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A Region-Growing Algorithm
for INSAR Phase Unwrapping

Wei Xu, Member, IEEE and lan CummingMember, IEEE

_ Abstract—This paper describes a new region-growing algo-  Although phase unwrapping has been studied for over
rithm for interferometric synthetic aperture radar (SAR) phase 20 years in a number of disciplines, unwrapping of noisy inter-

“”Wrapp'”% ghe "é'gor'tum f'sndes.'g“ed. to hla”d'e noisy interfer-  farqggrams still presents a challenge [1]. Phase unwrapping of
ogrla)lmLanwrap;:Z isor::;r:e do ;m"gi F:EZCLpe'rsi;eter of “growth SAR interferograms is particularly difficult because of the side-

regions,” and these regions are allowed to grow with con- looking configuration that causes sha(_jow, fore_shortenlng, and
sistency checking. layover. A number of phase unwrapping algorithms for SAR

2) Phase information from neighboring pixels is used to pre- interferograms have been proposed in recent years [2]-[6],
dict the correct phase of each new pixel to be unwrapped. however, none of the existing phase unwrapping algorithms

3) Reliability check is applied to each unwrapping attempt, 5. yer isf rv when the oh iS Noi r dense frin
and the threshold used in the check is gradually relaxed so §ciure y satisfactory when the phase is noisy or dense ges

that the most robust unwrapping path is followed. . . . .
4) As regions grow into one another, they are merged by  This work introduces a new algorithm based on region
adjusting their ambiguity numbers, and further reliability =~ growing?! In Section II, the concepts and operation of the

checks must be passed for merging to be allowed. algorithm are described. In Section Ill, an experiment with
the Sardegna ERS-1 interferogram is described, in which the

unwrapping algorithm has been compared with two of the most performance of the reglor_1 growmg algorithm is . compared
widely used algorithms: the cut-line (CL) (also known as residue- with t\_NO other representatlve_ glgorlt_hms. In SeCt'Or_‘ IV, the
linking) algorithm and the weighted least-squares (WLS) al- €xperimental results are verified with map elevations and
gorithm. The FRINGE Sardegna interferogram has been used further algorithm comparisons are made. The paper finishes
because it has steep topography that causes problems for manywith discussions and conclusions in Sections V and VI.

phase unwrapping algorithms. It has been shown that the region-

growing algorithm can unwrap well into low coherence regions,

while making few ambiguity-level errors. This can be attributed I
to the diversity of growth paths used by the algorithm, in which

difficult areas are approached from many directions.

To verify the proposed algorithm, the region-growing phase

. DESCRIPTION OF THEALGORITHM

Index Terms—Digital elevation model, interferometry, phase A Basic Concepts
unwrapping, region growing, synthetic aperture radar (SAR), In many phase unwrapping algorithms, the accuracy of the
terrain mapping. result depends on the path chosen to perform the unwrap-
ping. Choosing the best path has been troublesome for many
|. INTRODUCTION current algorithms. The region-growing algorithm minimizes

I N SYNTHETIC aperture radar (SAR) interferograms, thgnwrapping errors by starting at pixels of high data quality and

phase value of a pixel, after the removal of the Componep]lioceeding along dynamic paths where unwrapping confidence
! % high. Areas that are difficult to unwrap are then approached

related to the flat earth, is a function of the terrain height al b f directi Th the alaorithm is abl
the change in terrain height between SAR passes. However, fgim a nhumber of directions. Thus, the aigorithm 1S able
correct unwrapping errors to a certain extent and stop

variations in the terrain height above a certain minimum, tfi% ) tion. The alaorith hi th Is in th
phase value wraps over multiples of and ambiguities occur. €l propagation. the aigorithm achieves these goals in the

Phase unwrapping, the procedure of resolving the ambiguit{ggowmg Ways_. ) ) )

that are represented by the multiples af, 2 then necessary 1) Unwrapping is carried out concurrently in a number of

for extracting the information about terrain height, or its  regions. Aregion is started from a seed where the phase

change, from the interferogram. is locally smooth and allowed to grow outwards along
controlled data-dependent paths during the unwrapping
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C. How a Growth Pixel is Unwrapped

® 0006 0 | uwappedregion Unwrapping of a growth pixel uses phase predictions from
® ® | O unwrapped pixels a 5 x 5 window centered at the growth pixel. Considering the
EROIOH eight neighbors of the current growth pixel, 1&%, of them
growth pixels be unwrapped.

To provide reliable phase unwrapping, a phase prediction
can be made from each of thé, unwrapped neighborsy,,
@ other pixels is generally required to be larger than one, except near a
seed. The predictions are made along lines, as illustrated in
Fig. 1. Growth pixel and its neighbors showing phase prediction directior]sig_ 1, whereN, = 4. The predictiond)fj is formed from the
kth unwrapped neighbor, and it is either a linear or constant

3) Information from as many directions as possible is uséjediction, depending on the number of unwrapped pixels
to unwrap each pixel. This mitigates the effect of errordlong the prediction line, as follows.
in the individual prediction directions. 1) If two unwrapped pixels are available along the predic-
4) Reliability check based on the consistency of phase tion line, a linear prediction is used
predictions is applied to each unwrapping attempt to val- P = 9k] — ¢[I] (1)
idate (or temporally disallow) the proposed unwrapping ko

value. wherek’ stands for the next unwrapped pixel along the
5) Reliability tolerance is gradually relaxed to allow as prediction line.

many pixels as possible to be unwrapped while keeping2) Otherwise, the prediction is simply given by the phase
the unwrapping consistency above a specified level. value at pixelk
6) When regions grow together, an attempt is made to
join them by trying many different connecting paths. ¢y, = o[kl 2
Consistency checks are applied to ambiguity numbers of . - . .
the pixels that join_ the regions. The ambigujty numbergvzr: gné 2f(i?1rg\?uoisr:t§iv?(;igllcg(r)fgi cli ()fg;med as a weighted
of the merged regions are adjusted accordingly.
The key of the algorithm is to guide the unwrapping along Al Al
paths that are as reliable as possible. The word reliability or ¢ = <Z wkd)ﬁ)/(Z wk) (3)
reliable will be used frequently in the paper. Reliability refers k=1 k=1
to the conditions under which a section of the interferogramherew, is one for case 1 because it is more reliable and 0.5
will be unwrapped correctly. Reliability is a function of nois€or case 2. The weights are shown as the numbers beside the
and topographic structure of the data. In this algorithm, tle®rresponding prediction line in Fig. 1.
areas of least phase noise and the smoothest topography aithe phase prediction (3) is used to attempt to unwrap the
unwrapped first. The use of multiple growth regions allowgrowth pixel. The proposed unwrapped phase valyeat the
difficult areas to be approached from a variety of directiongrowth pixel is computed as
and allows regions to be merged in a variety of ways. In this
way, difficult areas are approached from a solid foundation Pu = du +2nm (4)
of correctly unwrapped regions and ambiguity-level errors ajghere ¢, is the wrapped phase at the growth pixel angd
minimized. The growth regions can be viewed as islands jRe ambiguity number, is
the sea of the wrapped interferogram. The depth of the sea
is determined by the measures of unwrapping reliability, such m = nint(d)p — ‘/)w) (5)
as the coherence. As the sea is drained, the islands grow in 2m
directions of highest unwrapping reliability and join togethe(/vhere nint
New islands also appear when the sea is drained.

G current growth pixel

(x) is the integer closest t@. The result of the
unwrapping attempt is accepted or rejected based on a measure
of reliability discussed below.

As the unwrapping is based on the composite prediction

The unwrapping process can be considered a state machiather than any of its neighbors alone, a phase change larger
At each step, the current state consists of one or more coiman= between two adjacent pixels is possible. In this way, it
tiguous regions of unwrapped pixels. Surrounding each regimnpossible for the algorithm to correctly resolve aliased phase
is a ring of pixels that will be considered for unwrapping irvalues, which can occur in areas of steep topography.
the next iteration of the algorithm. The pixels in this ring A numerical example is shown in Fig. 2. The original
will be called growth pixels. An unwrapped region and itsvrapped phase values in a 5 window centered on the
ring of growth pixels are illustrated in Fig. 1. At each step ofrowth pixel are shown in Fig. 2(a), where the range of phase
the iteration, one selected growth pixel will be considered fealues [0, 2) is quantized to [0, 100) for easy representation
unwrapping, designated with a “G” in Fig. 1. A growth pixeland the center pixel in parentheses represents the growth pixel.
will have one or more unwrapped neighbors, which are us&dippose the corresponding unwrapped phase values are shown
to provide phase predictions, as described in the next sectiomFig. 2(b), where “X” represents a pixel that has not yet been

B. Unwrapped Regions and Growth Pixels
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i *” The threshold, may be gradually relaxed from a small value
B 1B B30 R x (e.g., w/4) to a larger value<2r (e.g., 7/2) in successive
75 010125 | 50 | 90 O T T T iterations so that reliable data will pass the test early and thus
be unwrapped earlier.
60 | 5 [0 75 | 20 X | x| G 1175220 Measure 2: It uses the differencée, between the unwrap-
45 90 | o | 35| 80 < | 90 | 1001 135 | 150 ping result¢,, and the composite predictiop?
40 | 70 | 90 | 20 | 50 x | 70 | 90 | 120 | 150 dy = | — ¢ (11)
@) (b)
The reliability test is passed when
X X X 0 0 0
L dy < ty. (12)
X G | 130 0 G 1
90 | 110 | 120 s 1 The threshold,, may be gradually relaxed from a small value
(e.g., w/4) to a larger value<rw (e.g., w/2) in successive
(c) (d) iterations.

Fig. 2. Numerical example: (a) wrapped phase value of neighbors, (b)Me€asure 3:1t uses the local coherenceeof the interfero-

unwrapped phase value of neighbors, (c) individual prediction from neighbognam,2 also called the correlation coefficient [9]
and (d) individual prediction weights.

c= |E{amej¢mase_j¢5}

/VE{al}E{aZ}  (13)
unwrapped and “G” represents the current growth pixel. Then
the corresponding predictions along the four directions ajgere E{z} is the average value of, a,,, anda, are the
given. in F_ig. g(c), and the corresp_onding .prf-zdic.tion WeighE?mplitudés', ands,, and ¢, are the phases of the master
are given in Fig. 2(d). The composite prediction is then  gnq slave SLC images, respectively. The average is typically
0.5 x 90 + 110 + 120 + 130 calculated in a window with an area of 16 pixels or more.

¢ = 054+1+1+1 ~ 115.7 6) If the amplitude values are not available when coherence is
and the ambiguity number is calculated, an apprOX|r_nat|on can be obtained by assuming
constant amplitude, which leads to
. 115.7-20
m = nint| ——— | = 1. (7 . . )
100 I |E{cmmc_]¢s}| = |E{cm“’}|. (14)
Thus, the result of this unwrapping attempt is
The reliability test is passed when
¢u = 20+ 100 x 1 = 120. (8)
In this example, the phase difference between the current c>te. (15)

growth pixel and its neighbor on the right side is larger than

and this algorithm successfully unwrapped the phase by usifige thresholdt, may be gradually relaxed from a large value

phase predictions along multiple directions. The applicationl to a small value>0.

of phase predictions allows the algorithm to accept a phaseSeveral ways have been tried to combine these measures

difference between neighboring pixels of more tharn its of reliability. Experiments have shown that the following two

normal unwrapping procedure. combinations work well.

Note that this unwrapping procedure changes only theTest 1: The applications of measures 1 and 2 are combined

ambiguity number, not the fractional phase value of the pixaly simply having¢, = ¢, so that the two thresholds can be
relaxed simultaneously, and both of the measures must pass

D. Measures of Unwrapping Reliability their tests for the unwrapping result to be accepted.

The attempt at unwrapping the growth pixel is accepted Test 2: The first two thresholds are kept at a common
only when a reliability test is passed. There are many possils@stant
measures of reliability. Three of them that have been used in
our experiments are as follows.

Measure 1: It uses the average deviatidp of the individ-
ual predictions

t, =t, = constant (16)

while ¢, is a variable and all of the three measures must pass
their respective tests. A typical value of this constant /2.
N N For the above numerical example, we have (17) and (18),
dp = <Z wy| ¢, — ¢p|>/<z wk) (9 shown at the bottom of the next page. It has been found that
k=1 k=1 phase unwrapping is quite reliable when the threshold,of

The reliability test is passed when
2The coherence is a measure of the local phase noise in the interferogram,
dp < tp. (10) so high coherence is an indicator of phase prediction reliability.
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andt, are betweenr/4 andx /2. Thus, the unwrapping is —
quite reliable in the example above. .
#8~
E. Process of Region Growing #9”

Phase unwrapping is carried out concurrently but inde- ‘
pendently in a certain number of regions (e.g., 255). An SRS #5

unwrapping record is kept for each pixel. The unwrapping . #‘3‘}"”/'7-' bos i

record indicates in which regions the pixel has been unwrapped ‘ -2 ¥2 |
(at most two for the current program) and the corresponding : #4 o
ambiguity number for each of the regions. #e

Each region begins from a single pixel, one of a set | __ e
of selected seeds. The seeds are distributed throughout the @)
interferogram based on a suitability criterion, such as local
coherence. An arbitrary ambiguity number (e.g., 128) is as-
signed to each seed. Regions and their seeds are ordered so that 5o
those with high reliability are assigned a small index number. = e
The reliability of a region may be measured by the coherence
of its seed, the size of the region, or the averaged measures
of unwrapping reliability, as described in Section II-D. The
coherence at its seed has been used in our experiment for ‘
simplicity. An example of the distribution of ten seeds and the |
regions grown from the seeds is shown in Fig. 3(a).

The regions are allowed to grow within an iterative al-
gorithm structure. There are two levels of iteration in the ] #7
algorithm. The outer iteration is called the threshold relaxing ®)
iteration, and the inner iteration is called the growth iteration.
In each growth iteration, growth rings are defined for the
unwrapped regions and the algorithm tries to unwrap each
growth pixel in the growth rings once. Newly unwrapped | 48
rings are established after each growth iteration, as shown
in Fig. 3(b). The gaps in the newly unwrapped rings are £
pixels that have failed the reliability test. The regions before
growing are dotted, and the overlaps that occur in the newly
unwrapped rings are shaded in Fig. 3(b). Then, new growth
rings are created and unwrapping is tried again using the same ey el
thresholds. When a growth iteration fails to unwrap any new e
pixels, the growth iteration is terminated. Then the thresholds - #2
are relaxed by one step, and a new threshold relaxing iteration  #¢
begins. In this way, the pixels with highest reliability are —
unwrapped first. Thus, the unwrapping path is data dependent (©

and as reliable as possible. Fig. 3. Examples of (a) regions grown from seeds, (b) newly unwrapped
rings with overlaps, and (c) merged regions and cleared overlaps.

#7-

#5

45

#7

F. Region Merging

As each of the regions grows individually, two or more different seed, is examined at each pixel in the overlap area.
regions may develop an overlap area. Once such overlap ar€asir modeD,,.q is then a reasonable estimate of the difference
grow to a minimum size (e.g., three pixels), attempts to mergetween the ambiguity number for the two regions.
the overlapped regions are made. The reliability of this estimate is then checked by the

Suppose regionsand;j have an overlap area &f,, pixels. following procedure. The difference between the ambiguity
The difference between the ambiguity numbey for region number for the two regions at each pixel is compared with
+ and the ambiguity number.; for regionj, originating from D,,s. Suppose there aré&/. pixels in the overlap area that

g 00 |90 — 115.7| +|110 — 115.7| + |120 — 115.7| + [130 — 115.7| L2
r 0.54+1+1+1 100
~0.27 (17)

2m
w & 120 — 115. — =0. 1
d [120 5.7 x 100 0.0867 (18)
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agree withD,,4. The estimation of the difference between the
ambiguity number for the two regiors,,., is considered to be
reliable as long as the following two threshold tests are passe

and
N./Nyy, > tp,. (20)

An example of the value of the threshald, is three and of
the threshold:,.,. is 3/4.

If the estimation of the difference between the ambiguity’
number for the two regions is reliable, the two regions are the
merged by moving the pixels in the region with the larger inde>
to the region with the smaller index. The pixels in the overlap 2
area, which do not agree with the estimate of the diﬁerenc
between the ambiguity numbers, are cleared by resetting
the corresponding unwrapping record. The large index i
freed after the merging. If the estimation of the difference . :
between the ambiguity numbers for the two regions is nbig. 4. Magnitude of the Sardegna ERS-1 interferogram.
considered reliable, the two regions are kept separate and the
whole overlap area is cleared by resetting the corresponding Sardegna ERS-1 Interferogram

unwrapping record.

An example of merged regions and cleared overlaps isERS-1 data of Sardegna, Italy, collected on August 2, 1991
shown in Fig. 3(c). Regions #1 and #3 have been merged wifibit 241), and August 8, 1991 (orbit 327), was used. At-
region #0, but some of the pixels in the overlap areas mgntion is directed to a portion of frame 801 with dimensions
have been cleared if they do not agree with the majority. #f 8 and 16 km in slant range and azimuth, respectively. It
contrast, region #2 is kept separate due to a failure in threshifidgtoward the far range of the full scene, centered & 40
tests, and the corresponding overlap areas are cleared. 8 N, 9° 32 E. This 512x 512 pixel magnitude image is

One advantage of this algorithm is that it allows regiohown in Fig. 4, after smoothing byx2in range and &

#2 to be merged into region #0 at a later stage if tHe azimuth. The averaged pixel size is 16 32 m, giving
reliability measure improves. In subsequent growth iteratiorgpproximately square pixels on the ground. Range increases
a larger overlap area will hopefully be generated, allowing teom left to right. The main part of the scene is quite
reliability measure to increase. mountainous, with the Mediterranean Sea along the right edge

Whenever vacancies of region indexes appear after regiefthe scene. According to the FRINGE baseline listings [18],
merging, additional regions can be started from newly selectdw® perpendicular baseline #5126 m.
seeds. The existing region indexes are compressed to lowefhe SAR signal data were processed to SLC images,
values, and the new seeds are assigned higher indexes, asthgigtered, approximately flattened, and the interferogram was
are considered less reliable. formed. The phase of the interferogram is shown in Fig. 5,

with the corresponding local coherence shown in Fig. 6.
Phase smoothing and the coherence calculation are based
[ll. UNWRAPPING THE SARDEGNA INTERFEROGRAM on the 2:1 and 8:1 range and azimuth averaging ratios.

An experiment using the region-growing algorithm to unSuch an averaging ratio should not be too large that much
wrap the difficult Sardegna ERS-1 SAR interferogram i8hase discontinuity information is lost nor too small that the
described in this section. Many researchers in the FRING®Rherence estimation is too inaccurate. Although the averaging
group have worked with it, but very few successful results havatio used was lower than optimal for accurate estimation
been reported. The only results published are two unwrapp@dcoherence, it was enough to be used in this unwrapping
images presented in the ERS-1 FRINGE workshop witho@kample, as there are other reliability tests applied as well.
verification [10]. The main reason for this lack of success This SAR interferogram is considered to be difficult to
is that the interferogram is difficult for phase unwrappingnwrap because of its large areas of low coherence, which are
algorithms like the commonly-used “residue-linking” or “cut4mainly caused by layover due to the extreme local topography.
line” (CL) algorithm [2], [4], [11]. Unwrapping with two other These areas of low coherence segment the interferogram
algorithms are also given for comparison. The algorithms weirio many pieces, which creates structural difficulties for the
chosen as they were the most popular ones when this papewrapping algorithms.
was written. Since then, many other promising algorithms haveThe distribution of the residues is shown in Fig. 7. The
been proposed [12]-[17]. 440 columns on the left side of the interferogram are in the
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Fig. 6. Coherence of the Sardegna ERS-1 interferogram.

it is also unwrapped using two other unwrapping algorithms,
which are in popular use nowadays.

B. Unwrapping with the Region-Growing Algorithm

A total of 255 initial seeds were selected based on regional
diversity and highest coherence. Growth pixels were checked
for unwrapping reliability using the following thresholds:

1) constant average deviation threshgld= 7 /2;

2) constant prediction difference thresheld= 7 /2;

3) variable local coherence threshold which starts at

200/256 and is gradually relaxed to zero.

These reliability tests for pixel unwrapping are combined
using Test 2 described in Section II-D. Unwrapped regions
are joined using the following reliability thresholds:

1) number of pixels agreeing with the ambiguity number,

trn it 31
2) fraction of pixels agreeing with the ambiguity number,
trr = 3/4.

The unwrapped phase is shown in Fig. 8. The displayed
result is the region with index 0, and its brightness is scaled
by a factor of 1/30 because the unwrapped phase spans 30
ambiguity intervals. The total number of pixels in this region

land area (excluding the Mediterranean sea). There are 96vith index 0 is 218 373.
residues or phase singularities found in this land area, whichThe following statistics are obtained for the land area.
correspond to a residue density of 4.31%. This interferografhe total number of unwrapped pixels in this region is
is difficult to unwrap with “residue-linking” algorithms [2], 206 019, corresponding to about 91.45% of this land area. The
[4]. In these algorithms, pairs of “residues” must be correcthptal number of pixels in all unwrapped regions is 209 352,
linked, and this is difficult with such a high-residue densitgorresponding to about 92.93% of this land area.
[11]. The “edge detection” algorithm [3] runs into difficulty Note that the percentage of unwrapped pixels can be in-
as well, when edges join together or when edges are disjointeased to 100% and the merging of all regions can be
The “least-squares” algorithms [5] will likely underestimateompleted by lowering the associated reliability thresholds.
the phase slope where large global phase discontinuities exitbwever, the quality of the unwrapped product will suffer. In
The Sardegna interferogram was unwrapped using they case, the choice of the threshold can be fine tuned to suit
region-growing algorithm described above. For comparisotihe user’'s objectives.
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Unwrapping by the CL algorithm was performed by Joughin
at JPL [19], using a modified version of the original CL
algorithm [2]. The phase of the largest unwrapped region is
shown in Fig. 9.

Several black linear features are noted in Fig. 9, for exam-
ple, the three-part line segment around range cell 385, range
line 362 (counting from the top left of the image). These
lines occur when CL’s connect residues that are fairly far
apart. They represent unwrapping discontinuities across which
ambiguity errors may occur.

The difference between the unwrapped data in Figs. 8 and
9 is shown in Fig. 10. Differences within the rangen(, =)
are shown with a linear grayscale, and those out of this range
are shown white. Black indicates that data are not available.
This area is chosen as the portion of interest because it is in
the middle of the area studied in the next section.

In the central part of the interferogram, where the coherence
is generally high and the topography is not too steep, the
two algorithms agree generally, except a difference of one
ambiguity interval () between the upper and lower parts.
However, other areas, like the areas at the top left of the

Y. il -
Fig. 8. Unwrapped phase of the Sardegna ERS-1 interferogram using {Reerferogram, which are almost completely isolated from

region growing algorithm, region #0. the central part by ridges of steep topography, have a large

ambiguity difference.

While the iteration strategy and the computer coding have Unwrapping by the WLS algorithm was performed at DLR
not optimized, the algorithm does require more computing tinf20], and the resulting unwrapped phase is shown in Fig. 11.
than other phase unwrapping algorithms. This is becauseTdfe WLS algorithm gives a result that is pleasing in appear-
the detailed attempts to try different unwrapping paths and taece because of its completeness and smoothness, but it is
associated reliability tests that are carried out. clear that misleading results are obtained in the sea area and

All of the pixels that could not be unwrapped, and pixeli places of sharp topography.
that belong to other regions, are shown in black in Fig. 8. The The difference between the valid data in Figs. 8 and 11
pixels that could not be unwrapped are located in areas isfshown in Fig. 12. In the central part of the interferogram
low SNR, temporal correlation, or layover, so that none of thehere the average coherence is high and the discontinuities
unwrapped regions could reach them in the growth iteratior@e not too large, the two algorithms generally agree up to
Regions with an index greater than zero were isolated in noigye one ambiguity level, as differences of fractions of an
areas so that they could not be merged with region #0.  ambiguity are common due to the smoothing operation of the

The algorithm automatically recognizes that the lowWLS algorithm. However, in the left part of the interferogram,
coherence sea area on the right-hand side should notw#ch is almost completely isolated from the central part by
unwrapped. The low-coherence regions caused by layoversignificant topographical features, the disagreement between
the land area are prominent in the figure, as they are also ki two algorithms is larger than one ambiguity interval.
wrapped, although small isolated unwrapped areas may be
present in some of the black areas.

Our present implementation of the region-growing algo-
rithm devotes a lot of time to generating phase predictions and
doing reliability checking. This improves algorithm robustness In the central part of the interferogram where coherence is
at the expense of computing time. This makes our presggnerally high and the topography is not too extreme, the three
implementation much slower than the CL algorithm. Howalgorithms give comparable results. However, in the left part
ever, Pritt has implemented a version of the region-growing the interferogram, which is almost completely isolated from
algorithm with computing times comparable with the othehe central part by a ridge of steep terrain, the disagreement
algorithms [17]. between the three algorithms is obvious. In these cases, ground

truth can be used to understand and resolve the differences,
_ _ i thereby helping to evaluate the unwrapping quality of the three
C. Comparison with the CL_and the Weighted algorithms.
Least-Squares (WLS) Algorithms As digital elevation model (DEM) data for the whole inter-

The CL algorithm has a number of variations and implemeferogram were not available, elevation data from a 1:25000
tations. New variations and implementations are continuing topographic map for one range line is used to compare the
emerge [15], [17]. Only the best implementation available @igorithms. Range line 127 (see the arrows in Fig. 8 for the
us when the research was performed was used in this papposition) is chosen because all three algorithms unwrapped

IV. VERIFICATION WITH MAP ELEVATIONS
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Fig. 9. Unwrapped phase of the Sardegna ERS-1 interferogram using f§6 10, Difference between the unwrapped phase of the region-growing
CL algorithm. algorithm and cut line algorithm with a fit to the upper middle portion.

Fig. 11. L{nwrapped phase of the Sardegna ERS-1 interferogram using ﬁﬂg 12. Difference between the unwrapped phase of the region-growing
WLS algorithm. algorithm and the WLS algorithm.

most of the pixels on this line and challenging significafthe phase values are not unwrapped (or are unwrapped into

topographic features are present along the line. unjoined regions). The following observations can be made
_ for each group of range cells (RC).
A. Comparison of Phase Values 1) RC 196-310: The best agreement occurs in this area

As the interferogram is not accurately flattened, it is useful  because it is here that the datum was chosen to align
to begin by comparing the unwrapped phase of the three the ambiguity levels of the three algorithms. The WLS
algorithms along the selected range line. This is a fair compar-  exhibits smoothing in the lower-coherence area around
ison because the imperfect flattening affects all phase images RC 275.
equally. The comparison of phase along the range line is showr2) RC 1-105 and RC 131-165: The largest differences
in Fig. 13. Gaps in the RG and CL curves indicate where  are evident in this area, differences of 11 ambiguities
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Fig. 13. Unwrapped phase of range line 127. Fig. 14. Comparison of INSAR-derived heights with map elevations.

between the CL algorithm and the region-growing akonversion used when interpreting the map data and indicates

gorithm, and 5.5 or 6.5 ambiguities between the WL8gions of SAR data layover.

algorithm and the region-growing algorithm. From the comparison in Fig. 14, the following observations
3) RC 106-130 and RC 166-195: The region-growingan be made.

algorithm worked through or around the low-coherence 1) RC 196-310: All algorithms agree closely with the map

areas, but the other algorithms did not. The WLS algo-  in the left half of this high-coherence region. In the right

rithm smoothed over these areas, while the CL algorithm  half, small differences with the map are observed, which

left it wrapped. could be due to errors in reading the map or due to the
4) RC 326-440: The three algorithms are roughly one am-  radar scattering properties.

biguity apart in this area, with the CL algorithm losing 2) RC 1-105 and RC 130-165: The region-growing al-

two ambiguities relative to the other two algorithms at gorithm agree closely with the map in these regions

the break near RC 365. because it has been most successful in propagating
5) RC 440-512: This is the area of the sea, which only the  the absolute phase from the central region. The more
WLS attempts to unwrap, yielding a smooth result. limited abilities of the WLS and CL algorithms to follow

Note that the WLS algorithm provides a smooth but often absolute phase over difficult regions has resulted in
inaccurate result over regions of low coherence. See, for offsets of about 5.5/6.5 and 11 ambiguities (about 400
example, the region between range cells 106 and 130 where and 800 m), respectively.
the slope has been reversed with respect to the region-growing) RC 106-130 and RC 166-195: The region-growing
algorithm. This effect is not unlike the effect observed by algorithm is the only one to effectively unwrap into the

Bamler et al. [21], where they observed “cycle slips” in the gaps. It agrees closely with the map in RC 106-115,
WLS algorithm in regions of low coherence and high surface  but it makes up to five ambiguities (about 350 m) local
slope. mistakes in the other areas in doing so.

In Fig. 13, the fine structure of the phase of the three 4) RC 326—440: The region-growing algorithm and WLS
results agree reasonably well, but major differences existinthe algorithms both work well in this region, with WLS
ambiguity levels. The map elevations will be used to identify giving a slightly better result. The CL algorithm is more
which of these solutions is best. bothered by the steep topography near RC 365, losing

two ambiguities (about 150 m).
B. Comparison with Elevations from the Map

Before a comparison can be made with the map elevations, V. DiscussioN

the flattening of the phase values must be improved. This i

was arbitrarily done by adding the same constant slope Ao Map Comparison

the unwrapped phase of each result so that the phase in thk this comparison with map data, the region-growing

high-coherence regions of RC 196-310 fit the map elevatioalgorithm has been proven to be less susceptible to large errors

closely. that can occur in noisy areas of the interferogram. This is
After this flattening refinement and scaling the phase targely because of the ability of the region-growing algorithm

elevation, the phase-derived elevations are compared with theventure deeper into noisy regions, attempting to work its

map elevations in Fig. 14. One ambiguity of 2orresponds way through from many different directions. As a result, the

to about 70 m of elevation change. comparison illustrates the effectiveness of the region-growing
Note that over most of the figure, the phase-derived elalgorithm in unwrapping difficult areas.

vations are parallel to the map elevation. This attests to theln our opinion, this implementation of the CL algorithm

effectiveness of the flattening operation. Note also that thesults in unwrapping errors because it cannot avoid linking

slant range axis sometimes reverses itself in the case of the wrong pairs of residues when the residue density is high.

map data. This is a result of the ground range to slant rangkso, the WLS algorithm results in unwrapping errors because
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it tries to fit the unwrapped phases to a smooth model in lowe stated that this effectiveness comes with a considerable
coherence areas, which is not valid in areas of significacwmputing time penalty for difficult interferograms.
topographic changes.
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