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Errata to Second Printing1 of The 
Handbook of Astronomical Image 
Processing

1. Page 276: the term in the numerator of Equation 10.7 should be 
changed from (Caperture/nannulas) to (Cannulus/nannulus) and should read as fol-
lows:

2. Page 277: the term in the numerator of Equation 10.8 should be 
changed from (Caperture/nannulas) to (Cannulus/nannulas) and should read as fol-
lows:

3. Page 635: At the beginning of last line on the page, delete extra "f" in 
“ffrom.” Text should read as follows:

4. Pages 229-234: Based upon reader comments, we have decided to 
rewrite these pages which deal with basic CCD testing. The revised text 
follows on the next page. Revised text is as follows:

1.The printing of the book can be determined by looking at the book’s copyright page.

(Equ. 10.7)m 2.5–
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, (Equ. 10.8)Sstar g= Caperture naperture Cannulus nannulus⁄( )–( )

• Multiple-Image Photometry is an automated tool that measures
either raw instrumental magnitudes or differential magnitudes
from a series of images.



8.2  Basic CCD Testing
To be practical, CCD tests must be simple enough to be carried out without fancy
test equipment. You can do basic testing without even taking your CCD off the
telescope! This consists of shooting two bias frames, two flat-field frames, and
one dark frame. That’s it. The analysis takes about five minutes. Details are given
in Section 8.2.1.

Advanced CCD testing is more complex. It requires building a low-level
light source (L3S), and with it shooting nine bias frames, nine low-level flat-field
frames, 32 flat frames taken with differing integration times, and three long-inte-
gration dark frames. This test sequence can be done any place that can be dark-
ened, including indoors on a cloudy night or in your observatory. Shooting a set
of advanced test images takes about three hours, and analyzing the results takes
about an hour. You will find a full description of advanced testing in Section 8.3.

8.2.1  How to Make Basic CCD Test Images

The purpose of making initial test images is to get a quick measurement of the gain
(or conversion factor), readout noise, and dark current of your CCD camera. This
method gives you accurate results, and it takes only a few minutes. Furthermore,
you can test the camera while it is attached to your telescope, so you can easily fit
it into your schedule during a night’s observing.

 To make the flat-fields, you will need a light box like the L3S described later
in this chapter, the evening sky, or your usual method for making flats. Make the
bias frames and the dark frame immediately before or after the flats so there’s no
time for the CCD or electronics to drift or change.

Turn on the camera and allow it to reach thermal equilibrium. Using the
readout mode that you use to make celestial images, shoot the following images:

Two Flat Frames. Make two flat frames using the same integration time.
Adjust the integration time to produce average pixel values one-third to halfway
to the maximum output of the camera. For 12-bit cameras, the flat should have an
average value between 1,500 and 2,000 ADUs; for a 16-bit camera, the flat should
average around 20,000 to 32,000 ADUs. Save the flat-frame files as BCT-FF1 and
BCT-FF2. 

Two Bias Frames. With the dark slide closed or with telescope capped, set
the integration time of your camera to the shortest available, and then make two
bias frames. Save them as BCT-BF1 and BCT-BF2.

One Dark Frame. Close the dark slide or cap the telescope, and make a
dark frame using a 60-second integration time. Save the dark frame as BCT-DF.

8.2.2  Basic Test Analysis

These images contain enough information to determine the conversion factor (also
called the gain), , the readout noise, , and the mean dark current,

. Your measurements will be made in analog-to-digital units, or ADUs.
g σReadout

Delectrons
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As you carry out each step, write your results in a format like that shown in
Table 8.1.  The tabular format keeps the data organized and ready for calculation.

8.2.2.1 Step 1: Mean and Standard Deviation of the Flats

Load the two flat frames, BCT-FF1 and BCT-FF2. Add them together and then
measure the mean value of a region near the center of the image. The size of the
region is not critical; an area 100 pixels on a side is entirely adequate. The result
is  ADUs.  (The notation  is read as “F-bar,” and the bar over the F says
that it’s a mean value.)

Next, subtract one frame from the other, and measure the standard deviation
in pixel value for a region near the center of the frame. Subtracting the two flat
frames removes any features in the flat, leaving the total noise in the two flat
frames,  ADUs. The noise you have measured is  times the noise in a
single flat frame.

• Tip:  In AIP4Win, you can add and subtract images using the Image
Math tool. Measure the mean value of the summed frames and the
standard deviation of the difference frames using the Pixel Tool.

F1 F2+ F

σF1 F2– 2

Figure 8.1 It takes only five images to determine your camera’s conversion factor and
readout noise. You can obtain a set of images like these without taking your
CCD camera off the telescope during a regular observing session. Checking
your camera assures that you are getting the performance you expect.

Bias Frame #1

Dark Frame
Flat Frame #2

Flat Frame #1

Bias Frame #2
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8.2.2.2 Step 2: Mean and Standard Deviation in the Bias

Load the two bias frames, BCT-BF1 and BCT-BF2. Add them together and mea-
sure the mean value of a region near the center of the image. The mean value is
the quantity  ADUs.

Next, subtract one bias frame from the other, and measure the standard de-
viation in pixel value for the same region at the center of the frame. Subtracting
the two bias frames removes any fixed bias patterns, leaving only noise from the
two bias frames,  ADUs, which is  times the noise of one bias frame.

8.2.2.3 Step 3: Measure the Dark Current

Load the dark frame, BCD-DF, and the bias frame, BCD-BF1. Subtract the bias
frame from the dark frame. Measure the mean pixel value for a region at the center
of the frame. This is the dark current, , in ADUs, that accumulated during
the integration time, , measured in seconds.

8.2.2.4 Step 4: Compute the Conversion Factor (or Gain)

Because the signal obeys Poisson statistics, the relationship 
should hold true. However, you measured the mean of a high signal level and its
standard deviation in pixel-value units, or ADUs. The conversion factor—also

B1 B2+

σB1 B2– 2

DADUs

t

σelectrons Felectrons=

Figure 8.2 The difference between two seemingly identical flat-field frames is noise—in
this case, the random variation in the number of electrons generated at each
photosite. This image has been stretched by a factor of 20 relative to the two
flat-frames, shown in Figure 8.1, that were subtracted to create it.
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called the gain—expresses the relationship between photoelectrons and pixel-val-
ue units. To use the Poisson-noise relationship, you need to multiply the signal in
ADUs and the noise in ADUs by the factor  to convert them to electron units:

, and

.

The Poisson relationship can therefore be expressed as:

.

Solving this equation for  yeilds the conversion factor:

 [electrons/ADU]. (Equ. 8.1)

Although this relationship is adequate as a rough measure of the conversion
factor, it makes two assumptions:

1. the flat-field illumination is perfectly uniform, and
2. the bias is small compared to the flat-field exposure.

Variations in the “flatness” of the flat-field frame are a special problem be-
cause they increase the standard deviation of the flat field even though they are not
noise. To get around this, we employ a clever trick by making two flat frames and
subtracting one from the other. Thus variations in the signal level cancel, but be-
cause noise is always additive, the difference frame has twice the variance due to
noise we would expect in a single frame. We use the same trick to measure the
noise in a pair of bias frames. Since the mean values of the flat-field and bias sum
frames are twice those of single frames, the factors of two cancel.

To compute the gain (conversion factor), , evaluate:

  [electrons/ADU]. (Equ. 8.2)

Because this equation is free of the assumptions implicit in Equation 8.1, it
yields a significantly more robust result for a small increase in effort.

8.2.2.5 Step 5: Compute the Readout Noise

The only source of noise in a bias frame should be readout noise. You have mea-
sured the sum of readout noise in two bias frames. 

To compute the readout noise, evaluate:

 [electrons r.m.s.]. (Equ. 8.3)

g

gFADUs Felectrons=

gσADUs σelectrons=

gσADUs gFADUs=

g
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8.2.2.6 Step 6: Compute the Dark Current

Convert the dark current measured in ADUs to electrons per pixel per second by
evaluating:

 [e- / pixel / sec]. (Equ. 8.4)

Recall that  is the dark frame exposure time in seconds.
Some CCDs have dark current rates as low as 0.001 electrons per pixel per

second. For these low-dark-current CCDs, it may prove necessary to use an inte-
gration time considerably longer than 60 seconds to accumulate a sufficiently
large dark current to measure.

8.2.3  What Results to Expect

The conversion factor (or gain) is the number of electrons per ADU. It is deter-
mined by the CCD camera’s electronics. The designer’s goal is to divide the full-
well capacity of the CCD chip into the number of steps resolved by the analog-to-
digital converter:

. (Equ. 8.5)

For example, for a commercial-grade chip with a full-well capacity of
40,000 electrons and a 16-bit analog-to-digital converter, most camera designers
would set the conversion factor at some value close to 80,000/65536 = 0.6 elec-
trons per ADU. For 16-bit CCD cameras, gain values around unity are typical.

Delectrons
gDADUs

t
-----------------=

t

full-well capacity
levels available

------------------------------------------ conversion factor=

Table 8.1 Sample Basic CCD Test Data

Frame Sum Frame
Std Dev’n of

Difference Frame
Mean Dark

Flat Frames 39675 ADUs 247.7 ADUs —

Bias Frames 213.3 ADUs 32.84 ADUs —

Dark – Bias Frame — — 6.43 ADUs

 [e- / ADU]

 [e- r.m.s.]

 [e- / pixel / sec]

Note that “electrons” is often abbreviated as e- (the letter e with a superscripted minus sign). 

For example, the term “electrons per ADU” is written as e- / ADU.

g F1 F2+( ) B1 B2+( )–

σF1 F2–
2( ) σ2

B1 B2–( )–
--------------------------------------------------- 39675 213.3–

247.7( )2 32.84( )2–
----------------------------------------------- 0.65= = =

σReadout
gσB1 B2–

2
------------------- 0.65 32.84×

2
------------------------------ 15.1= = =

Delectrons
gDADUs

t
----------------- 0.65 6.43×

60
--------------------------- 0.07= = =
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Readout noise is primarily determined by the CCD’s on-chip amplifier and
the readout speed. Science-grade chips that are read out slowly may have readout
noise levels of 3 electrons r.m.s. or better; top-notch commercial-grade models
with moderately fast readout speeds have readout noise around 6 electrons r.m.s.;
and CCDs made for video camera applications and digital SLRs typically have a
readout noise between 8 and 30 electrons r.m.s. If your camera has a CMOS sen-
sor, you can expect the conversion factor and readout noise to be larger than you
might find in a comparable CCD, but somewhere in the same ballpark.

In a cooled CCD camera, the mean dark current is typically around 1 electron
per pixel per second. Dark current depends critically on the intrinsic properties of
the sensor and the temperature of the sensor. A CCD that has a dark current of 1
electron per pixel per second when it’s cooled to –30 C will have between 100 and
1000 times that much dark current operating at room temperature. Since low-dark-
current technologies can push the dark current down to roughly 10 electrons per
pixel per second at room temperature; and these devices, when cooled to –10 C,
turn in  quite remarkable dark current figures. CCDs made by Sony employ a pro-
prietary process that produces very low dark currents at room temperature, and ex-
traordinarily low levels—on the order of 0.002 electrons per pixel per second—
when cooled to –10 C. With such low dark currents, dark current subtraction may
not immediately appear to be necessary, but remember that dark-frame subtraction
also removes the bias value, which is necessary for proper flat-fielding.
234    Handbook of Astronomical Image Processing


	HAIP2-Performance_Revised#2.pdf
	Figure 8.1 It takes only five images to determine your camera’s conversion factor and readout noise. You can obtain a set of ima...
	Figure 8.2 The difference between two seemingly identical flat-field frames is noise-in this case, the random variation in the n...
	Table 8.1 Sample Basic CCD Test Data
	8 Measuring CCD Performance
	8.2 Basic CCD Testing
	8.2.1 How to Make Basic CCD Test Images
	Two Flat Frames
	Two Bias Frames
	One Dark Frame

	8.2.2 Basic Test Analysis
	8.2.2.1 Step 1: Mean and Standard Deviation of the Flats
	8.2.2.2 Step 2: Mean and Standard Deviation in the Bias
	8.2.2.3 Step 3: Measure the Dark Current
	8.2.2.4 Step 4: Compute the Conversion Factor (or Gain)



	, and
	.
	.
	[electrons/ADU]. (Equ. 8.1)
	1. the flat-field illumination is perfectly uniform, and
	2. the bias is small compared to the flat-field exposure.

	[electrons/ADU]. (Equ. 8.2)
	8.2.2.5 Step 5: Compute the Readout Noise
	[electrons r.m.s.]. (Equ. 8.3)

	8.2.2.6 Step 6: Compute the Dark Current
	[e- / pixel / sec]. (Equ. 8.4)

	8.2.3 What Results to Expect
	. (Equ. 8.5)





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




