGLE PRO­

JECTORS OF THE SAME BUREAU HAVE NOT YET BEEN ADJUSTED TO A COMMON PRINCIPAL DIS­

TANCE BUT IT IS EXPECTED THAT 22.00 MILLIMETERS WILL BE ACCEPTED FOR THiS INTER­

VAL.

MAN U F ACT U R E R S 0 F THE MU L TIP LEX AE R 0 PRO J E C TOR, 0 R S I MIL ARAP PAR AT U S', MIG H T

READILY INCREASE THE USEFULNESS OF SUCH EQUIPMENT AND TH~E ACCURACY OF ITS OPERA­

TION BY MAKING THE EQUIVALENT PRINCIPAL DISTANCE EXACTLY 46.00 MILLIMETERS FOR

THE STANDARD AND EXACTLY 22.00 MILLIMETERS FOR THE WIDE ANGLE INSTRUMENTS DURING

THE ASSEMBLY OF THE EQUtPMENT. ACCURACY OF RESULTS AND A GREATER EASE OF OPERA­

TION W)LL BE SECURED BY THESE REFINEMENTS.

4. THE PRACTICE OF THE GOVERNMENT IN CONTRACTING FOR ITS AERIAL PHOTOGRAPHS

MAY B E ACCOM PAN lED BY S EVE R A L 0 I SAD V ANT AGE S WH E-R E THE CON T R ACT S CAL L FOR P HOT 0 -

GRAPHS TO BE USED FOR STEREOSCOPIC MAPPING. THE D.ISADVANTAGE TO THE CONTRACTORS

WILL BE THE REQUIREMENT FOR NEW CAMERA EQUIPMENT TO MATCH PROPERLY THE CHAR,ACTER­

ISTICS OF THE VARIOUS TYPES OF STEREOSCOPIC MAPPING APPARATUS THAT MAY BE IN USE.

THE GOVERNMENT ITSELF WILL BE COMPELLED TO CALIBRATE ALL CAMERAS BOTH BEFORE AND

AFTER USE TO BE ASSURED THAT ERRORS THAT MIGHT BE I NTRODUCED I N THE MAP BY THE

CAMERA ITSELF ARE ELIMINATED. ONE WAY IN WHICH THIS DIFFICULTY MIGHT BE AVOIDED

WOULD BE FOR THE GOVERNMENT TO PROVIDE THE CAMERAS TO BE USED BY THE CONTRACTORS

PROTECTING ITSELF AGAINST DAMAGE TO THE EQUIPMENT BY A SUITABLE BOND.

5. CONSIDERATION OF THE USE OF AERIAL PHOTOGRAPHS AND THE SPECIFICATIONS FOR

MAPP I NG CAMERAS HAVE LEAD TO SOME STUDY OF THE POSS I BLE ADVANTAGES OF PHOTOGRAPHS

OF CIRCULAR SHAPE INSTEAD OF THE USUAL SQUARE OR RECTANGULAR SHAPES THAT ARE IN

COMMON USE. IT SEEMS TRUE THAT THE CIRCULAR PHOTOGRAPH IS MORE EFFICIENT THAN

EITHER OF THE OTHER SHAPES BECAUSE IT PERMITS REDUCTION OF THE SIDELAP AND THE

FORWARD LAP WITHOUT ENDANGERING S'ATISFACTORY COVER'AGE AND IT APPROXIMATELY DOUBLES

THE STEREOSCOPIC AREA, THUS MAKING POSSIBLE BETTER CORRESPONDENCE SETTINGSOFTHE
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MODELS AND BETTER USE OF" CONTROL THAT MAY BE AVAILABLJ::. IT IS RECOMMENDED THAT

F"URTHER STUDY BE GIVEN THE MATTER WITH TI:lE VIEW OF" DEF"INITELY DETERMINING WHAT

APPEARS TO BE MARKED ADVANTAGES.

THE INTERPRETATION OF LENS TESTS AND CAMERA CALIBRATIONS*

BY
·IRVINE C. GARDNER

I. I NTRODUCT I ON

AI RPLANE MAPP'I NG REQU I REMENTS ACCOUNT F"OR MORE THAN HALF" OF" ALL THE TESTS

MADE ON PHOTOGRAPHIC OBJECTIVES AT THE NATIONAL BUREAU OF" STANDARDS. As METHODS

OF" MAPPING BECOME MORE PRECISE A~D, PARTICULARLY, AS THE STEREOSCOPIC METHOD OF"

PLOTT I NG CONTOURS BECOMES THE MORE USUAL METHOD OF" TREAT I NG A SER I ES OF" PHOTO-

GRAPHS, THE TESTING OF" THE LENSES BECOMES MORE IMPORTANT AND GREATER PRECISION

IS REQUIRED. THiS TENDENCY IS MADE VERY EVIDENT BY THE CHARACTER OF" THE TESTS

THAT ARE NOW BEING REQUESTED AND BY THE INCREASED INTEREST IN SPECIF"ICATIONS F"OR

LENSES AND CAMERAS. IN VIEW OF" THIS IT HAS SEEMED ADVISABLE TO PRESENT A DETAILED

DESCRIPTION OF" THE LENS TESTS~H~ REGULARLY CONDUCTED BY THE NATIONAL BUREAU OF"

STANDARDS AND TO DISCUSS, IN DETAIL, THE INTERPRETATION OF" THE TESTS, THEIR SIG-

NIF"ICANCE, AND THEIR AVAILABILITY F"OR DIF"F"ERENT PURPOSES. A PRELIMINARY DISCUS-

S ION 0 F" C E R T A I N E L EM E NT AR Y 0 P TIC ALP R INC I P L E SiS ,I N C L U 0 E D B E C A USE T H'E I R USE I S

NECESSARY IN AN ADEQUATE PRESENTATION.

I I. METRICAL CHARACTERISTICS OF ABERRATION-FREE IMAGERY

1. OBJECT AT AN INF"INITE DISTANCE

THE METR I CAL CHARACTER I ST I CS OF" AN I MAG E F"ORMED BY AN I DEAL LENS, ENT I RELY

F"REE F"ROM DISTORTION, ARE COMPLETELY DETERMINED BY THE EQUIVALENT F"OCAL LENGTH

AND THE LOCATION OF" THE TWO NODAL POINTS. THESE METRICAL RELATIONS, F"OR AN IN-

F"INITELY DISTANT OBJECT POINT, ARE ILLUSTRATED B.Y F"lGURE 1, WHERE THE NODAL

POINTS ARE INDICATED AT NAND N' AND THE F"OOAL LENGTH HAS THE VALUE F". POINTS I,

A, AND B ARE ASSUMED TO BE INF"lNITELY DISTANT. POINT I IS ON THE AXIS AND POINTS

A ANb B ARE LOCATED BY A AND B, ,THEIR ANGULAR DISTANCES F"ROM THE AXIS. ·THE IM­

AGES, F"ORMED IN THE F"OCAL PLANE, ARE AT I', A', AND B' AND, AS INDI'CATED ON THE

DIAGRAM, POINTS A' AND B' ARE DISTANT F" TAN A AND F" TAN B F"ROM THE AXiS.

THE NODAL POINTS OF",A CAMERA LENS ARE THE POINTS OF" UNIT ANGULAR MAGNIF"ICA­

TION. A RAY, MAKING THE ANGLE A WITH THE AXIS AT N, THEREFORE, LEAVES THE F"INAL

SURF"ACE MAKING AN EQUAL ANGLE WITH THE AXIS AT N'. THESE RAYS, BEFORE AND AFTER

PASSING THROUGH THE LENS,. ARE INDICATED BY THE SOLID LINES IN THE DRAWING. SINCE,

HOWEVER, THE OBJECT POINTS ARE INF"INITELY DISTANT, THE DOTTED LINES DRAWN THROUGH

N', PARALLEL TO THE FULL LINES, ALSO PASS THROUGH A AND B. HENCE, WHEN THE OB­

JECT IS INF"INITELY DISTANT, WE'HAVEASPECIAL SIMPLIFIED TYPE OF" IMAGERY IN WHICH

THE POINT N NEED NOT ENTER THE CALCULATION AT ALL. WHEN A CAMERA IS USED IN AN

AI RPLANE, THE SURF"ACE TO BE PHOTOGRAPHED I S AT A VERY LARGE BUT NEVERTHELESS

F"INITE DISTANCE F"ROM ~HE LENS. THE CONDITIONS OF" FIGURE 1, HOWEVER, CAN BE UTI(-

IZED.· ASSUMING THAT THE OBJECT IS AT AN INF"lNITE DISTANCE IS EQUIVALENT' TO AS­

SUMING THAT THE OBJECT IS SO FAR AWAY THAT A SHARP .IMAGE IS OBTAINED IN THE FOCAL

PLANE I' A' B'; AND THAT THE ANGLE BETWEEN LINES DRAWN F,ROM NAND N' TO A GIVEN

OBJECT 'POINT IS NEGLIGIBLE. IF IT BE ASSUMED THAT THE PLANE OF THE FILM CAN FAIL

TO COINCIDE WITH THE PLANE OF BEST FOCUS BY 0.05 MM WITHOUT HARMFUL RESULTS, IT

CAN BE SHOWN THAT AN OBJECT DISTANT 0 FROM A LENS OF" FOCAL LENGTH F WILL BE

SATISF"ACTORILY IMAGED IN THE FOCAL PLANE, AND CAN THEREF"ORE BE ASSUMED TO BE IN­

FINITELY DISTANT IF
~

D/F =F/0.05.(1
WHEN F EQUALS 150 MM (6 INCHES), 0 MUST EQUAL OR EXCEED 450 METERS (1500 FT.) TO

* PUBLICATION APPROVED BY THE DIRECTOR OF THE NATIONAL BUREAU OF" STANDARDS OF"

THE U. S. DEPARTMENT OF COMMERCE.

** FOR A DESCRIPT"lON OF THE PRECISION LENS TESTING CAMERA, AN APPARATUS SPECIALLY

DESIGNED FOR THE TESTING OF" AIRPLANE CAMERA LENSES AND AIRPLANE CAMERAS, SEE RE­

SEARCH PAPER RP984 IN THE APRIL, 1937 ISSUE OF" THE NATIONAL BURE~U OF" STANDARDS
JOURNAL OF" RESEARCH. SEPARATE REPRINTS'WILL BE PURCHASABLE FR~M THE SU~ERfNTEN­

DENT OF" DOCUMENTS, WASHINGTON, D. C. F"OR F"IVE CENTS (STAMPS NOT ACCEPTABLE).

--_J


