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Digital camerasoffer some sgnificant advantagesfor researchers over traditional cameras
performing sil ver-basel photography. Several come to mindimmediately to most people. Oneis
the aility to incorporate imagesinto dacuments rapidly. Anacther isthe in-the-field assurancethat
thasefield photos that are 9 expensive or impassble to retake are recorded properly. Pricesof
digicams, aswe may term them, have mme down sharply every yea, and performance has
increasel by many measires Promoters of digicams highlight their advantages, bu there ae
downsides The balanceof pros and consin ore's own reserch may be hard to strike before one
undertakes amajor expense | offer the foll owing comparisons to help in thisjudgment.

Spatial resolution and its cost-effectiveness

Background Detailsin animage ae reslved asdiff erencesbetween pixels sgarated by a
given dstance To acount for differencesin sizesof subjects, it is useful to measire redlution as
the total number of line pairsthat can be distinguished across a image. Consider completely
contrasting features such as dternating bladk and white lines No imaging system (Iens plus film
or digital charge-coupled device) will presrve al the mntrast, but retention o detail above sme
minimum allows distinction. (Whether or not quantitative measires such asvegetative wver, can
be usdully composed with degraded contrast is another matter.) A human obsever, using
brightness as we, can dstingush lines differing byaslittle as2% in luminance (Hedht 1924). A
picture dement, or pixel, hasother attributes for disaimination - namely, (1) hue, loosely what we
cdl color; we can distinguish about 1000 hees and (2) sauration, a the purity of hue; desaturation
is addition d white, which is equal amourts of red, geen, and blue (R, G, B) primary colors. Hue,
sauration, and krightnessor value (H, S, V) have quantitative definitions when one can measire R,
G, and B (Myler and Weeks 1993 see &0 my Web site, http://biology-
web.nmsu.edu/vince/course.oncolor.pdf). Light that isnat too kright or too dm (Klinker 1993, p.
38) optimizesour ability to dscriminate wlors (H, S, V or equivalent R, G, B combinations), to
abou 20,000 dfferent colors.

Lines ae quated directly for digicams, asin 2048 x 1536 ixelsin atypica 3-megapixel
(MP) camera. (Redaall that atrue megabyte is 2*° or 1,048,576 bies; the sane meaning d mega
appliesin dgital phaography,) Silver-based filmsvary in resolution, upto abou 80 line-pairs per
mm (2880li nes acossthe 36-mm long dmension d a35-mmframe). Thisisnot a smple
meagsire. Contrad (and resolution, therefore) degradesnat suddenly at one fine scde, bu
continuowsly asone progressesrom comparing widely-spaced to comparing closely-spaced pixels.
Effedive reslutionin silver-based filmsis coommonly quded down to the separation where
contrast isdown to abou 10%. Theimagingareain adigicam is a diarge-couped device or CCD,
which inherently is composed o disaete pixels. Thisdoesnot guarantee aything rear 100%
contrast between adjacent pixels. Some light is scatered between CCD pixels, and highlight in
one pixel also "blooms" electronicdly into nearby pixels (Klinker 1993; Beynonand Lamb 1980Q it
is dso disaussed in popular magaznes asan isaue of quality among dfferent digicams). A quick
rule of thumb is that moded-spedd silver film in 35mm format has an effedive resolution d abou
2500 x 1700 pxels. Some films ae finer-grained with higher reolution, sometimesremarkably so
(Kolonia2001). Silver-based films have smple and effedive optical engineering to avoid light



scdtering amongadjacent areas cdled halation. Commonly, extra dyes dsorb excesdight and are
removed in film processng.

Rewlutionis not only determined bythe imaging medium. The lens commonly limits
reolutionin less-expensive caneras to aslittle as1000line pairs acoss aframe or less
Reslutioninevitably degradestoward the edgesof any image: a number of aberrations occur in all
lenses(Willi ams and Bedklund 1972. For any given lens, awider aperture, such asone neeadsto
gather more light in low light condtions, displays more of its optical aberrations that degrade
reolution. Overall, medium- to high-priced camerasof either digital or silver-basel types fiow
lens-limitations to redlution anly at larger apertures Very small aperturescan aso be highly
deleterious to relution. Light diffrads aoundthe edges of the goerture. The well-known
diffradion formulavariously developed by Newton, Y oung,and Airy, describesthe radius dou a
point (onthe film or CCD) into which intensity "spills* when alensis used at numericd aperture F:

ro=122AF
Apertures ae quoted asfractions of lensfocd length - e.g.,f/4 denotes an aperture that is 1/4 the
focd length. At the same relative goerture, lensesof different focd length are equally effedivein
expasing film (or recording ona CCD) at a chosen shutter speal. For a 35-mm camerawith alens
of 'normal’ focd length (50 mm) used with an aperture of f/22, dffradion limits the rewlved angles
in an image to abou 0.015mm. Thisis marser than a slver-basel film image (abou 0.006mm).

In adigicam, the CCDis commonly smaller than 35-mmfilm. If it is2/3 aslarge, the lensfocd
length is 2/3 aslongand the diffradionradiusis 1.5timeslarger. Not only isdiffradion over a
larger areg bu each dstance onthe focal plane mvers 1.5times agnany pixels ason 35mmfilm.
Thus, degradation accurs over 2.25times agnany pixelsin each linear dimension.

A concisecritical discusson d limitationsin dgital imaging and the best useof digital
imagery may be foundin Chie et al. (1994.

Pro: A 4-MP digital camerais gproximately equivalent in resolutionto a goodquality
camerausing silver-basel film. For comparable number of optica fedures, the traditional camera
is dill cheger (abou $500 \s. $8M), but the pricedifferential will likely disgopear or reverse
within several yeas. There ae alditional costs of operation (media, film, printing) that differ
between dgital and film-basal cameras thesewill be disaussed shortly.

Timely verification of image quality

Pro: All but the very chegoed digicams have liquid-crystal displays (LCDs) that can be
usel to verify ead image. One nat only avoids the horror of finding that filmis dsent or hasnat
wound one can also verify that exposure and compaosition are accetable.

Con: Lower-end dgicams, and most mid-range ones userangefinders to present the scene
to you eye. When the subject is dose, an optical off se or parallax occurs. This can be detected
after the fact onthe LCD display, bu it means retaking theimage. Higher-end dgicams present a
viewfinder image that is ather taken diredly from the CCD imager, or that is adired view through
the lens generated by a litting prism. Cameraswith throughthe-lensviewing are alled SLRs
(single-lens reflexeg, similarly to common sil ver-based cameras or, sometimes ZLRs (zoom-lens
reflexes becausealmost all digicams have afixed lens that cannot be svapped for one of ancther
focd length; a 2z00m isthe only way to get variable focal lengths).

Criticd focusis harder to verify. Autofocus doesnot always dhoosethe portion d the
subject you wish to chocse. Also, it may be important to youto control the depth of field (range of
distancesin focus). Youmay wish thisto belarge, to record al of a sc@e in acceptable focus, or



you may wish it to be small toisolate a sngle flower, for example. Most digicams have imaging
areas(their CCDs) that are small er than the equivalent film-baseal camera. Corregpondngly, they
uselenses of shorter focd length that have inherently greaer depth of field at any given exposure
(f-stop). Thisis an advantage, unessone wants to deli berately redrict depth of field in order to
emphaszethe principal subjed against a background.Depth o field is readily previewed in afilm-
basal SLR. Low- to medium-priced digicamstypicadly ladk depth-of-field preview, in which the
apertureis dosed downn to show the <ene asit will actualy be recorded. One can view the final
image, after the fad, which adds some time to composing the image and perhapsre-shoding it. In
most digicams, preview ison LCD displays that are too grainy (at most, 170,000 pxels) to judge
critical focus. Higher-end dgicams have ather optical throughthe-lens finders, or with an LCD
display one can zoom in the EVF (electronic viewfinder) to verify focus. One temporarily losesthe
senseof compasition.

Cost of recording media and need to carry different media

Pro: Memory media of high capadty (say, 32MB to 1 GB) are offered for the great
majority of digicams. A 3-megapixel (3-MP) camerathat uses24-bit (3-byte) color per pixel has a
raw image szeof 9 MB, bu JPEG image mmpresson commonly reducesstorage greatly, to the
order of 1.2MB (at high quality; commonly aslittleas0.1 MB at low quality). JPEG compresson
is"losgy," in that some detail s of high spatial frequency (close padng) are lost (Netravali and
Haskell 199%). Thislossis virtually unndicealein most applications. Thus, ore expectsthat in
most applications a64 MB card (under $50) will sufficefor about 53 high-quality JPEG images
with 3megapixels. (All cost edimatesin this aticle are based on picesin ads of major mail- order
retail ersin their own literature or in phdography magazanes) Memory media can be eased and
reused. Slide film and procesing for 200imageswould cost abou $100 hut theseare not reuséble,
andfailed images cana be easel with reuseof storage.

Con: Physicd media (compad flash RAM, memory sticks, etc.) do go olsolete (floppy
disks ae nearly there). Thismay be late in the uséful life of adigicam (say, 10 yeas, rather shorter
than the lifetime of afilm-basel camera). A medium lost by acadent means the loss of many
images lossof alarge-capadty medium is dso expensive (upto $5®). It isprudent to dovnload
imagesto alaptop or other massstorage device eveninthefield. When image acaracy in
individual pixelsisimportant, asin imagesmy groupanalyzesto get led areaindex, uncompresse
images $oud be used, reducing storage caacity dramatically and correspondngly raising the
neeaded investment in storage media (100imageswould need a1 GB microdrive for $300,if one's
digicam acceptsit, or two 512MB media such as @mpad flash RAM for abou $390).

Microdrivesdont function at extremes they depend onair to float the head, which (at least
asof lag year) limited them to atitudes of 3,500m (12,000ft) or so. Inthefield, compad flash
RAM or memory sticks ae morereliable. And, spe&ing d field condtions, cold will significantly
increasebattery neels.

In the lowed light, using silver-based filmsis gill advantageous. CCD imaging cannd
achieve ashigh"speeds’ (ASA or ISO indiceg asthe fasted silver-baseal films. CCDstop ou at
abou 1600ASA in the high-end, while many films can be pushed to 3200. (The new Fuji Provia
400F dlide film retains very high resolution when pushed to ASA 1600 Kolonia2001) In low
light, electronic or Johrson nase degradesCCD images noiseremoval software isimproving, we
note. Both limitations are inherent, arising from the lower ability of siliconto absorb light than the
corregpording ability of sensitizing dyesused in silver phaography.



Silver-basel films do show some @lor biaseq"warm,” "magenta," etc.: see various
popuar photographic magaznes e.g.,Anon. 200) but CCDs ae nat neutral. They tendto adlight
blue tinge, again basel onthe dsorption ar action spectrum of sili con; many dgicams dlow
adjustment of the white balance, which isrecommended. CCDs dso record df-axislight (at the
edgesof a scae) differently than on-axislight; the sane dfed in sil ver-basel films hasbeen
largely engineeed ou (see dove). Some highrend dgicams, naably the Olympus E-10 and E-20,
direct the light perpendicular to the CCD to avoid this problem.

The st of using electronic imagingis large power consumption, mostly for the LCD
viewfinder and/or LCD monitor. A high-resolution digicam taken onan expedition might demand
a high-capaaty rechargeable lithium-ion bettery pad costing about $400. While nat very portable,
arelatively inexpensive ar or marine battery can be used; the maximum input voltage to the
digicam shoud na be excealed, so that a Smple voltage regulator may be needed.

The st of hard-drive gaceto store digital imageson a dektop computer is almittedly
low. Itisheadingtoward $2 er GB, or abou $0.03 @r 5-MP image in urcompresse TIFF. A
new drive to handle many images sill r epresents amoded capital invegment and some time to
install it. The maintenance st of large drives asin scans for virusesor defragmentation, can be
substantial in time, adding hous per scan.

Ability to view, edit, and send imagesin timely fashion

Pro: Images ca be downloaded to existing computers with little or no additional
equipment. Perhaps a$15memory-medium realer is neaded; software for viewing and a variety of
common image manipulations is usually included with adigicam. The ftware dso allows
conversions anongcommon file formats, such as PEG, GIF, and TIFF. In contrad, a slver-basel
phao must first be scained. This takestime, and the hardware, while wming davn in price, is still
a sgnificant invegment (about $400for a scaner cgpable of 2500 das per inch or more). Some
informationis degraded duing scaining. Consider two adjacent pixels, one of green leareswith
some 0il, and ancther of light-colored soil. Their regective (red, green, blue) = (RGB) values
might be (35, 55, 5 and (100, 100, 100 A linea measire, such as dbedo, is unchanged by
averaging the pixels. However, anorlinear index such asl = (G-R)/(G+R), similar to the
normali zed-diff erence vegetation index (Huete et al. 199), isdistorted. Pixel 1 has| = 20/80=
0.25, pxel 2 has| =0, andthe averaged pixel hasl = (77.5- 675)/(77.5+67.5 = 0.07,whichisfar
lessthan the average | = 0.125.

As part of this direct availability, digital images ae readily paged into documents. Often,
they can be sent with orly moded delay from locations of field reseach; one might, for example,
email i magesfrom aneaby town at night after aday of remote field work. Problems that show up
only after procesingimagesmight be caight during afield campaign. Duplicate images ae realily
sent to collaborators, asdigital files Onceonthe hard drive, imagesmay be orted in viewing
software. Picturesonfilm are readily sorted, too, kut must be scaned first, alengthy process

Con: Almost no ore has a omputer monitor that can show the full resolution d a moderate-
quality digital image, either an image catured drectly digitally with adigicam or a slver-basel
image that hasbeen scained. The highest reolution monitorsin common wse aie 2048 x 1536
pixels, and thisonly at 21"; smaller monitors have mrregpondngly lower relution). Thisis
naotably lessthan the gpproximately (2500to 30M) x (1700to 200Q linesin aquality image. One
can zoom in onthe image in the viewing software, bu one loses the senseof theimage as avhdle.
To see aigital image in full, one must print it, which is slow and somewhat expensive for ink and



paper (asmuch as$1 per 8" x 10" = 203mm x 254mm print). This st exceals that of film and
procesing for atypicd 35-mm slide (abou $0.9). One can print adigital image onto a dide, with
somewhat costly hardware (about $4000for afilm recorder, somewhat lessfor alower resolution
"didemaker" of lower color acaracy), but this gives up many advantagesof digital imagery.
Furthermore, the range of brightnesss that one can distingush in aprint by reflectionis only abou
15to 1,whichis equivalent to abou 4 bits of resolution (per primary color). Inadlide, itis éout
50to 1, a about 6 hits equivalent. A full deription d distinctions by the human eye may be
foundin Nelson (1966. (This disausson pants out that imaging a scanningin 10, 12, 016 bits
per color rather than the aurrent de facto standard of 8 hitsis esurd "fegurism,” invisible to users.)

Bringing upa high-resolutionimage on a computer monitor can be slow, tens of seonds for
al2MB image. Itis dow, inconvenient, or, onolder computers and monitors, effedively
impossble to compare many dgital images $de-by-side ona monitor, while ordinary slides or
prints can be cmpared by spreadingthem onalight table. Software sich asACDSee dlows a
monitor to act asthe equivalent of alight table, thoughimagesmust be opened at full resolutionto
assessgjuality.

Flexibility of composition and exposur e of images

Background Thisis avery broad topic that hasgenerated vduminous disaussionin the
popuar literature, aswell asthe great diversity of cameras Nonetheless some dea distinctions
exist silver-basel and digital cameras My disaussion here focuseson field usg while many
resarchers dso image subjedsin amicroscope. Both dgital and silver-baseal cameras ae off ered
with adapters for useon a microscope, with more or less @nvenience

Con, pat 1: chaicesof focal length: One difference isthat digicams, other than afew that
are built ontraditional cameras and that are extremely expensive ($5,000and more), have asingle
lens permanently affixed. Thisistypically a zoom lenswith an ogtical zoom ratio of 2.5 to 4-fold.
(One Olympus model, the C-2100JZ, has al0x ogical zoom and stabilized lens, abeit with only
low to moderate relution d 1.92megapixels.) Digital zoomingis available, bu with great image
degradation; digital zooming by 3fold fill s9 pixels with the contents of 1 pixel, leadingto
pronourced jaggednessor pixellationin animage. The opticd zoom range, which | would claim as
the only useful range for full-frame views, doesnat match the ranges a&ail able in demountable SLR
lenses(from 7.5 mm fisheye lenses to 800mm super- telephotos; the 'aff ordable’ rangeis easily 28
mmto 300mm). Some digicams can use sipdemental lenses these ae typically higher-priced
cameras Zoom ability may be limited by vignetting with thesescrew-on lenses Speciali zed
lenses such asfisheye, are not avail able except for very expensive true SLR digicams. Some
digicams, such asthe Nikon Cool[pix saies have goodmaao cgpability, in native mode and more
so with supdemental |enses.

Pro, pat 2: control of shutter goeed and agrture: Digital cameras ae readily programmed
to chocse gerture and shutter-speed combinations, or to leave them to the use, much as ae
ordinary silver-basal cameras The faded effedive tter speal is higher in the more expensive
digicams, asfad as1/18,000sin the Olympus E-20 (manufadurer's gedfications). Top-of-the-line
silver-based cameras ae asfad as 1/8,000s, but unlikely to beaome fader. The high speals have
no wseor very limited usesfor most people, it shoud be noted. However, the highest speead at
which aflash can be s/nchronized isimportant. Digital camerasmore reaily attain high'sync'
spedds than camerasusing film, or they achieve the sane g/nc el in lower-cost cameras



Con: While automatic focus and aperture slectionisusdul, there are situations in which
one wants control of aperturein order to control depth of field. Thisisinherently more difficult to
verify in dgicams, asnoted earlier.

Pro, pat 3: adjustment of color qudity andspedal effects. Inherently, one can adjust color
attributes(hue, sauration, and value or any equivalents such as R, G, B) of digital images
Adjustments to sil ver-baseal imagesrequire ather specia dugicating equipment and filters, or
intermediate mnversionto digital imageswith attendant cost and eff ort. Advanced adjustments,
such as @amospheric corrections, require digital subtraction d path radiance (Kaufman 1989.
Subtractionisimpassble to dowith multiplicetive arrections dforded by opical filters. Only
digital images ca be © correded, using custom software.

Con: A few very spedal effeds, such asstarbursts aoundspeaular highlights for artistic
compasition, are only practical in initial exposure and rot in digital post-processng. Thisis avery
rare need. Filters ae available for anumber of effeds. In many dgicams, ore can alter the white
balanceto achieve arange of filter effeds.

Pro, pat 4: time-and-date taggng: Digital images ae routinely tagged with time and date,
and some caneras dl ow tagging with GPScoordinates. Thisis often important in reseach. In
silver-based phdography, threeoptions exist but are only partly satisfactory. Manual records can
be lost or beaome unsynchronized. On-image date imprinting losespart of theimage. Eledronic
recording d date andtime can be dore on APSfilm (Advanced Phato System™) but APSis
available almost exclusively onless-cgpable point-and-shoot cameras It also uses a maller
negative, conferring somewhat lower reolution.

Taking imagesin rapid sequence

Pro: Some high-end dgital cameras ca take images adad as15 framesper seond (fps).
Limitations in movement of shutters, film, and reflex mirrors limit silver-basel camerasto 3fps
(most SLRs) or asmuch as8 fps (top-line SLRS).

Con: Digital cameras ca sustain only short bursts at high speed, becausedata transfer to
storage media occurs a alimited rate. In our own aerial phaography, it isimportant to store & least
30imagestaken abou 1.2s gart. Very few digicans can dothis, and even fewer can dothisin
TIFF or raw modesthat preserve al pixel information. A burst of only 3 o 4 imagesis acommon
limitationin cameras @sting well over $1,000(or 9 frames in cameras dowve $20,000. (Useul
hints on aerial imagery are avail able from the aiuthor.)

Archival quality of images

Pro: Whil e slver-based color films usedyesthat slowly oxidize, bitsin adigital image
change with extreme rarity. Carefull y-stored Kodachrome dideshave lasted with negligible
degradationfor 50 years, bu ealy chromogenic dides(the other "chromes') became unusablein 1
to 2 yeas. Modern "chrome" films have an expeded lifetime of abou 50to 90 y(Schwalberg
1982 in namal storage. (For information onarchival storage, seeKodak 199). A more mmmon
limitationto archival storage of silver-based imagesis poa processing. Most of us have been
victimized at onetime or ancther by low-quality procesing that yielded rapidly-degrading images
usually from failure to use fresh stabilizers. Poor stabilizationis not apparent in freshly-procesed
didesor negatives. If it isdeteded, restabilizaionis posgble but is time-consuming.



Con: Bits ae rather stable but formats ae not. From both format obsolescece and decay
of the medium (more 2 for magnetic mediathan CD-ROMSs), adigita file such as aimage has a
useul lifetime of abou 5to 10 yeas (Rothenberg 19%). One can reprocessdigital images &ery
few yeas, converting to the newer formats. However, if one Kips several generations of upgades
digital imagesmay bemme irretrievably unreadable.

Conclusions

Neither digital nor silver-basel photography hasthe clea advantage unless one weights the
dedsioncriteria acordingto one's needs. Some aiteria ae "must-have" and shoud be gplied
multi plicatively, even as 0 (unacceptable) or 1 (fully aaceptable). Others are more nealy additive
andtradeable. One can and should make a soredheet. | hope that this aticle makes eplicit some
tradeoff s that are not widely appreciated and enablesresearchers to make lid and cost-effedive
dedsions. In my own work, | useboth dgital and silver-basel photography for diff erent purposes

The performance dtributesof both kinds of imaging continue to change, particularly rapidly
for digital imaging. One must re-evaluate the techndogiesfrequently, at leag every two yeas, |
sugged. Reviews ae given frequently in popular photographic magaznes(l particularly favor
Chasseur d'Imagesfrom France thoughit is not yet offered in English) and in some distributors
caalogs, such as Digital Photography Soucebook offered by B& H PhotoVideo, NY. Severa
Web sitesoffer substantial reviews and disaussions of digital imaging, such aswww.dpreview.com,
www.stevesdigicams.com, and www.dcresource.com.

Pleasenote that mention d a product does not constitute endarsement.

Literature dted

Anon. 2001 Comparatif. Chasser d1magesJuin-Juillet: 52-61.

Beynon,J. D. E., andD. R. Lamb. 1980.Charge-Couped Devices ad Their Applications.
McGraw-Hill , London.

Chiewm, P., A. Jonker, C. Melchiorri, G. Vanni, and C. J. F. VanNoorden. 1994 A usea's guide for
avoiding errors in absorbency image o/tometry: areview with arigina experimental
obseavations. Histochemicd J. 26: 1-19.

Hedt, S. 1924.The visua discrimination d intensity and the Weber-Fedhner law. J. Gen. Physiol.
7: 241-250.

Huete, A., C. Justice, and H. Liu. 1994.Development of vegetation and soil indicesfor MODIS-
EOS. Remote Sensing Environ. 49: 224-234.

Kaufman, Y. J. 1989.The amospheric efed onremote seising andits rrection. In G. Asrar,
editor. Theory and Application d Optical Remote Sensing, pp. 336428.Wiley-
Intersaence New York.

Klinker, G. J. 1993.A Physical Approac to Color Image Understanding. A. K. Peters, Welledey,
MA.

Kodak. 1999.Storage and care of Kodak phaographic materials. Tech Pub E-30. Eagman Kodak,
Rocheder, New York. (Also pasted onthe Web at www.kodak.com; seach archival phao
storage.)

Kolonig, P. 2001.Color. Pop. Photog. Oct.: 20 & 184-185.

Myler, H. R., and A. R. Weeks. 1993.Computer imaging redpesin C. Prentice-Hall, Englewood
Cliff, NJ.



Nelson, C. N. 1966.The theory of tone reproduction. In C. E. K. Mees ad T. H. James editors.
The Theory of the Photographic Process pp. 4@1-498. Macmill an, New Y ork.

Netravali, A. N., and B. G. Hakell. 1995.Digital Pictures Representation, Compresson, and
Standards, 2ndEd. Plenum, New Y ork.

Rothenberg, J. 1995.Ensuring the longevity of digital documents. Sci. Am. 272: 42-47.

Schwalberg, B. 1982 Color presevation upate.Pop. Photog.,January: 81-85.

Williams, C. S.,and O. A. Bedklund 1972.0ptics A Short Coursefor Engineers and Scientists.

Wil ey-Interscience, New York.



