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a b s t r a c t

The rational function model (RFM) is widely used as an alternative to physical sensor models for
3D ground point determination with high-resolution satellite imagery (HRSI). However, owing to the
sensor orientation bias inherent in the vendor-provided rational polynomial coefficients (RPCs), the geo-
positioning accuracy obtained from these RPCs is limited. In this paper, the performances of two schemes
for orientation bias correction (i.e., RPCs modification and RPCs regeneration) is presented based on one
separate-orbit QuickBird stereo image pair in Shanghai, and four cases for bias correction, including shift
bias correction, shift and drift bias correction, affine model bias correction and second-order polynomial
bias correction, are examined. A 2-step least squares adjustment method is adopted for correction
parameter estimationwith a comparisonwith theRPCbundle adjustmentmethod. The experiment results
demonstrate that in general the accuracy of the 2-step least squares adjustmentmethod is almost identical
to that of the RPC bundle adjustmentmethod.With the shift bias correctionmethod andminimal 1 ground
control point (GCP), the modified RPCs improve the accuracy from the original 23 m to 3 m in planimetry
and 17 m to 4 m in height. With the shift and drift bias correction method, the regenerated RPCs achieve
a further improved positioning accuracy of 0.6 m in planimetry and 1 m in height with minimal 2 well-
distributedGCPs. The affinemodel bias correction yields a geo-positioning accuracy of better than 0.5m in
planimetry and1m inheightwith 3well-positionedGCPs. Further testswith the second-order polynomial
bias correction model indicate the existence of potential high-order error signals in the vendor-provided
RPCs, and on condition that an adequate redundancy in GCP number is available, an accuracy of 0.4 m in
planimetry and 0.8 m in height is attainable.

© 2010 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). Published by
Elsevier B.V. All rights reserved.
1. Introduction

With recent advent of high resolution satellite imagery (HRSI)
such as IKONOS and QuickBird, great efforts have been made in
the applications of these remote sensing images in urban and en-
vironmental studies such as 3D shoreline extraction and coastal
mapping (Li et al., 2002; Di et al., 2003a,b; Ma et al., 2003), DTM
(Digital Terrain Model) and DSM (Digital Surface Model) gener-
ation (Toutin, 2004a,b; Poon et al., 2005), 3D object reconstruc-
tion (Baltsavias et al., 2001; Tao and Hu, 2002; Fraser et al., 2002;
Tao et al., 2004), and national topographic mapping (Li, 1998; Hol-
land et al., 2006). All these applications demandhigh-accuracy geo-
positioning from HRSI. A critical issue is the choice of a sensor
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model for HRSI to acquire high-accuracy 3D object point determi-
nation. In general, sensormodels are classified into two categories:
physical sensor models and alternative generalized models (Tao
and Hu, 2001). A physical sensor model, based on the collinear-
ity condition, describes the rigorous imaging geometric relation-
ship between the image point and the homologous ground point,
with parameters of physical meanings. However, rigorous physi-
cal sensor models are complicated, and vary with different sensor
types. Moreover, parameters used in the physical models are kept
confidential by some commercial satellite image providers as they
reveal the camera model information and metadata relating to the
ephemeris and satellite attitude. These parameters thusmaynot be
available to users. In contrast, the rational function model (RFM),
one of themost popular generalizedmodels, has drawnwide atten-
tion and investigation in the civilian photogrammetric and remote
sensing community. The RFM supplied with commercial satellite
image data with eighty rational polynomial coefficients (RPCs), ex-
presses image coordinates as a ratio of two polynomials with vari-
ables of ground coordinates. In practice, the RFM is widely used to
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replace physical sensor models due to its capability of maintaining
the accuracy of the physical sensor models, its unique characteris-
tic of sensor independence, and real-time calculation. Since 1999,
the RFM has been adopted by OGC (Open Geospatial Consortium)
as part of the standard image transfer format (OGC, 1999).
Madani (1999) investigated the accuracy of the RFM solution

using SPOT images and concluded that the RFMwell described the
SPOT imaging geometry. Dowman and Dolloff (2000) reviewed the
RFM and studied the error propagation of the RFM for replacing
physical sensor models. Yang (2000) studied the third-order and
second-order RFMs with various denominators for SPOT imagery
and obtained an accuracy of less than 0.2 pixels. Tao and Hu
(2002) examined the inverse and forward RFM methods for 3D
reconstruction with IKONOS stereo pairs, and found that the
forward RFM achieved better reconstruction accuracy. Many other
reports on the confirmation of RFM as a replacement model for
both linear scanning sensors and frame cameras can be seen in
Grodecki (2001), Hanley et al. (2002), Di et al. (2003c), Li et al.
(2007) and Habib et al. (2007).
Although the RFM can theoretically provide an equivalent accu-

racy as physical sensor models, discrepancies exist between RPCs-
derived coordinates and the true ones when the vendor-provided
RPCs are directly used without the aid of ground control (Dial and
Grodecki, 2002). Similar resultswere reported in Fraser andHanley
(2003), Noguchi and Fraser (2004), Wang et al. (2005), and Meng
et al. (2007). These discrepancies could be modeled as biases in
the object space or in the image space, and the biases could be
subsequently corrected with a modest provision of ground con-
trol points (GCPs) (Dial and Grodecki, 2002). Furthermore, stud-
ies showed that bias correction in the image space tended to be
more effective than in the object space (Fraser et al., 2002; Tao
et al., 2002). Grodecki and Dial (2003) proposed the RPC block ad-
justment technique with an IKONOS image, and found that the
RPC block adjustment achieved the same accuracy as the ground
station block adjustment with the full physical camera model.
The National Imagery and Mapping Agency (NIMA, now NGA, i.e.
National Geospatial-Intelligence Agency) determined horizontal
and vertical accuracies by averaging the differences between the
derived photogrammetric points and the field surveyed GCPs for
12 stereo IKONOS pairs (Helder et al., 2003). Noguchi and Fraser
(2004) reported that bias-correctedRPCs produced an average geo-
positioning accuracy of sub-meter level for QuickBird Basic stereo
images with a modest provision of GCPs in a test site located in
Yokosuka, Japan. Through the experimentswith IKONOSGeo prod-
ucts, Wang et al. (2005) demonstrated that with an appropriate
correction model and GCP configuration, ground point errors were
reduced from 5–6 m to 1.5 m horizontally and from 7 m to 2 m
vertically.
In most studies mentioned above, biases in the image space or

in the object space were modeled and corrected to refine RPCs-
derived ground coordinates, while the original RPCs remained
unchanged. Therefore, refined geo-positioning always needed to
refer to the correction parameters. This would result in an awk-
ward situationwhen the correction results could not be adopted by
existing photogrammetric systems. In view of this problem, a few
studies were conducted to examine the scheme of bias-corrected
RPCs, which was to incorporate the bias correction into the origi-
nal vendor-supplied RPCs (Hanley et al., 2002; Fraser and Hanley,
2003, 2005; Fraser et al., 2006). In Fraser’s study, three choices of
correction parameters were proposed to model the shift bias, shift
and drift bias, and biases described by an affine transformation, re-
spectively. The bias correction models were then tested for both
IKONOS and QuickBird stereo images. In addition, the impact of
the two scanningmodes (i.e., the forward and the reverse scanning
modes) on the geo-positioning accuracy were investigated (Fraser
and Yamakawa, 2004; Baltsavias et al., 2005; Shaker, 2007). The re-
verse scanning mode, where the scan and orbital velocity vectors
are approximately aligned and there is little rate of change of the
sensor elevation angle (Fraser and Yamakawa, 2004), is regarded
as a steady scanning mode. However, the forward scanning mode,
where the scan is in the opposite direction to the satellite trajec-
tory and there is larger rate of change of the sensor elevation an-
gle, is not as steady as the reverse mode. For example, as reported
in Fraser and Hanley (2005), for the reverse-scanned IKONOS im-
agery, due to its steady scanning mode, shift-only bias correction
with only 1GCP yielded sub-meter accuracy,while for the forward-
scanned IKONOS imagery, standard low-order empirical models
had a low accuracy because of the higher-order error sources such
as perturbations in scan velocity. This is particularly true for the
QuickBird imagery due to its unsteady orientation. Therefore, in
this paper, the performance of bias-corrected RPCs will be further
investigated with two separate-orbit QuickBird stereo imageries.

2. Bias-modeled RFM

RFM describes the relationship between an image point (l, s)
and its point in the object space through a ratio of two cubic
polynomials with variables of object space coordinates (B, L,H). It
takes the general form as follows (OGC, 1999):
l =
P1(B, L,H)
P2(B, L,H)

s =
P3(B, L,H)
P4(B, L,H)

(1)

where (l, s) are the normalized line and sample coordinates in
the image space, (B, L,H) are the normalized geodetic latitude,
longitude, and height in the object space.
The normalization of the coordinates in Eq. (1) is computed by

(OGC, 1999):

l =
Line− LINE_OFF
LINE_SCALE

, s =
Sample− SAMPLE_OFF
SAMPLE_SCALE

B =
φ − LAT_OFF
LAT_SCALE

, L =
λ− LONG_OFF
LONG_SCALE

,

H =
h− HEIGHT_OFF
HEIGHT_SCALE

(2)

where Line and Sample are the image coordinates, LINE_OFF and
SAMPLE_OFF are the offset values for the two image coordinates,
and LINE_SCALE and SAMPLE_SCALE are the scale factors for the two
image coordinates. Similarly, φ, λ and h are the geodetic latitude,
longitude, and height in the object space, LAT_OFF, LONG_OFF,
and HEIGHT_OFF are the offset values for the three ground
coordinates, and LAT_ SCALE, LONG_SCALE, and HEIGHT_SCALE are
the corresponding scale factors.
The RPC model provides a mathematical mapping from 3D

object coordinates to 2D image coordinates. The vendor-provided
RPCs are calculated from the physical imaging model without the
aid of the ground control points. Owing to the errors in the direct
measurement of sensor orientation, there exist biases in the RPC
mapping. Therefore, taking biases into account, the bias-corrected
RPC model is expressed as:
Line+1l =

P1(B, L,H)
P2(B, L,H)

· LINE_SCALE + LINE_OFF

Sample+1s =
P3(B, L,H)
P4(B, L,H)

· SAMPLE_SCALE

+ SAMPLE_OFF

(3)

where 1l and 1s represent the discrepancies between the
measured and the nominal line and sample coordinates, which can
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be generally described as polynomials of the image line and sample
coordinates (Grodecki and Dial, 2003):
1l = A0 + A1 · Line+ A2 · Sample+ A3 · Line2

+ A4 · Line · Sample+ A5 · Sample2 + · · ·
1s = B0 + B1 · Line+ B2 · Sample+ B3 · Line2

+ B4 · Line · Sample+ B5 · Sample2 + · · ·

(4)

where Ai and Bi (i = 1, 2, 3 . . .) are the correction parameters in
the bias-correction model.
Based on the analysis of the studies in Fraser and Hanley (2003,

2005), Di et al. (2003a) and Wang et al. (2005), in view of the
high-order dynamic characteristic of the QuickBird sensor, four
comparative choices of correction parameters are tested in our
study:
(1) Case one. A0, B0, which models only the shift bias. These

parameters absorb the errors causing offsets in the line and sample
directions, including in-track and cross-track ephemeris errors,
satellite pitch and roll attitude errors, and detector position errors.
(2) Case two. A0, A1, B0, B1, which models the shift and time-

dependent drift bias. In addition to the parameters in Case one, the
parameters A1 and B1 absorb the effects caused by gyro drift during
the image scanning.
(3) Case three. A0, A1, A2, B0, B1, B2, which models the bias us-

ing an affine transformation model. In addition to the parameters
in Case two, the parameters A2 and B2 absorb radial ephemeris
error.
(4) Case four. A0 ∼ A5, B0 ∼ B5, which models the bias using

second-order polynomials. In addition to the parameters in Case
three, additional parameters are needed to describe the higher-
order error sources such as perturbations in scan velocity and
orientation. This model is used to check whether distinct high-
order errors exist in QuickBird imaging orientation.
In this paper,with an adequate provision of GCPs, the correction

parameters are estimated by using a 2-step least squares adjust-
ment method. In the first step, every GCP is back-projected from
the ground space to the image plane using the original vendor-
provided RPCs to obtain the calculated image coordinates (li, si)
potentially containing inherent biases which are supposed to be
modeled and corrected, and the calculated image coordinates are
compared with the measured image coordinates (l0j, s0j) to ob-
tain the discrepancies (1li,1si). In the second step, the correction
parameters are further computed based on the discrepancies on
all the image control points using the least squares adjustment.
Assuming there are n GCPs for the affine parameter estimation, we
obtain the observation equations as follows:
1 l1 s1 0 0 0
0 0 0 1 l1 s1
...

...
...

...
...

...
1 ln sn 0 0 0
0 0 0 1 ln sn



A0
A1
A2
B0
B1
B2

 =

1l1
1s1
...
1ln
1sn

 . (5)

Thus a total of 6 affine parameters in Eq. (5) can be resolved by
using the least squares adjustment:

X = (ATA)−1AT L (6)

where A is a 2n×6 designmatrix, X is a 6×1 unknown parameter
vector, and L is an 2n× 1 discrepancy vector.
In addition, a RPC bundle adjustmentmethod is adopted for cor-

rection parameter estimation (Fraser and Hanley, 2003; Grodecki
and Dial, 2003), and a comparison is made between the results
obtained from these two methods. The RPC bundle adjustment
method is of higher accuracy in theory because it takes all the pa-
rameters including the correction parameters, the RPCs, and the
coordinates of points into a ‘bundle’ for simultaneous solution and
thus the accuracies of the parameters would be well balanced. In
the experiment, the results obtained from the 2-step method are
compared with those from the RPC bundle adjustment method in-
tegrated in theBarista software developedbyCooperative Research
Centre for Spatial Information (CRCSI) (Fraser and Hanley, 2005).

3. Bias-corrected RPCs

3.1. RPCs modification

If the shift bias is the only factor taken into account (Case one),
the correction can be made by modifying the original RPCs. As
detailed in Fraser and Hanley (2003, 2005), only the coefficients
in numerator need to be recalculated, and the refined RPC model
becomes:
l =
PC1 (B, L,H)
P2(B, L,H)

s =
PC3 (B, L,H)
P4(B, L,H)

(7)

where
PC1 (B, L,H) = (a0 − b0A

′

0)+ (a1 − b1A
′

0)L
+ · · · + (a19 − b19A′0)H

3

PC3 (B, L,H) = (c0 − d0B
′

0)+ (c1 − d1B
′

0)L
+ · · · + (c19 − d19B′0)H

3

(8)

and ai, bi, ci and di are the original vendor-provided RPCs, A′0 and
B′0 are the normalized values of the image shift bias parameters A0
and B0, i.e.,

A′0 =
A0

LINE_SCALE
, B′0 =

B0
SAMPLE_SCALE

.

3.2. RPCs re-generation

When the other parameters beyond A0, B0 are significant (Case
two to Case four), the shift terms A0, B0 would not be sufficient
to model the biases. In this case, RPCs need to be re-generated
to eliminate the biases rather than simply being modified. In this
study, RPCs regeneration is performed in the similar way as the
terrain-independent approach of generating RPCs from a rigorous
sensor model described by Tao and Hu (2001). The analytical
procedures of the RPCs re-generation are detailed below:
(1) Step 1: Determination of correction parameters. According

to the number of GCPs provided, we choose an appropriate correc-
tion model, and the correction parameters are estimated using the
2-step method or the RPC bundle adjustment method as described
in Section 2.
(2) Step 2: Generation of virtual control points. In this step, a

3-D grid of points is first designed at multiple elevations in the
object space. Next, the virtual ground points are directly upward
transformed to the image space based on the original RPCs, and
the derived image coordinates are corrected with reference to the
correction parameters to get the bias-corrected image coordinates.
These bias-eliminated virtual control points can then be used
to estimate new RPCs in Step 3. It should be noted that the
coordinates of the virtual control points should range within
the valid application scope of the originally supplied RPCs. For
example, in the vendor-provided RPCs with the QuickBird imagery
in the study area, the normalized offset and scale parameters in
height are about 20 m and 500 m respectively, thus the height
range of the generated virtual control points should be between
−480 m and 520 m to ensure that the normalized coordinates of
the virtual control points range between−1 and+1.
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(3) Step 3: Estimation of new RPCs. After Step 2, adequate bias-
corrected virtual control points are available to compute newRPCs.
Because the virtual control points are generated on the basis of the
original RPCs, the normalization parameters for the new RPCs can
inherit the original ones. For more details on the RPCs estimation,
see (Tao and Hu, 2001; Di et al., 2003c). In the adjustment
computation for RPCs estimation, the values of the denominators
in the error equation based on Eq. (1) would vary widely when
the control points are not evenly distributed, especially when the
higher order polynomials (third-order in the paper) are used in
the RFM (Tao and Hu, 2001). Moreover, in the case of IKONOS
backward-scanned imagery, its geometry could be well described
by a linear model such as 8-coefficient 3D affine model to sub-
pixel accuracy (Fraser and Yamakawa, 2004). This implies that
the 80-coefficient RPC model used in this study might be over
parameterized. Therefore, the design matrix in the error equation
in RPCs estimation would be ill-conditioned, and the normal
equation matrix would be near singular. In our experiment in the
paper, the Tikhonov regularization method (Neumaier, 1998) was
employed as used by Tao and Hu (2001), and thus the iterative
adjustment computation of the PRCs parameters converged.

4. Experiment

A comprehensive experiment was conducted to test the
discussed methods by using a separate-orbit QuickBird stereo
image pair. The purpose of this case study is to compare the
performances of different bias correction methods and models, to
examine the impact of different GCP configurations on accuracy
improvement.

4.1. Dataset

A stereo pair of QuickBird separate-orbit images was used in
this experiment, which covers about 324 km2 area in the city of
Shanghai, China. The images were acquired on February 15 and
May 5, 2004, both in forward-scanned mode, with the elevation
angles of 68.2◦ and 64.0◦, and off-nadir view angles of 20.6◦ and
24.4◦ respectively. The field view angle of the QuickBird imagery is
as narrow as 2.1◦. In the experiment, a total of 84 distinct ground
points were measured by GPS to an accuracy of better than 5 cm.
The image coordinates of these 84 points were carefully measured
to a nominal accuracy of 0.5 pixels. All these points were used as
GCPs and check points (CKPs) for different configurations in the
experiment. Fig. 1 shows a scenario of the distribution of the GCPs
and CKPs in the study area for the case of 7 selected GCPs.

4.2. Experimental results

An initial investigation was performed to evaluate the accuracy
of the original vendor-provided RPCs. In the test, all 84 GPS points
were used as CKPs. The results of the root mean squared (RMS)
values of the CKP discrepancies in both the image space and on
the ground are shown in the first row in Table 1. At the same time,
the discrepancy values on each point in the stereo images are illus-
trated in Fig. 2. The results in Table 1 and Fig. 2 significantly indi-
cate the existence of big shift bias. Further, the right image in Fig. 2
shows that the discrepancies increased with image line cumulat-
ing in the along-track direction, which demonstrated that signifi-
cant time-dependent drift errors existed in the image orientation.
Thus all these findings prompted us to further investigate the bias-
correctionmodels with different GCP configurations, and a priority
rule was adopted in the configuration of GCPs in the experiment:
(1) the GCPs should best be distributed evenly in the test scene;
and (2) in addition to a primarily good distribution in the flight di-
rection, a distribution of GCPs in the cross-track direction should
Fig. 1. Distribution of the GCPs and CKPs in the study area for a scenario of 7 GCPs.
Note: the triangles represent the GCPs and the circles represent the CKPs.

also be considered. As a result, in the case of 1 GCP, a control point
in the center area of the test scene should be the best choice; and
in the case of 2 GCPs, these 2 control points should be positioned
diagonally in the scene or mainly along the flight direction, while
the case of the distribution along the cross-track direction or in the
same image column should be avoided.
In the experiment, six typical control fields were designed to

study the impact of different configurations of GCPs on accuracy
improvement. As illustrated in Fig. 3, the scene was divided
into four parts, tagged as top-left (TL), top-right (TR), bottom-left
(BL) and bottom-right (BR). In addition, a central part covering
approximately one fourth of the entire area was tagged as the
mid-part (M), and the full scene of the test field tagged as F . As a
result, there were six comparative control fields used to test their
effects on accuracy improvement. In examining the effectiveness
of a certain control field, all GCPs were located in the area of that
field.
In the experiment, the positioning accuracies were examined

and compared in both the image and object spaces based on
the bias-corrected RPCs with different bias correction models and
different control fields. As an example, Table 1 shows the results for
the ‘‘F ’’ casewhere GCPs arewell distributed in the full scene of the
test field. In this study, the bias correction parameters were first
estimated by using the 2-step least squares adjustment method
with the GCPs as introduced in Section 2, and the bias-corrected
RPCs were subsequently obtained through the RPCmodification or
regeneration process as introduced in Section 3. Afterwards, the
geo-positioning accuracies with the refined RPCs were estimated
by calculating the CKP discrepancies in the image space through
direct upward transformation, as well as the CKP discrepancies on
the ground through space intersection. In Table 1, the accuracy
results obtained from the 2-step method are denoted as ‘2-step’.
For the first three bias correction models (i.e., the shift bias
correction model, shift and drift bias correction model and affine
correction model), the RPC bundle adjustment method integrated
in the Barista software was also experimented for comparison (the
corresponding results in Table 1 are denoted as ‘bundle’). For the
second-order polynomial bias correction model, only the 2-step
method was used because the Barista software did not provide
higher-order correction models. It should be noted that for each
scenario many different scenarios on GCPs selection have been
tried, and Table 1 shows the representatives of many experimental
results that were obtained. Furthermore, for each bias-correction
model, the best result of the overall metric potential of the tested
QuickBird stereo imageries was computed by employing all the
84 GCPs as loosely weighted control points with a priori standard
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Table 1
Results of the positioning accuracy based on the bias-corrected RPCs with four bias correction models for the ‘‘F ’’ case.

Scheme Bias correction
(minimal GCP number)

Number of
GCPs/CKPs

Adjustment
solution

RMS value of CKP discrepancies in
the image space (pixels)

RMS value of CKP discrepancies
on the ground (meters)

Left image Right image Latitude Longitude Height
Line Sample Line Sample

Direct application None (0) 0/84 – 14.342 33.809 6.729 17.198 12.500 23.164 16.300

RPCs modification Shift bias (1)

1/83 2-step 1.069 2.419 2.315 5.091 0.607 2.231 3.151
Bundle 1.375 2.409 1.940 4.958 0.603 2.249 3.169

2/82 2-step 1.254 2.447 1.845 4.877 0.572 2.196 3.052
Bundle 1.204 2.443 1.873 4.943 0.578 2.210 3.031

84 (σXYZ = 3 m)
2-step 1.061 2.379 1.847 4.850 0.554 2.173 2.991
Bundle 1.061 2.379 1.847 4.850 0.554 2.173 2.991

RPCs regeneration

Shift and drift bias (2)

2/82 2-step 1.265 0.847 0.690 0.693 0.498 0.590 1.017
Bundle 1.105 0.802 0.738 0.753 0.502 0.604 1.007

3/81 2-step 1.176 0.797 0.778 0.751 0.516 0.583 1.040
Bundle 1.141 0.787 0.775 0.749 0.518 0.593 1.023

84 (σXYZ = 3 m)
2-step 1.042 0.706 0.680 0.607 0.464 0.509 0.984
Bundle 1.042 0.706 0.680 0.607 0.464 0.509 0.984

Affine model bias (3)

3/81 2-step 1.100 0.639 0.704 0.621 0.445 0.440 1.011
Bundle 1.019 0.569 0.668 0.615 0.439 0.432 0.990

4/80 2-step 1.084 0.589 0.701 0.660 0.464 0.438 1.004
Bundle 1.048 0.574 0.703 0.648 0.465 0.442 0.981

84 (σXYZ = 3 m)
2-step 1.015 0.450 0.665 0.520 0.416 0.337 0.960
Bundle 1.015 0.450 0.665 0.520 0.416 0.337 0.960

2nd-order polynomial
bias (6)

6/78 2-step 0.875 0.506 0.884 0.658 0.526 0.370 1.213
7/77 2-step 0.886 0.527 0.850 0.678 0.460 0.373 1.183
10/74 2-step 0.793 0.588 0.700 0.555 0.437 0.419 0.955
15/69 2-step 0.794 0.478 0.544 0.565 0.413 0.357 0.829
20/64 2-step 0.704 0.517 0.512 0.523 0.382 0.369 0.809
84 (σXYZ = 3 m) 2-step 0.684 0.441 0.489 0.481 0.346 0.328 0.777
Fig. 2. Discrepancies in the image space of direct application of the vendor-supplied RPCs.
deviation of 3 m. As a result, the corresponding discrepancies in
both the image space and object space are illustrated in Figs. 4–11
respectively.
In order to compare the results obtained from the 2-step

method with those from the RPC bundle adjustment method,
the root sum squared discrepancies in both image and object
spaces were statistically computed. Fig. 12 illustrates the root sum
squared discrepancies in the image space, and Fig. 13 in the ob-
ject space. In Fig. 12, the y-axis represents the results of the root
sum squared discrepancy in line and sample as calculated by y =√
(∆line)2 + (∆sample)2. In Fig. 13, the y-axis represents the re-
sults of the root sum squared discrepancy in latitude, longitude and
height as calculated by y =

√
(∆Lat)2 + (∆Lon)2 + (∆Height)2.

From Table 1 and Figs. 12 and 13, we see that in general the re-
sults obtained from the 2-step method were almost the same as
those obtained from theRPCbundle adjustmentmethod, especially
when all the 84 GCPs were employed, which should be mostly at-
tributed to the high quality of the GCPs. In terms of the impact
of the different control fields on accuracy improvement, Figs. 12
and 13 indicate that the accuracies obtained in the ‘F ’ case were
generally higher than those obtained in the other sub-area cases
(TL, TR, BL, BR,M), and there was no distinct difference in accuracy
Fig. 3. Illustration of the six control fields.

improvement between these 5 sub-area cases, except in shift-only
bias correction, where the accuracies obtained in the ‘M ’ sub-area
case were better than those obtained in the other 4 sub-area cases.
The result was different from that by Wang et al. (2005) who re-
ported that the distribution of GCPs had little impact upon shift
bias correction for accuracy improvement. This was supposed to
be a consequence of the more significant drift error source in the
experimental data used in this paper. Detailed discussions on the
result of each correction model were given as follows.
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Fig. 4. Discrepancies in the image space using modified RPCs with shift bias correction.
Fig. 5. Discrepancies in the image space using regenerated RPCs with shift and drift bias correction.
Fig. 6. Discrepancies in the image space using regenerated RPCs with affine transformation bias correction.
Fig. 7. Discrepancies in the image space using regenerated RPCs with second-order polynomial bias correction.
4.3. Performance of each correction model

4.3.1. Shift bias correction
Shift bias correction offers a simple way to improve the geo-

positioning accuracy. The results in Table 1 indicate that when
the shift-bias was eliminated through RPCsmodification with only
1 GCP, the accuracy of ground point determination was greatly
improved from the original 24 m to 3 m in planimetry and 17 m
to 4 m in height. However, additional GCPs contributed little to
the improvement of the accuracy. Even when all the 84 GCPs were
employed, the overall metric potential was 2–3 m in planimetry
and about 3 m in height. The results were different from those in
some published papers (e.g. Noguchi and Fraser, 2004; Fraser and
Hanley, 2005), in which the shift-only bias correction produced
sub-meter and even sub-pixel accuracy. This was mainly because
there were much more significant additional drift errors in the
vendor-provided RPCs, as indicated in Figs. 4 and 8 showing the



224 X. Tong et al. / ISPRS Journal of Photogrammetry and Remote Sensing 65 (2010) 218–226
Fig. 8. Discrepancies on the ground using modified RPCs with shift bias correction.
Fig. 9. Discrepancies on the ground using regenerated RPCs with shift and drift bias correction.
Fig. 10. Discrepancies on the ground using regenerated RPCs with affine transformation bias correction.
Fig. 11. Discrepancies on the ground using regenerated RPCs with second-order polynomial bias correction.
discrepancies on each point in both the image and object spaces
respectively after shift bias compensation. In Fig. 4, the cross-
track alignment of the discrepancy vectors was suggestive of
perturbations in the lateral attitude with a first-order scale effect.
Therefore, wewould expect much of the additional error signals to
be absorbed by drift parameters.

4.3.2. Shift and drift bias correction
As anticipated, with additional correction of the time-depen-

dent drift bias, much of the error signals beyond those modeled
by shift parameters were absorbed, and the accuracies were
remarkably improved by using only 1 more GCP compared to the
shift-only bias correction.With no less than 2well positioned GCPs
(e.g., a distribution of GCPs mainly along the flight direction is
preferable while the distribution along the cross-track direction
should be avoided), the accuracy reached 0.6 m in planimetry and
about 1 m in elevation. It should be noted that for all the bias
correctionmethods except the shift-only bias correction case, RPCs
need to be regenerated to incorporate bias correction rather than
simply being modified. In shift and drift bias correction with all
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Fig. 12. A comparison of geo-positioning accuracy between the 2-step and RPC bundle adjustment methods in the image space.
Fig. 13. A comparison of geo-positioning accuracy between the 2-step and RPC bundle adjustment methods in the object space.
the GCPs being employed, the discrepancies in the image space
and on the ground are shown in Figs. 5 and 9, respectively. Both
figures show random distributions of the discrepancies, implying
the absence of any further distinct systematic errors. To be more
circumspect, the full affine model and second-order polynomials
for the bias correction were further examined.

4.3.3. Affine transformation bias correction
With affine bias correction in our experiment, the regenerated

RPCs were found to be of higher quality, though not significant,
which indicated that there was a little additional radial ephemeris
error beyond the drift error absorbed by drift parameters. With
a minimum of 3 well-distributed GCPs, an accuracy of 0.5 m in
planimetry and about 1m in elevation was achieved. Since an
affine model describes the differential scale change and an axial
skew, GCPs should be positioned to allow these two effects to be
modeled, while the case of the GCPs distribution in a line should
be avoided. In affine bias correction with all the 84 GCPs being
employed, the discrepancies in the image space and on the ground
are shown in Figs. 6 and 10 respectively. More well-distributed
GCPs would further improve and steady the accuracy.
4.3.4. Second-order polynomial bias correction
In order to examine whether there were distinct high-order

biases existing in the QuickBird vendor-provided RPCs, second-
order polynomials were applied to model the biases. The results
are listed in the last three rows in Table 1. In second-order
polynomial bias correction with all the 84 GCPs being employed,
the discrepancies in the image space and on the ground are shown
in Figs. 7 and 11 respectively, and both figures show random
distributions of the discrepancies. In our experiment, the overall
metric potential with second-order polynomial bias correction
reached 0.4 m in planimetry and 0.8 m in height, which was
obtained with 20 GCPs. The result is shown in the last two rows
of Table 1. However, when a smaller number of GCPs were used
(e.g., nomore than 10 as shown in Table 1), the level of the obtained
accuracy was similar to that obtained with the affine model. In
particular, when there was a smaller redundancy in GCP number
(e.g. 0 or 1), we found that the accuracy was unstable with second-
order polynomial bias correction, while the results became steady
when more GCPs were available (see the last four rows in Table 1).
Therefore, it would be inferred that (1) there existed potential
high-order biases in the vendor-provided RPCs; (2) an adequate
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redundancy in GCP number was needed to model the high-order
biases because the errors in GCPswould overwhelm the high-order
signals in the vendor-provided RPCs when a small redundancy in
GCP number was available; and (3) the second-order correction
model was more subject to the influence of the configuration and
quality of the GCPs.

5. Conclusions

Based on the experimental results with two separate-orbit
QuickBird stereo images in Shanghai, several observations/
conclusions were made. First, owing to the high quality of GCPs,
the results in our experiment with the 2-step method were al-
most the same as those from the RPC bundle adjustment method.
Second, modified RPCs with shift bias correction impressively
improved the geo-positioning accuracy from 20 m to 3 m in
planimetry and from 17 m to 4 m in elevation with only 1 GCP.
However, there existed obvious drift error signals in the modified
RPCs after shift bias correction. Therefore, additional drift bias cor-
rection improved the accuracy to 0.6 m in planimetry and 1 m in
height with only 2 well-distributed GCPs along the flight direction.
Further, with no less than 3well-distributed GCPs, the regenerated
RPCs with the affine bias correctionmodel provided an accuracy of
0.5 m in planimetry and 1m in elevation. The experiment with the
second-order polynomial bias correctionmodel indicated the exis-
tence of potential high-order error signals in the vendor-provided
RPCs. However, an adequate redundancy in GCP number was re-
quired tomodel the high-order biases because themodelwasmore
subject to the configuration and quality of the GCPs. In our experi-
ment with the separate-orbit QuickBird stereo imageries, some re-
sults were found to be different to those in some published studies.
Although such results and behavior might not necessarily always
be seen with QuickBird imagery, they would indeed enrich the re-
search on the improvement of geo-positioning accuracywith HRSI.
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