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Abstract—This work employs synthetic aperture radar inter-
ferometry technology to investigate infrastructure deformation in
which discontinuous and irregular interferometric fringes make
phase unwrapping (PhU) challenging. This study aimed to improve
the reliability and practicability of PhU through the number of
redundant observations to optimize PhU networks. The proposed
PhU networks optimization strategy can improve the efficiency
of PhU and accuracy. In addition, we evaluated the reliability
of selected networks based on two popular methods. Finally, we
used the Edgelist PhU method to demonstrate the reliability of
optimized networks. Experiments were carried out on the Nanjing
Dashengguan Yangtze River high-speed railway bridge, China, and
on buildings deformation in Xi’an, China, the results of which indi-
cate that the proposed method can effectively balance the accuracy
and efficiency of PhU.

Index Terms—Infrastructure, number of redundant observat-
ions (NRO), phase unwrapping (PhU), quality evaluation, synthetic
aperture radar interferometry (InSAR).

I. INTRODUCTION

SYNTHETIC aperture radar interferometry (InSAR) tech-
nology is a repeated measurement technique with the ad-

vantages of a large spatial scale, low cost, high accuracy, and con-
tinuous observability [1]. As buildings age, artificial structures
gradually deteriorate, which may result in structural collapse and
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personal and economic losses [2]. InSAR technology has been
applied to analyze infrastructures, such as buildings, bridges,
and highways [3], [4], [5], [6], [7]. Interference phase quality
is typically guaranteed in artificial buildings. However, digital
elevation model (DEM) errors and discontinuous and irregular
interferometric fringes pose challenges for phase unwrapping
(PhU). The accuracy of PhU directly affects the accuracy of
InSAR products.

In conventional permanent scatterer (PS) InSAR technology
[8], deformation parameters are retrieved through a predefined
deformation model (e.g., DEM error and linear deformation rate)
and PhU is then performed for the residual phase in space. Sim-
ilarly, the periodogram analysis method [8], linear regression
analysis method [9], weighted periodogram with small baseline
(SB) interferograms [10], integer least squares (LS) method
[11], and LS with the phase ambiguity detector method [12]
have been proposed. Monserrat et al. [13] introduced a thermal
expansion deformation component into the InSAR phase model
to monitor building deformation. Costantini et al. [14] proposed
the permanent scatterer pair (PSP) method, which identifies arcs
that satisfy a predefined phase model instead of selecting point
targets. These methods are used to estimate deformation param-
eters by stacking interferograms and a predefined deformation
model.

With respect to spatial PhU strategies, global optimization
approaches, such as the minimum cost flow (MCF) algorithm
[15] and statistical-cost network-flow (SNAPHU) algorithm
[16], generally minimize the difference between the rewrapped
unwrapped phase and its original wrapped phase globally. Path-
tracking strategies generally integrate the phase gradient field
along optimized paths, such as the branch-cut algorithm [17]
and region-growing algorithm [18]. Two-tier network [19], [20],
hierarchical networking, and constrained adjustment [21] have
been introduced into PhU. In addition, artificial intelligence
strategies have been applied to PhU [22]. In these methods, only
a single interferogram is used to implement PhU.

To avoid unwrapping errors, temporal phase information can
be used to promote the spatial PhU, such as the extended MCF
method based on 1-D temporal and 2-D spatial PhU [23] and
its improved version [24]. The 3-D PhU methods have also
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Fig. 1. Flowchart of the proposed method.

been proposed [25]. The null-space algorithm [26] and Bayesian
theory algorithm [27] were introduced into PhU. Spatiotemporal
network closure constraints [28], a multicomponent temporal
coherence model [29], and a triangle-oriented spatiotemporal
PhU algorithm [30] have been proposed. An overview of the
PhU methods was provided by Yu et al. [31]. These methods
aim to improve the reliability of the ambiguity estimation.

Redundant networks can improve the ambiguity estimation
and performance of spatial PhU [32]. An ambiguity detection
method was used to select reliable arcs from local free networks
[33]. The shortest path method was employed to optimize PhU
networks [34]. Reliable redundant networks have been used to
perform spatial PhU using an edge list algorithm [35], [36]. The
K nearest network was used to encrypt the Delaunay triangular
networks for the spatial PhU [37], [38]. However, a large number
of redundant networks are uncontrollable, which imposes a
burden on the spatial PhU algorithm.

PhU is a key step in infrastructure deformation monitoring in
which discontinuous and irregular interferometric fringes pose
a challenge. Therefore, after obtaining reliable redundant net-
works/arcs [33], [35], we suggest using the number of redundant
observations (NRO) strategies to optimize these networks, which
can improve the efficiency of PhU while ensuring accuracy.
In addition, we evaluated the accuracy of the selected reliable
redundant networks using ambiguity detection and temporal
coherence of double-difference phase methods. Next, we per-
formed spatial PhU by the Edgelist MCF PhU methods [35],
[36], [38] to demonstrate the reliability of optimized networks.

Finally, the proposed method was tested using 230 Sentinel-
1A/B SAR data points from 2016 to 2022 from the Nanjing
Dashengguan Yangtze River high-speed railway bridge in China.
The application to building deformation was tested in the land
subsidence area of Xi’an, China, using 47 TerraSAR-X datasets
from 2011 to 2015.

II. METHODOLOGY

Fig. 1 shows a flowchart of the proposed method, which starts
with SB interferograms. First, we selected candidate pixels to
generate redundant networks and to distinguish reliable arcs.
Second, we used the NRO strategy to optimize reliable networks.
We then performed a quality assessment of the PhU. Finally, we
deleted the low-quality pixels and iterated the steps above.

A. Selection of Reliable Networks

Reliable networks/arcs are a key factor in improving the per-
formance of PhUs. Based on the PSP strategy, reliable arcs are
selected from a predefined deformation model [14]. Similarly,
the temporal coherence of the double-difference phase (γp,q)
was employed to select reliable PhU arcs [8], [34], [38] without
deformation models, as shown in the following equation:

γp,q =
1

M

∣∣∣∣∣∣
M∑

ifg=1

exp(jΔϕp,q
ifg)

∣∣∣∣∣∣

Δϕp,q
ifg = wrap

(
ϕp
ifg − ϕq

ifg

)
(1)

where p and q are two neighborhood pixels, M is the number of
all SB interferograms, andΔϕp,q

ifg is the double-difference phase
between pixels p and q.

In addition, Zhang et al. [12], Wu et al. [33] proposed an
ambiguity detection method to distinguish reliable arcs, which
employs LS residuals to identify arcs without ambiguity phase,
as shown in the following equation:

AM×NΔθp,q
N×1 = Δϕp,q

M×1

Δθ̂
p,q

N×1 =
(
AT

M×NAM×N

)−1
AT

M×NΔϕp,q
M×1

Δϕp,q
M×1 −Ap,q

M×NΔθ̂
p,q

N×1 = Δp,q (2)
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where AM×N is the design matrix, N is the number of SAR
data, Δθ̂

p,q

N×1 is the estimated double-difference phase time
series between pixels p and q, and Δp,q is the double-difference
residual phase time series after LS estimation.

We can usemax |Δp,q| < Tresidual to select reliable arcs based
on the threshold Tresidual = c

√
max(Qarc) + 2

√
max(QΔθ)

in which the constant c may be chosen as 3 or 4 [12]. QΔθ

is the variance covariance matrix of Δθp,q
N×1. Qarc is the noise

variance of arc. When the threshold value Tresidual is reached, the
arc is regarded as an outlier at 95% confidence level [12].

B. PhU Network Optimization

Typically, we set the distance between two pixels or K nearest
neighbor pixels to generate redundant candidate networks. To
determine optimal networks, we can set a large number of K
values or distance thresholds. Based on these two methods,
reliable PhU networks can be selected from redundant candidate
networks. After obtaining reliable arcs, the structure of the
selected arc networks is unknown. A pixel may connect to too
many networks, causing a serious burden for the PhU.

The NRO is a key index in geodetic network adjustment,
which determines the reliability of the network adjustment [39],
[40]. Inspired by NRO, in this article, we used the NRO of
each pixel to optimize these reliable networks, as shown in the
following equation:

PixelNRO
i < TNRO (3)

where PixelNRO
i is the NRO of each pixel and TNRO is the

threshold for optimizing the network structure.
The process of NRO optimization is summarized as follows.
1) The first step is to delete isolated pixels or local networks.

A large spatial distance or K nearest neighbor pixel thresh-
old can be used to avoid this scenario.

2) The second step is to estimate the NRO of each pixel in the
network, which can be easily realized using graph theory.

3) The third step is to sort redundant arcs according to their
LS residual or temporal coherence of residual.

4) We maintain the arcs with the number of TNRO with the
largest coherence or smallest residual. If the NRO of a
pixel was less than the threshold TNRO, the connected arcs
were not deleted.

The purpose of the proposed NRO strategies is to select the
number of arcs linked to each pixel. Selected networks’ arcs
are with the smallest residual or highest coherence. Regardless
of the networks maintaining poor-quality arcs, the probability
of discarded poor-quality arcs is higher. Therefore, the NRO-
optimizing network strategy can be used to balance accuracy
and efficiency. In Delaunay triangulation networks of the con-
ventional MCF, the NRO of each pixel is around 5. Therefore, as
for the thresholdTNRO, the thresholdTNRO = 5 is recommended.

C. Edgelist MCF PhU and Quality Assessment

The MCF algorithm used Delaunay triangulation networks
to obtain triangular closure constraints in space and execute
linear programming [15]. However, in selected optimization
networks, it is difficult to find triangular constraints in space.

Therefore, we can use the Edgelist MCF method, which employs
edge constraints to execute linear programming, as shown in the
following equation [35], [36], [38]:

min(f+
1×DK+

D×1 − f−
1×DK−

D×1)

s.t.
[
CD×P −CD×P ID×D ID×D

]
⎡
⎢⎢⎣
L+

P×1

L−
P×1

K+
D×1

K−
D×1

⎤
⎥⎥⎦ = Δϕm

D×1

with L+, L−,K+,K− ∈ N
0 (4)

where C is the coefficient matrix of edges’ constraints in space
with elements of −1, 0, and 1, and I is the unit matrix. D
is the number of reliable arcs, S is the number of selected
reliable pixels, and P is the number of selected point targets.
Δϕm

K×1 is the double-difference phase of D reliable arcs in the
mth interferogram. L+

P×1 and L−
P×1, K+

D×1, and K−
D×1 are

two slack vectors for point and arcs’ ambiguities, respectively.
θm
P×1 = L+

P×1 −L−
P×1 represents the PhU in the mth interfer-

ogram.
The PhU error leads to deviations in subsequent deformation

parameters. Therefore, it is necessary to evaluate their relia-
bilities. No difference has been found between the rewrapped
unwrapped phase and the original wrapped phase when using
the SNAPHU [26] and MCF [14] methods. Pepe and Lanari [23]
proposed to use the temporal coherence of the residual (γLS) to
assess the reliability of PhU. The residual from the LS method
is used to estimate the deformation time series, as shown in the
following equation:

γLS =
1

M̄

∣∣∣∣∣∣
M̄∑
i=1

exp
{
j(θM×1 −AM×N θ̄N×1)

}
∣∣∣∣∣∣

(5)

where A is the design matrix from the SB interferograms, N is
the number of SAR, θ̄N×1 is the estimated unwrapped phase
time series, and θM×1 is stacking the unwrapped phases.

For SB interferograms, the unwrapped phase triplet closure is
used for PhU correction [38]. Meanwhile, we can use unwrapped
phase triplet closure θtriplet to assess the reliability of PhU, as
shown in the following equation:

CS×MθM×1 = θtriplet (6)

where CS×M is the unwrapped phase triplet design matrix from
SB interferograms, and S is the number of unwrapped phase
triplet closures.

III. STUDY AREA SAR DATASET

The Nanjing Dashengguan Yangtze River Bridge is a high-
speed railway bridge that crosses the Yangtze River in Nan-
jing, Jiangsu Province, China. Significant thermal expansion
and contraction deformations have been mapped [41], [42]. We
collected 230 Sentinel-1A/B SAR datasets from 2016 to 2022 to
test the proposed method. In the experiment, we generated 684
SB interferograms using spatiotemporal baseline thresholds [43]
and selected PS pixels using the amplitude dispersion index [8].
Fig. 2(a) shows the average SAR intensity image. Fig. 2(b) shows
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Fig. 2. (a) Average SAR intensity image and (b) temporal coherence of residual.

the temporal coherence of residual in which we used Delaunay
triangulation networks to execute PhU by linear programming
[15]. It shows that PhU error is severe in the part of the bridge
crossing river.

IV. RESULTS AND ANALYSIS

A. Quality Assessment of Selected Reliable Arcs Based on
Different Strategies

We compared the accuracy of the selected reliable arcs for the
ambiguity detection method [13], [18], [20] and the temporal
coherence of the double-difference phase method [8], [19],
[23]. Specifically, we used stacked unwrapped interferograms to
compare the reliabilities of the two methods. In the experiment,
to avoid isolating the point targets, we set the K value to 10 000
pixels to generate redundant networks. Next, we set the threshold
TNRO = 5 to optimize the PhU networks.

After spatial Edgelist MCF PhU, we estimated the number
of unwrapped phase triplet closure and temporal coherence
of residual, as shown in Fig. 3, in which (a and c) and (b
and d) are reliable arcs selected by the temporal coherence of
double-difference phase and the ambiguity detection method,
respectively. Fig. 3(a) and (b) and (c) and (d) are the number
of unwrapped phase triplet closure and temporal coherence of
residual, respectively.

The PhU results show that the ambiguity detection method can
obtain higher temporal coherence of residual and small number
of unwrapped phase triangles. Because the temporal coherence
of the double-difference phase is an average value in which
one or a small number of poor arcs are suppressed. However,
ambiguity detection is based on the maximum values of all
residuals. Additionally, among the 10 000 nearest redundant arcs
in the experimental test, we found the top five arcs with small
residual and higher temporal coherence of double-difference
phase. In the selection of reliable redundant networks, the am-
biguity detection method is based on redundant interferograms.
However, the temporal coherence of the double-difference phase
method is not.

B. NRO PhU Networks Optimization

To demonstrate the reliability of NRO PhU networks opti-
mization, we present four networks using different K nearest
neighbor pixel thresholds (100, 500, 5000, 10 000) in Table I.
The number of original pixels is 24 444. The PhU was based on
MATLAB R2022b software and 12th Gen Intel(R) Core (TM)
i9-12900H 2.50 GHz computer. With the increase of K nearest
neighbor pixel thresholds, the large number of reliable redundant
arcs is uncontrollable, which imposes a burden on the Edgelist
MCF PhU. Therefore, we used NRO strategies to optimize these
networks, which can obtain optimal arcs with preset threshold
NRO arcs. After that, we employed four indices to evaluate the
performance of the proposed method, including the number of
optimized arcs, time consumption, average temporal coherence
of residual, and number of unwrapped phase triangles.

As can be seen in Table I, with the increase of K nearest
neighbor pixel thresholds, the number of reliable arcs increase
significantly. However, after NRO strategies, the number of
optimized arcs can be controlled. Meanwhile, the temporal
coherence of residual increase and the number of unwrapped
phase triplet closure decrease decline, which shows that the
accuracy of PhU has been improved. The results indicate that
the proposed NRO strategy can improve the efficiency of PhU
while ensuring accuracy.

Meanwhile, we show the number of unwrapped phase triplet
closure and temporal coherence of residual as Fig. 4, in which
(a and d), (b and e), and (c and f) are corresponding to different
K nearest neighbor pixel thresholds (100, 500, 5000). The top
row of Fig. 4 corresponds to the number of unwrapped phase
triangles, and the low row of Fig. 4 corresponds to the temporal
coherence of the residual.

Fig. 5 shows four optimized spatial arcs, in which (a), (b), (c),
and (d) are from different K nearest neighbor pixel thresholds
(100, 500, 5000, and 10 000). It shows that arcs are clustered with
small K nearest neighbor pixel thresholds. In fact, a compromise
threshold (K) should be selected to generate redundant candidate
observations in which we search for optimal networks within
local areas.
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Fig. 3. (a) and (b) show the number of unwrapped phase triplet closures after Edgelist MCF from selected reliable arcs by double-difference phase and temporal
coherence of the double-difference phase, respectively; meanwhile, (c) and (d) show the temporal coherence of residual.

TABLE I
EVALUATION INDICES UNDER DIFFERENT NETWORKS

However, the large K nearest neighbor pixel thresholds gen-
erated very redundant arcs. After NRO strategies, we obtained
approximately the same number of arcs. Therefore, we used
NRO strategies to optimize these networks, both improving the
efficiency of PhU and ensuring accuracy.

C. Application to the Nanjing Dashengguan Yangtze River
Bridge

Previous research has mainly focused on considerable ther-
mal expansion and contraction deformations of the Nanjing
Dashengguan Yangtze River Bridge [41], [42]. However, here,
we provide relatively complete deformation characteristics of
the Nanjing Dashengguan Yangtze River high-speed railway

bridge and its surrounding environment, rather than just the
thermal expansion characteristics of local bridges.

In this experiment, we set the NRO threshold to 5 to optimize
PhU networks. The unwrapped 684 interferograms were used
to estimate the line of sight (LOS) deformation rate, as shown
in Fig. 6(a). Fig. 6(b) and (c) shows the DEM and coefficient
of thermal expansion, respectively. The six points in the LOS
deformation time series are shown in Fig. 7.

Bridge deformation is mainly temperature-related. The cor-
relation between the deformation time series and temperature
exceeds 0.96, as shown in Fig. 7. The deformation time series
results show that the Nanjing Dashengguan Yangtze River high-
speed railway bridge has different deformation characteristics
at different locations along its longitudinal orientation. The
maximum deformation was found to be 70 mm in the LOS
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Fig. 4. (a)–(c) Number of unwrapped phase triplet closure and (d)–(f) temporal coherence of residual with different networks, respectively.

Fig. 5. Optimized PhU networks. (a), (b), (c), and (d) are optimized arcs from different K nearest neighbor pixel thresholds of 100, 500, 5000, and 10 000,
respectively.
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Fig. 6. (a)–(c) Deformation rate, DEM error, and coefficient of thermal expansion, respectively. Points P1–P4 are shown in Fig. 7.

Fig. 7. Deformation time series. (a), (b), (c), (d), (e), and (f) correspond to points a, b, c, c, e, and f, respectively.

direction (see Fig. 7). This may be a critical factor for assessing
the structural health of high-speed railway bridges. Fig. 7(c)
clearly indicates the deformation characteristics and boundaries
as well as the starting and ending positions of thermal expan-
sion of the Nanjing Dashengguan Yangtze high-speed railway
bridge.

In addition, at point P1, visible deformational characteris-
tics were observed. Point P1 is located in Hexi of Nanjing,
China, where the Yangtze River and Qinhuai River sediments
are accumulated after the Pleistocene. Various sediments in
the Hexi region alternate with each other, forming a relatively
complex stratigraphic structure of silty clay, clay, sand, and silt.
Groundwater exploitation changes in groundwater level, and

consolidation and compression of shallow strata can all cause
land subsidence [44].

V. APPLICATION TO XI’AN BUILDING DEFORMATION

Since the 1960s, the Xi’an area in China has experienced
serious land subsidence as a result of the overexploitation of
groundwater [45], [46], [47], which has caused serious so-
cietal and economic problems as the area has also become
more urbanized. Severe ground subsidence poses a serious
threat to buildings, affecting their lifespan and safety. While
previous research has mainly focused on land subsidence
and its mechanism analysis [45], [46], [47], we applied the
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Fig. 8. Estimated DEM error.

Fig. 9. Deformation rate. Points A–F are shown in Fig. 12.
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Fig. 10. Coefficient of thermal expansion.

Fig. 11. Temporal coherence of residual.
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Fig. 12. Deformation time series. (a), (b), (c), (d), (e), and (f) correspond to points a, b, c, d, e, and f, respectively, in Figs. 8 and 9.

proposed method to map the infrastructure deformation in Xi’an,
China.

In total, 46 TerraSAR-X data samples, collected between
2011 and 2015, were used to generate 200 interferograms. The
amplitude deviation index was used to select 107 904 pixels [8].
To avoid isolating target points, we set the K nearest neighbor
pixels (10 000) to generate redundant networks. Subsequently,
we employed ambiguity detection to distinguish 28 308 622
reliable arcs. The NRO strategy with a threshold TNRO = 5 was
used to optimize the reliable networks. Finally, we performed
PhU for each interferogram. Figs. 8, 9, 10, and 11 show the
DEM error, deformation rate, coefficient of thermal expansion,
and temporal coherence of residual, respectively. Points a–f
correspond to the deformation time series, as shown in Fig. 12.

The results indicate that buildings in land subsidence areas
experienced severe deformation. The deformation character-
istics of buildings in the nondeformation area were strongly
correlated with temperature change. Infrastructural deformation
may accelerate aging and increase potential risks.

VI. CONCLUSION

In this study, a novel PhU network optimization algorithm is
proposed, which aims to find optimal paths to improve the ac-
curacy and efficiency of PhU. We suggest using a larger nearest
neighbor pixel threshold to find reliable paths. Meanwhile, the
NRO of each pixel in PhU networks is introduced to control
network structure. It can improve the efficiency of PhU while
ensuring accuracy. The Edgelist MCF PhU methods were used to
test the reliability of optimized networks. We use high-resolution

TerraSAR-X data and low-resolution Sentinel-1A/B SAR to
obtain deformation information. In discontinuous and irregular
interferometric fringes, such as infrastructure and other complex
scenarios, the proposed method is a potentially practical strategy.
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