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ABSTRACT: AS part of the NASA-sponsored Landsat Image Data Quality Analysis (LIDQA) 
Program, we have measured the complete system modulation transfer function (MTF) for 
the Landsat-4 Thematic Mapper (TM) from sample imagery and are in the process of mea- 
suring the MTF of the Landsat-5 TM system. Three methods for MTF determination have 
been used in this program: (1) spatial frequency analysis of a high contrast linear target- 
the San Mateo Bridge over lower San Francisco Bay, (2) use of near-simultaneous high 
resolution aerial scanner imagery to calibrate the spatial frequency content of an arbitrary 
scene, and (3) construction of a special purpose two-dimensional target at the White Sands 
Missile Range in New Mexico. Landsat-4 TM MTF results from the first two methods are 
presented and compared in this paper, as well as early data for Landsat-5 from the special 
target at White Sands. The image-derived MTFs are compared to MTFs predicted from 
system models, both in terms of the overall shape of the curves and in terms of one particular 
summary MTF measure, the effective instantaneous field of view (EIFOV). It is found that 
the EIFOV of TM production imagery IS about 25 percent greater than that predicted by 
system models. This difference is attributed to the presence of several factors in real imagery, 
such as pixel sampling, resampling for geometric correction, and atmospheric degradation. 

F OR THE LAST three years, NASA has conducted 
the Landsat Image Data Quality Analysis 

(LIDQA) Program to quantify the performance of 
the TM on the Landsat-4 and Landsat-5 spacecraft. 
With the decrease of instantaneous field of view 
(IFOV) from 80 m for the MSS to 30 m for the TM, 
there is particular interest in the spatial resolution 
performance of the TM. While preflight line spread 
function (LSF) measurements (Schueler, 1983), 
square wave response (SWR) measurements (Engel, 
1983), and theoretical component modeling of the 
TM system modulation transfer function (MTF) 
(Markham, 1984) have all been done, the need re- 
mains to estimate the MTF of the complete system, 
including all nonsensor factors that affect resolution, 
such as pixel sampling (Park et al., 1984) and ground 
data processing (Fischel, 1984). Our efforts in this 
area are described in this paper; other LIDQA in- 
vestigators have also measured the TM resolution 
characteristics from imagery (Anuta, 1984). A thor- 
ough review of the importance of resolution in re- 
mote sensing is given by Forshaw et al. (1983). 

To measure the transfer function (TF), a complex 
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function of spatial frequency whose modulus is the 
MTF, a scene with known spatial, spectral, and ra- 
diometric properties is required. Because this in- 
formation is not generally available, relatively 
simple targets-of-opportunity with suitable geo- 
metric and radiometric characteristics must be 
used. Line source features suitable for testing of 
satellite sensors are likely to be manmade, obvious 
candidates being highways, canals, and bridges over 
water. It is necessary for the target's characteristic 
dimension to be considerably smaller than the IFOV 
of the system under test to provide reliable mea- 
surements. The target cannot be arbitrarily small, 
however, because contrast must be maintained in 
the recorded image. This conflict is aggravated by 
the fact that satellite systems such as the TM must 
have their dynamic range preset to cover the full 
range of scene radiances encountered over all re- 
gions of the Earth, from the oceans to deserts and 
polar ice and snow. Consequently, the contrast be- 
tween other features will generally be substantially 
less than the full dynamic range of the -- sensor. -- 

Three approaches to G s u r i n g  the TM MTF 
have been used in our project. The most direct mea- 
surements have been made from two images of the 
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Sat1 ,\;late0 Britlrrc~ i ~ i  San Fru~~cisco .  <:A. These clata 
and results have Iwen tlescril)ed in detail in a recent 
paper (Scho\vengerdt ct ( 1 1 . .  1983) :uicl only a sum- 
mary will I)e presenteel lierc. In adclitiol~, for one of 
thc Sali Friuicisco scenes. hich resolution (7 m IFO\,)  , <7 

aerial multispc~ctral scarlllcr imagery wcre ol,tai~letl 
on the  sanlc ~ i i o r ~ l i n g  as t l ~ r  TSI ovclrpass. T l ~ e s e  
data ha\-e 1)ct.n used to cal i l~rate  tht. spatial frc- 
cluency contcwt fix t\vo areas a ~ i d  t1lcrcl)y providr 
all esti~ilatc of tlie TS'I SITF A discr~ssion of this 
analysis is the, ~na jor  component of this paper. Fi- 
tially, \ve have. recently c o ~ ~ s t r ~ l c t c d  a special target 
a t  the \\'bite Sal~tls SIissilc Range (\\'S.\IKI in New 
.\lexica for measuring tllr. po i~r t  sprcacl f i t~~ct iolr  
(PSF) of the, Tl ' l  system. The. overall systcw T F  may 
then I)e calcr~latc.d as tlic t\vo-dimellsiotii~l Fourier 
tral~sforrn of tllc, I'SE 0111\. one Latrtlsat-3 TSi scent 
has 1Iee11 succc~ssh~lly acclr~irrtl of the target a t  this 
time and anal!.sis of this cli~tu is in progress. A I~ricf  
descriptio~l of this activity is p rese l~ tcd  at the end 
of this palw'. 

T h e  churactcristics of t l ~ t ~  t\vo l,;~t~tls;lt--l TSI 
scenes of' San Franicisco a l ~ t l  of the  sil~glc, Landsat- 
3 acquisition of the targct at the \ITSSIR are gi\-cn 
in Tal~le 1. 

SAN MATE0 BRIDGE ANALYSIS 

After consitlcring sevcri~l candidate targets in the 
Sat) FI-ancisco region, t h r  S ~ I I  Slatro 13ridge across 
tlic south ellel of'Sa11 Fr:u~cisco Ba!. was selectetl 
(Figure 1 and I'late 1). Tllc lo~ig,  straight eastern 
section of the I~riclge is 18.33 m \vide i u ~ d  its mas- 
imum height al)ove water ranges from (5.2 111 at low 
title to 3 . 9  m at high tide,. This low profile recluccs 
projected sliadows to tlle ~ ~ o r t h \ v e s t  of t h r  1)ridge at 
thc 10:15 a .m.  (I'acific St:mcli~rd Ti~ l lc )  scene acqui- 
sition time of the TSI. 

The San Ylvlateo Bridge makes an angle of 31.1 
degrees to tli? TM scan direction. This angle leads 
to 11 changilig spatial phase, 1wtwee11 tllc l)iuel saln- 
plcs ancl the I~ritlge fro111 scalrline to sc iu~l i~ le  (Plate 
11)). This sample-scene phasing, characteristic of all 
digital i m a g i ~ ~ g  systems, has Iwen itlcolporated in 
reco~it  theoretical analysis of the Lanclsat MSS by 
Park c t  (11. (1984). Briefly, t h e  p h a s i l ~ g  may I)e 
treated by its average effect on the  ovt-rall system 
PSF antl TF,  the result I ~ e i t ~ g  further clt.graclation 

of the overall system performalice IIeyond that pre- 
dicted by sensor anal!.sis alone. In the present case, 
the average profile of the l~riclge image in Plate 11) 
is wider tllilli that of the image fillling on the de- 
tector focal plane. 

A 1 2 8  x 128 pixc~l a r e a ,  centertad a l ~ o r l t  t h e  
straight eastern section of the l~ritlgc, was extracted 
Srom each TSl  scent, .  Tlie t ~ o - t l i ~ n e n s i o n d  fast 
Fourier tra~isfi)r~n (ITS) and its s c l ~ ~ a r e d  motlrllt~s, 
the powcbr spec t r t~m (PS) were calculated for this 
area (Plate 2)). Because wc were avtbraging tlie image 
respo~isr  to t l ~ e  I~ritlgc. over many lines a ~ i d  many 
sul)pixel p11ase dif ierc~l~ces,  we  1)clieved that any 
pliase infirmation in t h r  image would 1)e averi~ged 
out ancl it was therefort, only ncccssarv to consider 
the PS. The  ~najority of energy ill the PS is ill the 
spatial frc,cluel~cy dirc,ctioll orthogol~al to tlie 1)ridge. 
Spreatlit~g of the po\vcsr spectru~ti  energy away ti-om 
this anglc is caused 1)). t l ~ e  two-dimensional t:ffc~ts 
of tlie c h a ~ ~ g i n g  samplc-scene  l ) l ~ a s e  a n d  o t h e r  
sources of noise in the, image (\Vriglc.y, et (11.. 1984). 

If we  assume that tlrt. IIridge has a perfect rcc- 
tangle ratliance filnctioli in profilc,  t h e  average 
system SITF is given I)!: 

where s i~ic(s)  = s i n e ( ~ s ) / ( ~ s ) ,  \I/,, is the width of the 
\)ridge and c' is the sl)utial freclucnc!. in the clirec- 
tion perl)c,ndicular to tlith IIridge. The sinc function 
corrects tlie measllretl spectrum fi)r the freclue~?cy 
content of the bridge. Because the  IIricIge is effec- 
t ively a o ~ l c - d i ~ i ~ e n s i o t i i ~ l  t a r g e t ,  t h e  c o r r e c t e d  
d P S ( c 1 )  is tlw PI-ofile of the t ~ , o - d i ~ n c ~ i s i o n a l  SITF 
in the direction orthogonal to tlie 111-idge. The  final 
M T F  es t imates  from Equat iol i  (1)  w e r e  sliglitly 
noisy antl were smoothcd by a least squares poly- 
nomial fi~nction fitted to the noisy tlata. This noise 
appears quite periodic in so111e 1)alids (Figore 221) 
and may arise frorn detector-to-detector striping. A 
typical SITF curve and its l~oly~lomial  approxilna- 
tion is shown in Figure 2a, and the  average YITFs 
for TS4 1)ands 1 to 4 are  shown in Figure 211. The 
!)and-to-l~alid variatioli in the M T F  was snlall ti)r the 
12 August 1983 scene and within the noise levels 
for a single X'lTE This may b e  attrilmted to the 
relatively high solar elevation on that date, resllltirlg 
in high itnage contrast  b e t w e e n  tlie b r idge  a n d  
water. For the 31 Ilecember 1982 scene, only the 
M T F  for ],and 4 is plotted becar~se of low contrast- 

Solar atcgles ((leg) 
Type of 

Scene 11) Date Elev Az ;c~~;tlysis 

britlge 
I~ridge. two-image 
PSF target 
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FIG. 1. Location map for San Mateo Bridge. 

induced noise and shadowing problems on that date 
(Schowengerdt, 1985). 

TWO-IMAGE ANALYSIS 

The procedure for calculating the TM system 
MTF using the TM and the Daedalus high resolu- 
tion aerial scanner imagery over two areas near 
Stockton (Plate 3) and San Jose (Plate 4) consisted 
of the following steps: 

(1)  Registration of tlze TM and high resolution- 
intagery . 

This was acco~nplished by visual location of control 
points in the two images, followed by a least-squares 
power series polynomial fit to the control points to 
obtain the warping function, a coln~non technique 
(Schowengerdt, 1983) and finally, bilinear resam- 
pling of the TM imagery. In the present Case, 50 
control points were obtained, and a quartic poly- 
no~nial was used. This unusually high order was,;e- 
quired to remove high frequency line "wiggles in 
the aerial scanner imagery and register it to the ref- 
erence TM image (Plate 3b-c and Plate 4b-c). The 
major geometric difference between the TM and 
high resolution imagery was a scale factor of about 
four. In fact, this scale difference was adjusted in a 

A technique for measuring the MTF of satellite 
imaging systems that does not require special, high 
quality targets was developed by Schowengerdt 
(1976). In lieu of a target, an aerial image of the 
ground is acquired at al,out the same time as the 
satellite overpass. This image ]nay be used to cali- 
brate the spatial frequency content of the scene be- 
cause of its relatively high resolution compared to 
that of the satellite sensor. No special require~nents 
are necessary for the scene except that it contain a 
variety of features, such as roads, shorelines, build- 
ings, etc., that exhibit high spatial frequency con- 
tent, i.e., edges. For evaluation of multispectral sat- 
ellite systems, it is necessary that the aerial system's 
spectral bands approximate those of the satellite 
sensor. 

On 12 August 1983, a set of aerial Daedalus 111~1- 
tispectral scanner imagery was acquired over the 
San Francisco area in conjunction with a Landsat-4 
TM overpass. Although the TM was normally 
turned off because of the problems with spacecraft 
power and the inability to transmit data directly 
from the TM to the ground, a test of the TDRSS 
cornrnunications satellite was scheduled on this 
date, and a TM scene of San Francisco was ac- 
quired. The Daedalus sensor's spectral bands ap- 
proximate those of the TM (Table 2), and visually 
the images correspond well. The major difference 
between them, of course, is the  ~ n u c h  higher 
ground resolution of the Daedalus imagery, about 7 
m near nadir. 

separate step to permit easier location of corre- 
sponding control points in the two inlages (see Step 
5 below). The final average RMS difference between 
actual and calculated control points was between 
one-half and one TM pixel for the two areas. 

(2)  Matching the I-adio~netq of the T M  and high 
resolution imagery. 

This was acco~nplished by calculating the two-di- 
~nensional scattergrain, averaged over all pixels with 
a given gray level in one of the images (Dallas and 
Mauser, 1980), between the registered images. A 
linear least-squares fit to the scattergra~n was then 
done, yielding the linear gray level transforlnation 
to be applied to the high resolution imagery to make 
its mean and variance equal to those of the TM im- 
agery (Figure 3). This step is important in mini- 
mizing FFT border effects in later steps. 

(3)  Masking the colnlnon area between the two 
images and filling tlze border. 

The same ground area was masked in both sets of 
imagery and the si~rrounding border region filled 
with the image mean value within the masked re- 
gion. This step is important in minimizing FFT 
border effects, in conjunction with Step 2 (Plate 3d- 
f, and Plate 4d-e). 

( 4 )  Ratioing the FFT of the two 512 x 512 images. 

The geometrically and radiometrically-registered 
pair of images may 1)e considered an ol~ject-image 
pair, with the TM image, i(x,y), being the result of 
convolution of the high resolution image, o(s,y)  by 
the TM PSE By linear filtering theory, the ratio of 
their Fourier transforms, 1(1;,,cy) and O(V,,o,) re- 



PLATE 1. Landsat-4 TM image of San Mateo Bridge. a: lx, b: 8x. 



PLATE 2. Power spectrum for 128 x 128 subsection of bridge image. Only the lower right quadrant of spatial 
frequency space (Fig. 5) is shown because of symmetry. Feature A is frequency energy arising from line-to-line 
detector striping and feature B is energy arising from within-line periodic noise (Wrigley, eta/., 1984). 
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aged to reduce the amount of processing in steps 5 
and 6. 

(5) Correction of the TM irizage for 4 x 17zagnifi- 
cation. 

In the registration process, the TM image was first 
magnified by a factor of four with bilinear resam- 
pling to permit convenient visual control point se- 

'!! o.im o.nm o.3m o.rm 0 . m  o.am agery lection (Plate and comparison 3a-b and Plate with 4a-b). the high The same resolution effective im- 

SPRT I FL FREQUENCY I VtCYCLE/PIXL I magnification would have occurred if the high res- 
olution imagery had been directly mapped to the 
TM imagery, but selection of corresponding control 
points would have been more difficult visually. This 
resampling acts as a filter on the TM image whose 
effect must be removed. Empirical calibration of the 
filter was done by ratioing the FFTS of the TM iinage 
before and after magnification (Figure 4) to obtain 
the resalnpling filter, and dividing the FFT. ratio of 
Step 4 by this filter. The remaining resalnpling to 
achieve registration between the two sets of images 
was performed on the high resolution image and 
represented very little scale change compared to the 
30 m pixel of the TM. Therefore, no additional re- 
sampling corrections were necessary. 

FIG. 2. Landsat-4 TM MTFs derived from San Mateo (6) smoothing the TF and MTF.  
Bridge analysis. (a) Typical curve showing noise levels 
and smooth polynomial approximation. (b) Average The result of the ratio in Step 4 was quite noisy 
MTFs for all bands 1-4, 5 and 7, except for 12/31/82 from frequency-to-frequency, and smoothing was 
image which is the average for bands 43 59 and 7 only. necessary in order to obtain reliable results. Three 

smoothing steps were used: 

spectively, yields the complex TF, whose modulus 
is the MTF, These relationships are specified math- 
ematically as, 

i(s, y) = o(x, y) * PSF(s, y) (2) 
and 

(1) 3 x 3 median filtering of the two-dimensional 
cotnplex transfer function to remove spike noise 

(2) Azilnuthal averaging of the co~nplex transfer 
function in 30 degree sections (Fig. 5) 

(3) Least-square polynomial fitting of the azimu- 
thally-averaged MTFs. 

l(u,,cy) = O(c,,cy) x TF(v,,c,,) (3) Figure 6a shows a typical MTF and its polynomial 
approximation indicating the level of noise in the 

~ f t e r  the ratio I ( ~ , , v , ) / O ( ~ , , ~ , )  was calculated for final data processing step. A colnparison of the final 
each band, the individual complex TFs were aver- M T F ~  (polynomial obtained from 

TABLE 2. COMPARISON OF TM AND DAEDALUS 

the two-areas in the 8712183 scene is shown in Fig. 
6b. These profiles of the two-dimensional MTF are 
along the same frequency direction (region 5 in 
Figure 5) as that measured in the bridge analysis. 

SPECTRAL BANDS 

TM Wavelengths Daedalus 
Band ( C L ~  Band 

~ e c a u s e  the two MTF curves are quite similar, with 

Wavelengths any differences considerably smaller than the level 

(wm) 
of noise indicated for an individual MTF curve 
(Figure 6a), we may conclude that the two-image 

0.45-0.50 MTF analysis technique is repeatable, at least for 
0.55-0.60 the two different areas represented here. In Figure 
0.65-0.69 7, the MTF derived from the two-image analysis is 
0.80-0.89 compared to that resulting from the bridge analysis 

for the same scene. It is important that the two 
10.4-12'5 techniques, although entirely independent of each 

other, yield comparable results. In addition, the 
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PLATE 4. ban dose, Gallrornla sruay ar or two-lmagc alysls. a: TM overview, b: TM band 3 enlarged 4 x with 
control points indicated, c: Daedalus I 1 7, d: Daedi warped to register to TM, radiometry matched to TM, 
and area masked and border filled, e: TM with area masked and border filled. 
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FIG. 3. Typical TM average gray level versus Daedalus 
grey level with straight line fit used for image radiometry 
matching. 

bridge analysis method, being more direct and with 

1 little possibility for analysis artifacts, provides veri- 
fication of the results from the two-image approach. 

WHITE SANDS TARGET 
Uncertainties in the quality of targets-of-oppor- 

tunity and the difficulty and expense in acquiring 
simultaneous aerial underflight imagery make de- 
sirable the availability of a relatively permanent, 
high contrast target with known spatial and radio- 
metric properties. The target configuration shown 
in Figure 8, suggested by Dr. Steve Park of the 
NASA Langley Research Center, is designed to 
sample the TM pixel grid (and consequently the TM 
PSF) by a subpixel increment of 0.25 and thereby 
avoid aliasing in the measurement. In late Sep- 
tember 1984, surveying and construction of the 

FIG. 5. Averaging geometry in spatial frequency space 
for smoothing the TF in two-image analysis. Each region 
1-6 is 30 degrees wide; several profiles within each re- 
gion (e.g., region 3) were averaged at values of constant 
radius, i.e., constant radial spatial frequency. Only 6 re- 
gions are shown because of symmetry. 

4 o m  o.1w o.;m 0 . h  0 . i ~  o.:m 
S P R T I R  FREQUENCY IV ICYCLE/PIXELI  

SPATIAL FREQUENCY (V:CYCWPIXEL) 

7 ~ . m p  o . 1 ~  o.im o.im 0 . k  o.;m o.im 
SPRTIFI. FREQUENCY IV:CYCLE/PIXELI FIG. 6. Landsat-4 TM MTFs derived from two-image 

analysis. a: typical curve showing noise levels and 
FIG. 4. Filter derived for correcting 4 x  magnification smooth polynomial approximation, b: final smoothed 
of TM imagery. curves (region 5 of Fig. 5) for two study areas. 
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FIG. 7. Comparison of MTFs derived from bridge anal- 
ysis and two-image analysis, 8/12/83 scene. 

target were conducted at WSMR (Plate 5a-b). The 
target was created by spraying road oil on the sand 
in the prescribed pattern. By the time of the first 
successful TM acquisition, 28 October 1984, the 
target had been degraded and partially covered by 
sand because of unusually heavy rainfall and winds 
at the test site. The condition of the target was re- 
corded in a 351nnl photograph taken from a heli- 
copter at 5000 ft altitude on the day of the satellite 
overpass (Plate 5c). The TM image in unprocessed 
A-tape form is shown in Plate 5d. The 35 lnln target 
image has been digitized and is being used in anal- 
ysis of the TM image to calibrate the contrast of each 
square. Our plans are to respray the target at least 
once more immediately before a TM overpass. 

SUMMARY AND CONCLUSIONS 

Three approaches to measuring the MTF of the 
TM system from imagery have been described in 
this paper. Each has its own particular advantages 
and disadvantages, but in all cases they attempt to 
characterize the performance of the system in use, 
and thereby the quality of the data supplied to 
users. In Figure 8, a comparison is made between 
the image-derived MTFs and system model MTFs 
obtained by Markham (1984). The image-derived 
MTFs are considerably lower than the system 
model MTFs because the system model did not at- 
tempt to include the effects of sampling (Park et al., 
1984), resampling (the TM data analyzed here are 
P-data which are corrected for systematic geometric 
distortions; see Wrigley et al. (1984), for experi- 
mental analysis of the MTF for TM resampling), and 
atmospheric scattering (Kaufinan, 1984). All of these 
are factors in the final image-derived MTF, how- 
ever. 

One summary measure of the MTF curve is the 
effective instantaneous field of view (EIFOV). The 
EIFOV is calculated as one-half the reciprocal of the 
spatial frequency at which the MTF is 0.5. It is 
therefore inversely related to the width of the MTF 
and proportional to the width of the LSF. A sum- 
mary comparison of the EIFOVS obtained for the 
TM system using three techniques is given in Ta- 
ble 3. 

FIG. 8. WSMR target configuration. The center-to- 
center distance between each black square is 157.5 me- 
ters, or 5.25 pixels. The black crosses are used to geo- 
metrically correct the helicopter image (Plate 5). 

It can be seen from Table 3 that the EIFOV of the 
production TM P-data is between 40 and 50 In. This 
represents an average 50 percent increase compared 
to the commonly quoted 30 m IFOV. As mentioned 
earlier, this difference arises from nonsensor factors, 
such as pixel sampling, geometric resampling, and 
atmospheric effects, as well as any residual artifacts 
due to noise in our data analysis. In addition, the 
TM image of 12 August 1983 possibly contains non- 
linear radiometric effects because of dense cloud 
cover off the Pacific mast. No such problems were 
visible in the vicinity of the San Mateo Bridge, how- 
ever. 

It should be remembered that no single number 
completely specifies the resolution of a system such 
as TM. This fact is supported by the observation 
that several squares in the WSMR target, each 15 
x 15 m, can be easily detected in the image pro- 
duced by the TM system (Plate 5). Although these 
targets are detectable, they are not resolvable in the 
traditional sense. In a similar vein, the EIFOV is only 
one measure of the performance of a system such 
as TM, and one which is particularly pessimistic 
with respect to the detectability of small, high con- 
trast features. The MTF provides more complete 
information, but can be related to resolution or de- 
tectability with only a great deal of effort. 
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TABLE 3. EIFOV SUMMARY 

Technique Date EIFOV (m) 

San Mateo Bridge 12/31/82 40.8 (band 4 only) 
8/12/83 48.6 

San Jose Two-image 8/12/83 40.4l42.4 (scan/track) 
Stockton Two-image 8/12/83 38.7146.0 

System Model 
(Markham, 1984) 35.9132.1 

SYSTEM MODEL 

TRACK 

9 1 I 
0d,0 011 0:2 0:3 0:4 0:5 0,6 

SPATIAL FREQUENCY (V:CYCWPIXEL) 

FIG. 9. Comparison of MTFs derived by two-image 
analysis with those derived by system component mod- 
eling. The system model includes optics, electronics, 
and detector IFOV components (Markham, 1984) but not 
image sampling, resampling, or atmospheric compo- 
nents. The bridge-derived MTFs are not shown because 
of their similarity to those derived by two-image analysis 
(Figure 7). 
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