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Summary

Recursive data processing for kinematic GPS surveying

Through the concept of interferometry and using carrier phase measurements, relative
positions can be determined very precisely with the Global Positioning System GPS.
Carrier phase measurements are made by phase comparison of the generated and received
carrier. Due to this technique, an unknown integer number of cycles (ambiguity) is
involved in these measurements. Resolving the ambiguities is the key to precise GPS
positioning. When the integer (double difference) ambiguities have been successfully
resolved, the precision of the relative position is at the 1 cm level or better.

The ambiguities are dealt with by the LAMBDA method, the Least-squares AMBiguity
Decorrelation Adjustment method, which was introduced in 1993. It features a strict
extension of standard least-squares to the integer domain and by the decorrelating
reparametrization of the ambiguities, the integer estimation can be made very fast and
efficiently. Ambiguity resolution is possible instantaneously, thus based on only -one
epoch of data, and hence truely On-The-Fly.

In kinematic GPS surveying, the roving receiver visits the locations to be surveyed. This
set up allows a high productivity in collecting geometric information. It is convenient to
obtain the results of the data processing already in the field while the survey is run,
instead of at the home office one day later. In case of insufficient quality, corrective
actions can then be taken immediately in the field. The data processing must therefore be
recursive. As mechanization the Square Root Information Filter is applied. The SRIF
allows estimation and quality control computations to be made in recursion and thus
possibly in real-time, in close parallel with the gathering of the data. The quality control
comprises the Detection, Identification and Adaptation of errors in the incoming data
(outliers, cycle slips). By the DIA-procedure, the effect of the errors on the estimates for
the unknown parameters of interest, the coordinates of the rover, is directly removed.

The data of three GPS measurement campaigns are processed and analysed. The quality,
in terms of precision and reliability, of the coordinate estimators is considered for
various measurement scenarios. Practical results, the positioning performance and the
capability of resolving the ambiguities, are given for a kinematic experiment. In
conclusion is kinematic GPS, as a measurement technique, very well suited for surveying
applications.

The mathematical model for GPS surveying, or positioning in general, that is currently
in use, turns out to be a rough one, and must be further sophisticated. It limits the
receiver interdistance to the typical short baseline length (~ 10 km). Shortcomings of the
functional model that show up, when high demands are put on the quality of the
positioning results, are explored. Refinements of the functional model concern differential
atmospheric delay parameters (ionospheric and tropospheric). In addition, (phase)
multipath is still a matter of concern. GPS code and phase observables are extensively
analysed; an inventory of refinements to the stochastic model is made, and includes
elevation dependence, cross-correlation and mutual (channel) correlation.
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Introduction

In this introduction, a sketch of the background of kinematic surveying with GPS is given,
followed by a brief outline of the research. The introduction is concluded by a brief
description of the contents of this report.

background

The Global Positioning System (GPS) is a worldwide satellite-based positioning system of
the US Department of Defense (DoD). The primary purpose of the system is single point
positioning with code observations. For a code, or pseudo-range observation, the receiver
determines the travel time of the signal transmitted by the satellite. The position is
determined in the three-dimensional World Geodetic System 1984 (WGS84). The
accuracy lies in the order of ten to hundred meters.

Relative positioning with phase observations yields much higher accuracies. For a phase
observation the receiver determines the difference in phase of the carrier received from
the satellite and the carrier generated by the receiver itself. The measurement precision
lies in the order of one tenth of a radian, which corresponds to three millimeters for the
L1-carrier. Like the code, the phase is a range related observation, but the observation is
complicated by the presence of an ambiguity.

The concept of relative positioning allows the use of the GPS in surveying. Two, or
more, receivers simultaneously make observations to the same satellites. The position of
the second receiver is determined, relative to the position of the first one, the reference
receiver. The precision of the coordinates lies in the order of centimeters.

In kinematic GPS surveying, the reference receiver is stationary and the second receiver
visits the points to be determined. These points are occupied only shortly, i.e. from one
instant to a few minutes. Therefore a high productivity in positioning can be realized with
this technique. The receiver interdistance is usually limited to 10-15 Kkilometers.
Kinematic GPS surveying can be used for most of the traditional surveying tasks, such as
topographic surveying and control surveying, including the determination of photo control
points. Kinematic GPS thus aims at precise positioning for survey-applications on a local
scale.

research

The purpose of the underlying research is to develop a model and method for the data
processing in kinematic GPS surveying. The data processing consists of two parts:
estimation and quality control.

Based on the observations, estimates are computed for the unknowns, of which the
coordinates are of primary interest. The estimation is carried out in recursion and this
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means that the estimation is not held until the survey has been completed, but that
‘preliminary’ estimates are computed, based on the observations that are already avail-
able.

Quality consists of precision and reliability. Precision describes the spread in the
estimation results. This description is valid as long as the measurement system is
adequately described by the model used in the estimation. When discrepancies between
model and reality occur, estimation results and precision description are invalidated.
Model errors therefore, need to be detected by a statistical testing procedure, that is
executed in combination with the estimation. Subsequently, the estimation should be
accounted for the occurrence of the model errors. The nommal performance of the testing
procedure is described by reliability.

The procedure for data processing is recursive, and can therefore be carried out in (near)
real time, parallel to the gathering of the data. In this way, positioning results can be
already available in the field. For a surveyor this is usually not required for the estimation
results, but it is on the contrary for the quality control. When quality turns out to be
insufficient, corrective actions can be taken immediately. A re-survey, caused by
insufficient quality, can then be avoided. The quality of the positioning results is
controlled in the field.

synopsis

Chapter 1 is a review of some essential parts of the theory on mathematical geodesy. First
the art of modelling is briefly discussed. Once the mathematical model is available, the
data processing can be carried out. The principles of both estimation and quality control
are reviewed. Chapter 2 covers the data processing. The data processing is carried out in
a recursive manner and the mechanization to realize this, the Square Root Information
Filter, is treated.

Theory and mechanization are discussed, in principle independent of any application. The
application - kinematic GPS surveying - is introduced in chapter 3. It is followed by a
general discussion on the modelling of GPS surveying. The mathematical model is set up
and developed further to fit in the procedure for recursive data processing. In chapter 4,
theory, mechanization and mathematical model come together in the implementation of
the data processing for kinematic GPS surveying. The prototype implementation devel-
oped is briefly discussed, together with several practical aspects. A separate section deals
with the aspects of model validation for kinematic GPS surveying.

The implementation is the basis for the computations and analyses discussed in chapter 5.
Three measurement-campaigns are considered, each with a different purpose. The first
campaign is used for an analysis of the quality of the measurement system, the second
one for a closer analysis of the properties of the (raw) GPS observables, especially in
relation to the current mathematical model, and the third one for practical results on
positioning and ambiguity resolution. As such, an overview is provided of the geodetic
quality of the geometric information obtained with GPS surveying.

Chapter 6 finally provides a summary and gives conclusions and recommendations both
for kinematic GPS surveying and further research.

The chapters are written to be self-containing to a high degree. Each chapter is therefore
supplied with an introduction, summary, possibly appendices and list of references.



1. Review mathematical geodesy

In this chapter we will briefly review some essential parts of the theory on mathematical
geodesy as developed and taught at the ’Delft school’ by professors Tienstra, Baarda and
Teunissen at present. The topics reviewed here, are those that are directly needed in the
data processing for (kinematic) surveying with GPS. This review certainly is not complete
and for a thorough treatment of the topics, frequent references will be made to literature.

system of linear equations

We start by discussing the deterministic modelling y=Ax. A set of unknowns in vector x
are functionally (linearly) related to a set of observations in vector y. In this respect the
purpose of estimation is, given a set of observations, to determine the values of the
unknowns in x. Two problems may occur when one tries to solve for the unknowns in an
arbitrary system of linear equations y=Ax. The first problem is that some of the unknowns
can not be determined from the given set of observations, the set is not sufficient. This is
the estimability problem. One could say that there are ’too few’ observations. The second
problem is that there may be ’too many’ observations for the determination of (certain)
unknowns; these are overdetermined. This is the ‘problem’ of redundancy.

estimation

The first problem is solved by the choice of an S-basis. A number of additional constraints
on the unknowns in x is incorporated in the estimation. The second one is solved by using
an appropriate estimation criterion: given the redundant set of observations, an estimate
Jor the unknowns is determined that is optimal according to the criterion. The least-
squares criterion and the BLUE-estimation principle, together with their relationship, are
discussed.

extensions to estimation

In section 4, we will make an excursion to integer estimation. Usually the unknown
parameters in vector x are real valued quantities, but in some case (some of) the un-
knowns are known to be integers. This calls for an extension of the estimation procedure.
Up to now we also assumed that a linear relation exists between the observations and
unknowns. In practice this is seldom the case. The estimation procedure is extended as to
handle non-linear models y=A(x) as well. Keywords are linearization and iteration.

quality

As a result of data processing, the estimates for the unknowns should be accompanied by
measures of the quality of the estimator. The quality is described by precision as long as
the model used in the estimation indeed holds true. In practice one can never be sure that
the model employed, is completely adequate, or in other words, there is a chance that the
model is not correct. A statistical testing procedure is used to infer the validity of the
model one is using. The presence of redundant data is crucial for statistical testing. After
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detection and identification of a misspecification of the model, one has to account for this
misspecification in the estimation. The nominal performance of the testing procedure is
described by reliability.

1.1 Modelling y=Ax

This thesis deals with the data processing in a dynamic system. We are interested in some
quantifiable characteristics of the system. These characteristics constitute the state of the
system. As such the state is an abstraction of reality. The state can be mathematically
described by a set of parameters, contained in vector x. The adjective dynamic means that
the system is time-varying and so will be the parameters: x(f). In this chapter we will
consider the state at one instant in time. The time-varying character will be dealt with in
chapter 2.

The state of the dynamic system is not known a-priori and we will try to gain knowledge
about it, by making measurements on its characteristics. The measurement system thus
involves observations in the m-vector y and unknowns in the n-vector x, which are related
via the linear model

D y = 4x

where A is the mxn design matrix. The unknowns in vector x are deterministic parame-
ters. They are just a medium to express interrelationships between observables of which
realizations - observations - are made in real world. Based on the model (1.1), we will
compute estimators for the unknowns, and these estimators are linear functions of the
observables; this discussion is pursued in section 6. Empirical data y are thus used to
make inferences (based on the obtained estimators for the unknowns) about physical
reality [Teunissen, 1997].

Model (1.1) is a mathematical description and thus an approximation of the measurement
system embedded in reality. In practice, modelling is not a trivial task, see e.g. [Schwarz,
1994]. A thorough knowledge of the measurement system is required. In geodetic
measurement systems this knowledge is usually present (to a large extent) and it can be
assumed that the model set up, adequately describes reality. Model identification is
therefore not of concern; there is no uncertainty in the coefficients contained in matrix A.

1.2 Solution of y=Ax R" R™
In respect of the deterministic model y=Ax, the

purpose of estimation is to obtain values for the A

unknowns x, based on the observations y, or in -

other words, to find the solution to the set of

linear equations.

The linear operator A maps a vector of the space Figure 2.1: Mathematical modelling y = Ax,
of unknowns R" onto a vector in the observation X parameter space (left) and K™ observation
space R", figure 2.1. space (right)
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In general, the mxn design matrix 4 will have rank r, with r<min{n,m}. If r<m, system
(1.1) may be not consistent and it is underdetermined if r<n, see [Teunissen, 1984]. The
system being not consistent means that the vector y can not be written as a linear
combination of the columns of matrix A: y ¢ R(A). Underdeterminancy means that, given
the observations y, it is not possible to determine the unknowns x uniquely, although there
may be redundancy. The redundancy equals (m-7).

1.2.1 Uniqueness

We will first elaborate on the underdeterminancy. To guarantee a unique solution, the
rank of A must be r=n<m, with preferably n<m for the reason of quality control. At
this moment the design matrix is rankdeficient: a set of (n-r) linearly independent vectors
s of dimension n can be found that satisfy As=0. The vectors s span the null space of
matrix A, N(A4). In literature, the system (1.1) is then said to be not observable. Too
many unknowns have been introduced in the model. One has to re-set up the model (with
less unknowns), bring in deterministic information, or introduce additional observables.

The second strategy implies the choice of an S-basis, see [ibid]: (n-r) constraints on the
unknowns are introduced. The S-basis is constructed in the parameter space R” by means
of the orthogonal complement S* of matrix S; R(S)PNA)=R". The constraints read
8+Tx=0 and x can be written as a linear combination of the columns of matrix S: x=Sa R
with @ an r-vector. Model (1.1) then becomes y=ASa. The n columns of matrix A are
linearly dependent and the space R(4) in R™ can be spanned with less, i.e. r, columns:
R(A)=R(AS). Choosing an S-basis does not change anything in the observation space R™,
but it does of course, in the parameter space R". Different S-bases S;, S, will lead to

different estimates for the unknowns: £, £#%. These different estimates are mutually
related by means of an S-transformation, see [ibid].

In practice we can discriminate between two types of rankdeficiencies of the design
matrix A: the strict deficiency As=0, and the near deficiency As=0, for a non-zero
vector 5. No unique estimate can be computed for the first case. In the second case an
estimation algorithm may produce results and the quality of these results directly depends
on the numerical accuracy of the algorithm. In practice it is better not to risk numerical
problems and to avoid this second type of rankdeficiency by one of the strategies
mentioned above. With the second strategy of introducing additional constraints, the near
rankdeficient system is actually slightly over-constrained. The case As~0 can also occur
with As not yet sufficiently close to zero to cause numerical problems. A near rank-
deficiency anyway means that certain (functions of the) unknowns are hardly estimable.
The estimators will have very poor precision.

1.2.2 Consistency

In the sequel we assume that rank(A)=n<m. In practice, when n<m, the vector of
(realized) observations will not be consistent with the model (1.1). A system that is
inconsistent can be solved routinely by the least-squares algorithm, see p.18 in [ibid]:
least-squares generalized inverses. The inconsistency in the observation space R™ is
removed by determining the estimate y for y, such that y€R(4). This determination is
carried out according to the principle of least distance:
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with Q the weight matrix. Equation (2.1) is the (weighted) least-squares estimation
pr1nc1ple specifically classic least-squares based on the L,-norm [Bjorck, 1996]. When
the inconsistency is significant, one might wonder about the validity of model (1.1). This
topic will be further discussed in the section on model validation.

y The geometric interpretation of least-squares
| estimation in the observation space R” is that

L the vector  is selected such that its end point
has shortest distance to the end point of the
R(A)

¥ :
given vector y.

Figure 2.2: Leastsquares estimation in the Eeimate 3 is found by orthogonal projection of
observation space R™, orthogonal projection of y y on the space spanned by the column vectors of
on R(A) .

matrix A: R(A).

2.2 $ =Py
The orthogonal projector is represented by the mxm matrix P,. The estimates for the

unknowns can then be determined from y by ’inversion’ of the relation (1.1). The least-
squares criterion can be rewritten as

(2.3) min uy—Axuf?_1 A xeR™
- ¥

X

With the design matrix having full rank, rank(4)=n, a unique estimate % for the
unknowns will result.

1.3 BLUE-estimation principle

The parameters contained in vector x are deterministic quantities; an (unknown) parameter
is thought to have one and only one value out of R. The observables, contained in vector
y are random variables. Measurement noise is involved in making observations. The noise
is contained in the random vector e. The description of the state by means of the set of
parameters, the observables as random variables and the relation between the observables
and the state, constitute the mathematical model of the measurement system:

(31) y:Ax+g

Note that the noise e enters relation (3.1) in an additive fashion. If relation (1.1)
adequately models the measurement system in reality, the remaining (small) effects in
making the observations, are categorized as noise, and therefore random. Per observable,
the effects all together will be zero on the average, so that for the vector of measurement

noise holds:
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3.2) E{e}=0

The relations between the observables and the unknowns are expressed in a model of
observation equations [Teunissen, 1994a], that define the first and second moment of the
vector of observables, the expectation and dispersion:

B3 E{y}= 4x ; Diyl=0,

A random vector like y may have many more moments, but only the first and second are
required for the BLUE-estimation principle. The probability density function of y will be
further discussed in section 6. In the sequel the specification of E{.} in (3.3) will be
referred to as functional model and D{.} as stochastic model. Model (3.3) is also known
as the Gauss-Markov model, see [Koch, 1988], or the general univariate linear model, see
[Bjorck, 1996].

Based on the mathematical model an estimator for the state is computed. The Best Linear
Unbiased Estimation (BLUE) principle yields, based on a linear functional model as in
(3.3), a linear and unbiased estimator £, that is best in a statistical sense. Under the
assumption that the inverse variance covariance matrix of the observables is used as the
weight matrix, the least-squares principle, which is a deterministic estimation principle,
leads to an identical estimator. If the observables possess a Gaussian distribution, also the

Maximum Likelihood principle yields the same estimator.

2=(ATQ ') ATQ "y
3.4)

Q,=(47Q'p!

The equivalent model of (3.3) in terms of condition equations reads

(3.5) B'E{y}=0 ; Di{y}=Q,

with matrix BT an (m-n)xm matrix. It holds that

With matrix 4 of full rank » and matrix B of full rank (m-n), the column vectors of these
two matrices together, span the full observation space R".

3.7 R(A:B)= R"

In (3.3) the n unknown parameters in x can be considered as just a medium to express
interrelationships between observables. By the model of condition equations (3.5), (m-n)
constraints (relations) are applied to the (first moment) of the vector of observables in the
observation space R™, no unknown parameters are involved. The inconsistency of
observations and model directly shows up by the vector of misclosures:
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(3.8) t= BTy

When the observations are substituted in (3.8), the misclosures do in general not equal
zero. The misclosures will be used for model validation in section 7.

Together estimator £ and the vector of misclosures ¢ contain the same information as the
vector of observables y does. Model (3.3) is premultiplied by the square mxm full rank
transformation matrix T

- (Tl] _ ((A TQ,'4)A TQ;‘)
T2 B T

with T, a nxm matrix and T, a (m-n)xm matrix. Model E{Ty}=TAx then reads

. . Q,
w5 ofi -

where Q,=BTQyB. All information is preserved by the transformation matrix 7 in (3.9). It
is just an invertible linear transformation. Design matrix A is transformed such that its
columns TA={e,,..,e,}. The vectors e, with i=1,..,m constitute the natural basis of R™.
The columns of T, span R(Qy'lA) and those of T2T span R(B). Together the full matrix
T provides a basis for the observation space R™.

1.4 Hybrid parameter estimation

In section 2 the real, real in the sense of element from R, parameter estimation problem
y=Ax with x€R" has been tackled using the least-squares criterion (2.3). The inverse
variance covariance matrix Qy_1 is the weight matrix and from (2.3) the weighted least-
squares estimate follows: £. The variance covariance matrix of the estimators reads Q,.
The minimum of the objective function in (2.3) equals the squared norm of the least-
squares residuals é=y-y:

4.1 1%, = Iy -AZ)
@.1) lellgs = 1y =A%l

In this section we will consider the hybrid estimation problem. The n-vector x and the
mxn design matrix are partitioned as

X

4
x = and A = (4z4)

with Xg @ Ng-vector, Ap : mxnp-matrix
X; : npvector, A; : mxn/matrix
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The hybrid estimation problem reads

x
(4.2) y = (Az 4) (xf) with x,€R™ ; x,€Z"

1.4.1 Estimation principle
The difference with (1.1) is that now both real and integer parameters are involved. The

parameters in vector x, are constrained to be integers. The least-squares criterion is
applied to this hybrid estimation problem [Teunissen, 1995b]:

4.3) min ||y -Axg- A,x,u - with x,€R™ ; x,€Z™

XpsXy

The objective function can be rewritten in, see [ibid]

A s g2
“.4) R L e L L

The estimation can be carried out in two steps: the unconstrained solution (also float
solution) and based on the results of this step, the final solution to (4.3).

First the parameters are treated as being all reals. Problem (4.3) is solved wittheR"R
and x,eR"' . The (ordinary) least-squares estimates follow:

4.5) (xx) ; Q;, Qi
- ) Qe

The first term on the rlght hand side of (4.4) gives the corresponding minimum of the
objective function: ||e|| o The second term equals zero as we consider the estimate £, to
y R™ be the final estimate: x,=%,. The third term

contains the conditional estimate for xz: xR|,. It
is the estimate for x, with the integer para-
meters conditioned on, or constrained to, x;.
For solution (4.5) we have x, le ;=% and the
third term equals zero. The solution Xg,X, is
y also referred to as float solution: the estimates
R(AgA;) are all floating point numbers. The geometry of

the float solution is given in figure 4.1.

a>

Figure 4.1: Geometry of float solution in R The second step is the integer minimization:
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(4.6) min |£,-x, 2, with x,eZ"
x; Q‘I

This problem will be dealt with in detail in the next section. The result reads X,, the
integer least-squares estlmate for x;, The minimum of the objective functlon (4 4) is
increased to llell2 4+ % x,II -1. The third term still equals zero with Xp=Xp =X, unless
additional constrdints are put upon the parameters in x,, see also flgures 4.2 and 4.3.
Vector X, is the estimate for x,, computed with x, conditioned on estimate X,

4.7 Xp = Rp- Qx (;e,—x,)

The estimates X, and X, constitute the (final) least-squares solution to (4.3) and is
referred to as fixed solution: x; has been constrained, or fixed, to integer values ARl (but
not to one particular deterministic value!). The variance covariance matrix of the
estimator for x, with the vector of integer parameters constrained to some deterministic
value x,

4.8) Q.

xRyt

Q:;'Q;

ifg

= Q. -Q,,

7

is taken as an approximation to Qi The stochastics of integer estimator X are neglec-
ted, see sectlon 6. In practice the approx1mat10n is allowed if sufficient prof)ablllty mass
is located at X,. The precision description by kau will be (slightly) too optimistic, see

[ibid].
R norm of é = , ||é||2 .

.2
norm of é = ||e|| +||x, x|

Figure 4.2: Hybrid estimation in R™
R(AgAy)

Ar

R(ARAI)
AR;ER
Agxg &
The final estimate for y reads y=A %, +AX,
with é=y-y. As (J-¥) €R(4) it holds that
9 -Flg;t = W=l

A is 4, but orthogonallzed with respect to A,
in general X ¢Z7, ™ but x,ez™

Figure 4.3: Hybrid estimation in the sub-space R(4; A4,)) of R™ il 9(1 - 3’(1 IIQ;I

In hybrid estimation the norm of the least-squares objective function (4.4) is increased as
compared with real estimation, by the constraint of part of the parameters being 1ntegers
The second term in (4.4) may cause a correction 1%, - 1|| o even for the integer estima-
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tion case y=Apx, with no redundancy m=n,; in this y R™
case é=0. The non-consistency of a hybrid system
y=Ax with partly integer parameters, is handled by
the least-squares principle. For y=A4yx,, estimate y is
a discrete gridpoint in R(4;) such that X,€Z", &
figure 4.4 and compare with figure 2.2. Non—umque-
ness of the integer estimate is not considered here. R(A)
This may occur (in theory) in the case with y=Ag, >

even if the rank of the design matrix A4; equals #n,, see
[Teunissen, 1993]. Non-uniqueness of the integer
estimate due to a rankdeficient design matrix is dis-
cussed in [Teunissen, 1996b].

Figure 4.4: Geometric interpretation of
integer estimation in R”, the gridpoints are
admissible locations for estimate for y

In the real case, x€R, the value for x can range through the whole R. Computing an
estimate is a true determination problem as there is an infinite (and uncountable) number
of possible outcomes. In the integer case, x€Z, the value for x is allowed to take on, as
seen from R, only discrete values from Z. A-priori, all integers are equally likely.
Estimation is now a discrimination problem as based on the observation, one specific
value has to be chosen from a set of an infinite (but countable) number of integer values.
In practice only a finite number of possibilities has to be considered.

1.4.2 Integer minimization

The second term of the objective function (4.4) needs to be minimized. A vector of
integers x, has to result from

. N 2 . A -1, . n
4.9) rr11n||x,-x,||Q’?_l = mm(x,—x,)TQi' *,-x) with x,€Z”
X, 1 Xl

No direct technique is available for the integer estimation. A search over discrete integer
vectors has to be employed instead. For a gridpoint, it holds that all elements of x; are in
Z: (x);€Z for all i=1,..,n, In the n,-d1mens1ona1 space, the grldpomt x; must be found,
that has least (minimum) distance to estimate £,, in the metric Qi This grldpomt is the
integer least-squares estimate X, sought for. In practice an approprlate value 2 1s taken
and only gridpoints will be considered, that have a distance equal to or less than x2:

(4.10) @& -%)"Q; (& -x) <X

The geometric interpretation of (4.10) is the (hyper-) ellipsoid, see figure 4.5, where

=2. The ellipsoid is centered at estlmate %, its shape and orientation are governed by
matrlx Q and its size is controlled by x>. The value for x> can be algebraically related
to the volume of the ellipsoid and thereby approximately to the number of gridpoints, see
[Jonge et al, 1996] and [Teunissen et al, 1996].

The sequential conditional least-squares adjustment interpretation of the search within the
ellipsoid for the gridpoint that has the least distance to £,, is given in [Teunissen, 1995b].
The variance covariance matrix Q needs to be decomposed into a lower triangular L, a
diagonal D and an upper trlangular LT Q;=LDL T see [1b1d] The unknown parameters
of x, are successively fixed to integers. Based on value x>, the maximum allowable
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interval forx,  distance, and offl) , the interval with valid inte-
withx;  gers for (x), is obtained. Then (xp, is prelimi-
fixed nary kept fixed to one of these integers. A new,
improved estimator is computed for the next
unknown parameter (x),, as if a new adjust-
ment was carried out with (x), known to be
) | that integer; the conditional estimate for (xp, is

x; obtained: (£),,.

® e 0 00

o eesessen interval for x, Distance x? is then reduced by [(£)), - (x,),]*/ off)
1 4 . 2 . g
fix x, and together with o " the variance of the
conditional estimator f’or (x),, the interval for
Figure 4.5: Search for gridpoints inside the (x1)2 is computed. It is centered at the condi-
ellipse, n,=2 and x,=(x,,x,) tional estimate (21)2“ . The p goes on with (x1)3
etc. It continues until all valid integers for all parameters (x;), through (xp),, have been
treated, see [Jonge et al, 1996]. The two-dimensional geometric interpretation of the
search is given in figure 4.5. The ellipse is scanned through systematically. All gridpoints
which are inside, are encountered in this way. Afterwards, the gridpoint with the smallest
distance to £, can be selected easily.

The search described here, will provide the integer least-
squares estimate %,. When the variance covariance matrix
Qi, is ill conditioned, the ellipsoid in the R™ will be very y
out-stretched. The ellipsoid is very elongated; it has some
axes which are extremely large, whereas the remaining ones i
are very short. Correlation between the estimators causes that %
the ellipsoid has its principal axes not parallel with the grid- Z
lines. Poor precision of the estimators in £ and high correla-
tion between them, causes typically, in two dimensions, an
ellipse as shown in figure 4.6. If the 2-by-2 matrix is rank-
deficient and has rank 1 only, the ellipse collapses even to a
single straight line interval [Teunissen, 1996a].

Figure 4.6: Search is inefficient
for elongated and rotated ellipse

As in the search, actually intersections of the ellipsoid with the gridlines have to be
computed, the search will be highly inefficient for such an elongated ellipsoid. The
computation of many intervals is not effective as they do not contain any integer. This
phenomena is explained by means of the spectrum of conditional variances in [Teunissen
et al, 1994a] and [Teunissen et al, 1994b] for the sequential conditional adjustment of
GPS double difference ambiguities. The discontinuity in the spectrum causes that the
intervals for the first few parameters are very large, and therefore a lot of integers have
to be tried out, whereas the remaining intervals are all very small. Many of them do not
contain any integer. A lot of incomplete integer-vectors for x, are to be encountered. The
implication for the search is discussed in detail in [Teunissen, 1994c]. The efficiency of
the search can be largely enhanced by a decorrelation of the estimators in £ . This

decorrelation is realized by means of an integer reparametrization in the next section.
1.4.3 Integer reparametrization

In [Teunissen, 1993] the decorrelating Z-transformation is introduced: the integer
unknown parameters in x; are reparametrized according to
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@11) y - 27,

where matrix ZT is a square n;xn, full rank transformation matrix. The estimate and
variance covariance matrix are transformed accordingly

(4.12) 4,=2"% Q,=27QZ

and the minimization problem (4.9) becomes

4.13) min (Z,-2)7Q; (¢,-z) with z,€Z"
Y

and will result in Z,. The integer least squares estimate for x; is then obtained by
iI=Z'Tz',. The estimate X, obtained via Z, from (4.13), is identical to the one obtained
from solving minimization (4.9) directly, thanks to the requirements upon the Z-transfor-
mation. In addition to being square and of full rank, this transformation must be integer
and volume preserving, see [Teunissen, 1995c].

The purpose of the Z-transformation is to decorrelate the estimators in il. The computati-
on of matrix Z" consists of alternatingly, decorrelation steps (integer Gauss transform-
ation) and interchangings of parameters to allow further decorrelation (re-order-
ing/permutation). With the Qil=LDLT decomposition, see [Teunissen, 1995b], the
variance covariance matrix of z‘l becomes

(4.14) Q, =Z7LDL"Z

In the hypothetical case that full decorrelation is achieved, Z=L T, matrix (4.14) reduces
to

(4.15) Q, =D

Then the most simple integer estimation scheme can be used: rounding to the nearest
integer, (£);=nint(Z); for all j=1,..,n; no search is needed at all.

In general, full decorrelation is ruled out. As matrix Z” has to fulfil the integer and
volume preserving conditions, one has to be satisfied with an integer approximation of
Z=LT. It turns out that in practice, even under the aforementioned conditions, the Z-
transformation can largely reduce the correlation between the estimators, and thereby
greatly facilitate the search, see e.g. [Teunissen et al, 1994a] and [Teunissen et al,
1994b]. The geometric interpretation of the decorrelating Z-transformation is that the
elongated search ellipsoid of the original parameters x, is transformed into a search
ellipsoid for z; that is much more sphere-like. The intervals for the parameters in z, in the
sequential conditional adjustment, are equalized. The integer estimation for (4.13) can be
carried out much more efficiently than it can for (4.9).
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1.4.4 LAMBDA-method

The integer minimization of section 1.4.2 and the integer reparametrization of section
1.4.3 are all part of the LAMBDA-method proposed in [Teunissen, 1993]. In summary
the method consists of two steps:

1) the decorrelating Z-transformation
2) the actual integer estimation (the search)

Both steps are based on the sequential conditional least-squares adjustment of the
unknown integer parameters. Based on the results of the (ordinary) least-squares estimati-
on (4.5), with both x; and x, treated as real-valued parameters, the integer minimization
(4.9) is carried out using the LAMBDA-method. The result is X,, the integer least-squares
estimate for the integer parameters in x,.

1.5 Non-linear model y=A(x)

In this section we will review the estimation in case of a non-linear functional model.
Direct non-linear estimation is usually not feasible. We will use the Gauss-Newton
method [Teunissen, 1990a]. The model is linearized and BLUE estimators for the
unknowns of this model are computed; they lead to approximations for the non-linear
estimators. For the linearization, approximate values for the unknown parameters are
needed and these are improved in an iterative process.

1.5.1 Non-linear functional model

In section 3 the model of observation equations was given as (3.3):

3.1 E{y} = Ax ; D{y} = Q,

The expectation value of the vector of observables and the unknowns in vector x are
linearly related. Based on this model, Best Linear Unbiased Estimators could be compu-

ted. They are identical to the weighted least-squares estimators. In practice non-linear
models of observation equations are frequently encountered.

6D E(y) = A® ; Dyl = Q,

We are, however, still looking for the numerical estimate for x and for the probability
density function of the (non-linear) estimator, the latter for the reason of quality control
[Teunissen, 1989]. For the BLUE-estimation principle, the first two moments of the
estimator E{£} and D{£} suffice. With Gaussian distributed observables and a linear
estimator, these two moments completely specify the probability density function of the
estimator, see also section 6.

In dealing with non-linear functional models, two complications arise. First the (non-
linear) estimator must satisfy the least-squares criterion
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(5.3) min |y-A@)

If the map A(.) is non-linear, then generally no direct methods exist for solving (5.3). In
other words we will not succeed in finding the non-linear estimator. We will approximate
the non-linear model with its linearized version and use an iterative algorithm to compute
the estimate. Iterative algorithms to solve (5.3) are discussed in [Teunissen, 1990a].
Secondly, we are not able to propagate the probability density of y into the probability
density of the non-linear estimator £, [Teunissen, 1989]. The non-linearity also causes

that the estimator is biased, i.e. E{£}#x. In this section, it is reviewed how the non-
linear least-squares problem is usually handled.

1.5.2 Linearization

For varying values of x, A(x) traces an n-dimensional surface or manifold embedded in
the R™. If the manifold A(x) is rather smooth, the linearized model can be a sufficient
approximation of the non-linear model. With x, being a good approximate value for the
estimate sought for, the Taylor expansion of (5.2) reads

_ 0A(x)
(5.4) E{y} = Ax) + v Ax + H.O.T.
xO
and the linearized model becomes
(5-5) E{Ay} = 9A(x,) Ax ; D{Ay} = Q, |

with Ay=y-A(x,). The higher order terms are neglected, see also [Teunissen, 1994a].
1.5.3 BLUE-estimation

Based on the linearized model (5.5), we will compute, using the BLUE principle, AX and

QAJE ‘

(5.6) A% = [BAX)TQ, A0 AX)TQ," Ay
6.7 Q,; = [BAx)TQ, 3 AG )]

and

(5.8) x, =x, + A%

then we obtain
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(5.9) 2=x, ; Q =0Q,

which are approximations to the first two moments of the non-linear estimator [Teunissen,
1989]. The geometric 1nterpretat10n of this estimation is, that the observation vector y is
orthogonally projected (metric Q, ) on the tangent space of A(x). The tangent space,
plane d A(x)), is suspended at A(x, )

1.5.4 Gauss-Newton method

The approximate value x, will (slightly) deviate from the (non-linear) estimate sought for.
In order to improve the numerical estimate (5.8), iterations have to be made. The
geometric interpretation is that the tangent plane has to be put into the right (a better)
position. The better the approximate value, the smaller the higher order terms in (5.4),
which are neglected in the current estimation. The linearized model will, on a local scale,
better approximate the non-linear one. As a result, a better numerical estimate for x is
obtained. The Gauss-Newton iteration scheme is employed [Teunissen, 1990a]. The
estimate for x (5.8) is taken as the new approximate value in (5.4) and a new estimate
(5.8) is computed. This procedure is continued until the convergency test (equation (71)
in [ibid]) is passed

(5.10) ||xn—xo||Qg-1 <e€

The criterion (5.10) is invariant under a reparametrization of the unknowns x. The
estimate is finally set to £=x,, (5.9).

The necessary and sufficient conditions for the Gauss-Newton method in order to
converge to a (local) minimum of the sum of squares objective function [y -A(x) II ., the
least-squares estimation criterion (5.3), are given by equation (57) in [ibid]. In ptactice
the curvature of the manifold A(x) must be small and the norm of the residual vector
é=y-¥ should not be too large. Furthermore, as the Gauss-Newton method belongs to
the class of iterative descent methods, the initial guess x, should be sufficiently close to
the solution £, that has to result from (5.3), see [ibid]. The closer x, is to the estimate £,
the less iterations will be needed to satisfy the criterion (5.10).

The parameters x are involved in a non-linear way in the vector y-A(x) of which the
(squared) norm has to be minimized in (5.3). In [Teunissen, 1989] two types of non-
linearity are distinguished: intrinsic non-linearity (curvature of the manifold) and non-
linearity of the parameter curves. The non-linearity causes that the estimator obtained
(using the procedure in this section), is biased. The non-linearity should be diagnosed in
order to assure that the linearized model is a sufficient approximation of the non-linear
one. With equation (40) of [ibid], the bias in the estimator can be estimated.

1.6 Estimation with stochastic observations

In the sections 2 and 3, we concentrated on the determination of the values for the
unknowns once a set of observations is given. Now we will take into account the
stochastics of the observables. The observation y is a sample out of the population y. The
vector of observables y contains m random variables. The probability density function of y
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is given by p; (y|1). The kernel p in this specification, denotes that not all parameters of
this function are known yet. In the model of observation equations E{y}=Ax for instance,
the first moment, the expectation, of y is unknown in x.

In estimation, a n-vector of values for the unknowns in x is assigned, based on the sample
y. The estimator £ for the vector of unknowns, is a linear function of the observables.
The functional relation can also be used to propagate the probability density function of y
into the one for X: (xlll) Function p (xlp.) describes the probability density of each
value for £ and therefore translates into the quality of the estimator under the current
modelling. The quality of the estimator may range from infinitely bad to infinitely good.
These cases of no knowledge and perfect know-
- ledge concerning the unknowns in vector x,
T N correspond to a probability density function that

*X s infinitely wide and to one that has one infi-
Figure 6.1: Two limiting cases of the probability nitely narrow.pea.k respectively. These functions
density function, (left) all values have equal ar€ sketched in figure 6.1 for the case n=1. In
probability density, (right) one (deterministicy the last case, the estimator is non-stochastic. It
value has infinitely large probability density is a deterministic quantity.

A
» X

In this section we will consider the estimation for a model with observation equations
with real valued parameters and for a model with integer parameters. In both cases we
will elaborate on the probability density function of the estimator. Finally we will discuss
the so-called ’fixing’ of parameters. A certain estimator is considered to be a determinis-
tic quantity and this implies an approximation to the probability density function. For a
treatment in depth on probability theory, the reader is referred to [Koch, 1988] and
[Maybeck, 1979].

In the data processing we will carry over the assumption of Gaussian distributed observa-
bles. The justification follows [ibid]. With a functional model that is adequate, the
measurement noise is typically caused by a number of small effects. When a number of
independent random variables are added together, the summed effect can be described
very closely by a Gaussian probability density, regardless of the shape of the individual
densities (central limit theorem). In other words, the Gaussian distribution will serve as a
good approximation in practice. Alternative distributions generally do not yield formulati-
ons of the data processing problem that are mathematically tractable.

1.6.1 Real valued parameters

The Gaussian distribution and the least-squares criterion very well fit together. If the
observables possess a Gaussian distribution, the estimator obtained with the least-squares
criterion, is identical to the Maximum Likelihood estimator. With the probability density
function of the observables as y~N(4x,Q), the probability density function of the
estimators is also Gaussian £~N(x,Q,), as a consequence of the estimator being linearly
related to the observables. The estimator is unbiased and has variance covariance matrix
Q,. With the BLUE-estimation principle only the first two moments of y are considered,
independent of the acual distribution. If y~N, they completely specify the probability

density function.

We start considering the estimation for the following model of observation equations
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6.1) Efy) = 4x ; D{3} = Q,

with xeR" and y Gaussian, or normally distributed, y ~N(Ax,Qy)

1 , -2 04070, v-40)

@m /1o,

The probability density function of the estimator X reads

(6.2) pOI® =

1 -L-070; ¢t-x)
(6.3) pfElx) = ———— e ?

@m)2/1Q;]

with
E{£} = x
and
D{Z} = Qi
An example of function (6.3) is given in figure 6.2. The estimate £ is a sample out of
this population.

Function (6.3) describes the probability density of obtaining value £, given that x is the
expectation value for £, which is usually not known. The following multiple integral

gives the probability that estimate £ lies in the so-called confidence region R:

6.4) P£eR] = [..[ py&lx) dx,..dx,= 1-a
R

As £ can take on values from <-w,0>, regions like (6.4) can be applied to, a (finite)
shift over x-%. In this way one can arrive at a fictitious probability density function of x,
that is centered at £:

. 1 -2 @0 ¢
(6.5) p(x|®) = ——— e

@m)?,/10;]

which gives the probability density of x being the expectation value, given the estimate £.
Function (6.5) is used in practice, to set confidence regions for parameters x.

1.6.2 Integer parameters

In this section we start by briefly discussing the discrete probability density function,
proposed in [Blewitt, 1989]. Next we point out how the probability density function of the
integer estimator should be obtained. For the reason of readibility we will discuss the
following, very simple, model of observation equations:
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Figure 6.2: Probability density function pi(J?|x) Figure 6.3: Probability density function px(i|x) (6.8)
for one-dimensional x: x=5 and ¢=4 for one-dimensional x: x=5 and 0=4
6.6) E{y} =x ; D{y} = o’

with x€Z and y Gaussian, or normally distributed, y ~N(x,0%)

) _op?
2
(67) p!(y |x) - e 20

2T G

According to [ibid], the probability density function of the integer estimator X =nint(y),
reads

LGty

iy o1 2R N aie

e

=N

with N some large integer and &(.) the Dirac delta function (or impulse function). This
function (6.8) describes the probability density of obtaining value X. The function is
centered at the integer value x, which is usually not known. An example of function (6.8)
is given in figure 6.3. The Dirac delta function was set to 8(t=0)=1 and N=20 was
taken. Function (6.8) is a discrete one, pi(i|x) =0 for all ¥¢Z and anywhere outside the
interval [-NV,N]. The expectation E{x} and dispersion D{x} of (6.8) can be given; it will
possess higher order moments as well.

Probability density function (6.8) can be shown to satisfy the two requirements f pi(ilx)di =1
and p(X|x) > 0 VX. A generalization of the function to 7 dimensions is « possible.

In a way similar as in section 1.6.1, the following probability density function can be
found

)

ﬁ e 2¢% E 6(x—j)

_U-% j=-N

6.9) p&(xlj) =
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which gives the probability density that x is the expectation value, given that the integer
estimate is ¥. Equation (6.9) is similar to formula (A.4) of [ibid].

It can be seen from (6.8) that, apart from the Dirac §-function and a weighting (the
denominator), the value of p, at some integer %= x just equals the value of the expo-
nential part of the real counterpart p,, (6.7) (here p, =p, ), or (6.3) for a one-dimensional
x, and this may appear strange. The probability den31ty function of the integer estimator
should be obtained by integration upon the function of the real-valued estlmator The
integer estimation criterion prescribes all real valued samples £ in the interval [x—— X+ 1>
to be mapped onto the integer estimate x, with
x€Z, [Teunissen, 1990b]. The corresponding
operation of this nearest integer rounding
applied to p, yields the probability P[#=x], see
also figure 6.4,

z=x +% el
x-Y%5 x+Y%

(6.10) p (%=x f z|x)dz xeZ
p( -) p( | ) Figure 6.4: Probability density function of
z=x '; integer estimator obtained by integration

The function for the real-valued estimator £ can be readily obtained as described in the
previous section. Integer estimation, however, implies some (non-explicit) non-linear
operation (in this example ¥ =nint(y)) and hence the normal distribution of y can not be
propagated. The second problem is, provided that (6.8) indeed is the probability density
function of the integer estimator, the handling of such a function in further data process-

ing.

We have treated two cases: estimation with real valued parameters and with integer
parameters. Also the hybrid case may occur. Some of the parameters are integers and
therefore still the same difficulties as described in this section are present. In the next
section we will discuss how the problem of the discrete probability density function is
tackled in practice.

1.6.3 Fixing of parameters

In practical data processing, integer parameters need special treatment. Estimates for the
integer parameters can be obtained by rigorous application of the least-squares principle.
This concerns the numerical value for the unknowns and nothing is known yet about the
statistical moments of the estimator. The integer estimator X has a discrete probability
density function and this hinders model validation by means of statistical tests currently in
use (see section 7) and causes difficulties in further data processing (precision description
is troublesome). We will discuss the so-called fixing of parameters. This provides a
workable approximation to the stochastics of the estimators for these parameters in further
processing. '

fixing of real parameters

For model (6.1), least-squares estimation provides the most likely value for x. We assume
that the model, used in the estimation, has been validated. The value for the estimate can
range through the whole R". The probability density function of the estimator is p,(£|x).
If we would like to treat £ as a deterministic quantity, we have to analyse the variance
covariance matrix Q,. If all elements of Q, are sufficiently small, we are allowed to
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approximate this matrix by Q,=0 and continue data processing with £ as a deterministic
quantity: x =x.

The probability density function p,(x|%), see (6.5), is approximated by a probability
density function with all probability density mass located at the real-valued estimate X.

(6.11) p(x) =8(x-%)

with the Dirac delta function generalized to n-dimensions. Function p,(x) equals zero for
all values x#xX. By the definition of the Dirac delta function, (6.11) satisfies the two
requirements for a probability density function in general.

fixing of integer parameters

For model (6.1) with xeZ”, integer least-squares estimation provides the most likely
integer value for x. Again we assume that the mathematical model has been validated.
The values the estimate % can take on, are restricted to the Z", i.e. discrete points in the
R". This does, however, not yet imply that the estimator is a deterministic quantity. The
probability density function of the estimator is py(¥|x), an n-dimensional generalization of
a discrete function like (6.8). Such a function is not convenient for use in further data
processing and therefore we would like to treat X as a deterministic quantity. The discrete
probability density function, for one dimension depicted in figure 6.3, should sufficiently
resemble the single Dirac delta function; there should be one clear peak, as is the case in
figure 6.1 on the right. This means that the integer estimate should represent clearly more
probability density mass than any other integer vector in Z". Means to certify this
statement will be treated in appendix A.

The probability density function p,(x|¥) is then approximated by a function with all
probability density mass located at the integer estimate X .

(6.12) p,(x) =8(x-X)

Function p (x) equals zero for all values x#¥. The data processing is now continued with
X as a deterministic quantity x=X. The numerical value of the integer least-squares
estimate, which is integer, is not changed.

1.7 Model validation

In the previous section, the full probability density function of the observables y was
specified: py(yip). This assumed modelling of the measurement system embedded in the
real world, may not be a completely correct, or adequate description. In that case, when
relevant discrepancies between reality and mathematical model occur, the estimates and
probability density function of the estimator, computed with the assumed model, the null
hypothesis, are invalidated. The optimality property of the estimator X, obtained with the
BLUE principle, can be guaranteed only under the null hypothesis H,,.

Parallel to the estimation, one has to check the validity of the null hypothesis. Therefore a
testing procedure will be carried out. It is based on the theory of hypothesis testing in
linear models and testing is performed with the generalized likelihood ratio test. With a
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good testing procedure, it is guaranteed, to some extent, that the mathematical model used
in the estimation H, is adequate. It is realized that the perfect model simply does not
exist. According to [Teunissen, 1997] the question of the model’s validity concerns
whether the mathematical model, given its intended purposes, is sufficiently consistent
with the data observed.

1.7.1 Principle of testing

The purpose of statistical testing is to decide between alternative mathematical models,
hypotheses. A hypothesis H is a specification of the probability density function of y:
p!(ylp,) and the hypotheses differ in the parameters u. Given the observations y, a sample
of y, it must be inferred, which out of two models, the null hypothesis H, or another
hypothesis, is most likely.

reality / H, true H, false

The decision, whether to accept or reject the null decision

hypothesis H,, is made using a teststatistic. Two
possible decisions out of four are incorrect: the prob- || accept H, | OK B8

abilities are denoted by o and § in table 7.1. The reject H, | « OK
power, the probability of rejecting H, when indeed
H, is false, is defined as y=1-8. Table 7.1: Four possibilities in testing

Ideally both o and 8 equal zero, but this can not be achieved. When the probability of
false alarm o is specified, power vy is maximized using the Neyman-Pearson testing
principle [Teunissen, 1994b]. This yields the teststatistic T, which is a function of the
vector of observables I(y), and the critical region K for the teststatistic, which is among
other parameters a function of «. The test reads:

7.1) if TeK - reject H,
T¢K — accept H, (H, not rejected)

1.7.2 Generalized Likelihood Ratio Teststatistic

We will check the validity of H,, the model used in the estimation, by opposing it against
an alternative hypothesis H,. Both hypotheses are composite ones, i.e. probability density
function py(y|u) is left partly unspecified. The teststatistic T, is uniformly most powerful
invariant (UMPI). It satisfies the Neyman-Pearson principle under the restriction of
invariance of the critical region for y under orthogonal transformations [Teunissen,
1994b]. Uniformly means that it is most powerful for all alternative values for the
parameters of p in the set \®,. The set ® with values for y, is divided into &, for the H,
and the complementary set $\®, for H,;

H,: ped,
1.2)
H,: ped\®,

The hypotheses H, and H, are exclusive. The decision with the generalized likelihood
ratio then becomes
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max XN
(7.3) reject H, if N  <a
max p,(y[p)

ped

with a €<0,1>.

In this ratio (7.3), the maximum attainable likelihood of the observations y being
produced by model H, and the maximum attainable likelihood of H, are compared. When
the ratio leads to rejection of H, in favour of H,, the probability density functionpx(ylp)
under H, is decided not to reflect the random character of y; H, is found to be a more
adequate description.

In the sequel, hypothesis testing is applied to models of observation equations and
restricted to misspecifications in the linear functional model. As compared with the null
hypothesis, the functional model of the alternative hypothesis is extended with ¢ unknown
parameters in vector V, with 1 <g<m-n. Based on the observations y, it will be decided
that H, is an adequate model or that additional parameters are needed in the description of
E{y}. The stochastic model is assumed to be completely and correctly specified. The
observables y are normally distributed.

H,: »~N@xQ) E{y} =Ax s D{y}=0Q,
7.4)
H,: x»~-NAx+CV,Q) E{y}=A4x+CV ; D{y}=0Q,

By the set &, of the null hypothesis H,, the observation y, in the observation space R", is
restricted to lie in the n-dimensional space R(A). According to H,, the observation does
not lie in the R(A4), but is allowed to lie in the space R(A: Cy). In terms of the model with
condition equations we have

H, : B'E{y}=0 ; D{y}=0Q,
7.5)

H,: B'E(y}=CV ; D{y}=Q,
with Ct=BTCy. Specification (7.5) is equivalent to (7.4) for the purpose of testing with
the generalized likelihood ratio teststatistic. The hypotheses H, and H, of (7.4) are
composite hypotheses: the probability density function of y is specified with the parame-

ters x left unknown for H, and also parameters V for H,.

The generalized likelihood ratio test for testing H, against H,, see [ibid], leads to
(7.6) reject Hy if T, > x3(4,0)

with teststatistic

(7.7) T, =£'Q,'C,IC,Q,'Q0,'C "¢/ Q)"

or



24

(7.8) T, = 7'Q;'Clc[Q'C) ¢t

with

(7.9) T - x%(¢,0) under H,

and

(7.10) T~ x*(q,}) under H,, with =V'C,Q,'Q,Q,'C,V or 4=V'C/Q;'CV

with Q;'=C,"Q,”'C,

The most powerful property of teststatistic (7.8) implies, we cite [Teunissen, 1991], that -
somewhat loosely formulated - the teststatistic has the property of correctly detecting and
identifying model errors with the highest possible probability: in other words, when a
certain model error is present (and specified in the alternative hypothesis) we have v%
probability of correctly detecting and identifying it by teststatistic (7.8) and no (other)
teststatistic can do better.

Two special forms of teststatistic 7, are known:

» the Overall Model teststatistic, with g=m-n

- 5T, 14 - Al _ 4T -1 _ 2
(7.11) Iq =€Q,¢é-= Ilglloy_l =t'Q, 't = "I"o;’
» the so-called w-teststatistic, with g=1
(7.12) T - Q9 o

q T -1 -1 TH-1
Gy Qy QéQy Gy ¢ Q¢

of which the square root is used 2=T » and has a ¢~N(0,1) distribution under H, (we
use ¢ instead of w). 1

R(A)

s Figure 7.2: Testing in the
Figure 7.1: Testing in the observation space R", T = |Pp.. €| misclosure space R*", T = Ichzll2 4
q Axy Q, q +Q,
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Figure 7.1 clearly shows that hypothesis testing takes place in the observation space R".
An orthogonal decomposition of y is made: y=é+y where é€R(A)" and y€R(A), with
é=P;y and y=P,y. The least-squares principle is used to make y=Ax consistent and the
deviation of y from model R(A) is considered and judged in testing. If the deviation is
significant, this indicates (but does not proof) that model H, is false.

From figure 7.2 it is clear that the presence of redundant data, m-n>0, is crucial for
testing. It is namely the surplus of information which enables us to test whether the data
can be considered to be statistically consistent with the assumed model H, [Teunissen,
1991].

If it is decided that H, holds true instead of H, the model used in the estimation, the
estimator under the alternative hypothesis has to be computed:

(7.13) i = 1°-X¥

Qe = Quot XQuX”

where £° and V are not correlated, thus Q; ;=0 and with the nxqg-matrix X as

(714) X=(4 TQy—lA)—lA TQy—lcy

and the estimator for the vector V¥ as

(7.15) ¥ = (€]Q,'00,'c)c/Q,e
or
(1.16) ¥=(lo'c)co

Note that rejecting H, and adopting H,, also yields a new vector of misclosures ¢ with
dimension m-n-q (and also a new vector of residuals €%).

1.7.3 Model validation with hybrid parameters

The generalized likelihood ratio teststatistic T introduced in the previous section, is
frequently used in geodetic data processing. In some applications, beside real valued
parameters, also integer parameters are involved. This has led to an extension of the
estimation procedure. The presence of integer parameters has implications also for the
testing procedure. The most general hypothesis with both real and integer parameters

concerning misspecifications in the functional model reads
(717 Hy:  E{y) =Agce+Ax, H,:  E{y} =Agre+Apx,+CV,+C,)Y,
with x,€R™, x,€Z", V,€R' and V,eZ%.

In the case with also integer parameters, the generalized likelihood ratio can be applied as
well, but the intricacy is that the distribution of the resulting teststatistic is unknown. The
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hypotheses leave the probability density function p, (y|p) partly unspecified. This function
has then to be maximized in the ratio (7.3) and yields an integer estimator with a
probability density function that is discrete, as discussed in the previous section. The
teststatistic can be derived, but its distribution is unknown. This problem does not occur
with the simple likelihood ratio, as py(ylp) is then completely specified by both H, and
H.,.

In appendix A we will treat several special cases of this general case. One should keep in
mind, the distinction between discriminability and model validation with respect to
integerness. For the first, one candidate is to be discriminated from others; a choice
between (equivalent) alternatives is to be made (which gridpoint is most likely). Cases 6
and 7 in appendix A concern discriminability. For model validation concerning the
integerness of parameters, the parameters being integers is opposed against being reals (is
any gridpoint sufficiently likely). This is done by the hypothesis specifications of cases 3
and 4 in appendix A.

1.8 Measures for quality

In the sections 6 and 7, we have discussed the essential aspects of geodetic quality. In
section 6, the stochastic characteristics of the observables were propagated, using the null
hypothesis, into the stochastic characteristics of the estimators for the unknown parame-
ters. These characteristics are described by the probability density function PL%).

Precise observables do not necessarily yield accurate estimation results. The model used
in the estimation, may not imply an adequate modelling of the measurement system and
therefore the null hypothesis should be validated. Validation is carried out by hypothesis
testing in linear models with the generalized likelihood ratio test.

In order to be able to describe the quality of the results obtained from the data process-
ing, we will consider measures for precision and reliability, sections 1.8.1 and 1.8.2
respectively.

1.8.1 Precision

If we assume that y~N, then also £~N, as the estimator is a linear function of the
observables. In that case, the probability density function of the estimator £ is specified
by the first moment, the expectation E{£}, and the second moment, the dispersion D{%}.
From the population y, of which in general the expectation E{y} is not known, one
sample y is available and from this, estimate £ is computed, which then serves as a best
estimate for the unknown expectation. The dispersion is given by the variance covariance
matrix. Matrix Q, is found by propagation of Q,, using the null-hypothesis. D{£}
describes the spread in the estimation results. It represents the quality of the estimator
under the working mathematical model, the null hypothesis y ~N (Ax,Qy).

When design matrix 4 is rankdeficient, an S-basis has to be chosen, see section 2. It
should be realized that estimate £ will depend on the chosen S-basis, and also the
precision description by means of variance covariance matrix Q; will. In geodetic
network design, the analysis of precision is based on the use of a criterion matrix. The
actual variance covariance matrix Q, is compared with the criterion matrix and this
precision description is S-basis independent [Baarda, 1973].
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1.8.2 Reliability

As one can never be 100% sure about the validity of the null hypothesis, beside precision
also reliability has to be considered. If an alternative hypothesis holds true instead of the
null hypothesis, we have a certain probability of detecting it with the statistical testing
procedure of section 7, and decide accordingly. Usually, when the difference between
null and alternative hypothesis is significant, the probability will be large as well. The
nominal performance of the testing procedure is expressed by reliability.

In section 7, testing was limited to alternative hypotheses, which imply extensions to the
functional model as compared with the null hypothesis. Under the assumption that a
certain alternative hypothesis holds true instead of the null hypothesis, the size of the
model error V can be computed such that it can be found with the testing procedure with
a certain probability. Once the level of significance o has been chosen, the power 7y
follows from the g-dimensional y%2(g,A)-distribution (7.10). The other way around is that
once v has been fixed (to some v, e.g. 0.80), the non-centrality parameter A\ can be
computed. This reference value is then denoted by A, [Teunissen, 1994b]. The non-
centrality parameter is related to the model error by (7.10):

@.1) A=V7CQ CY=IC I,

With A=)\, equation (8.1) represents the boundaries of a hyper-ellipsoid in the R? [ibid].
For a one-dimensional model error, g=1, the ellipsoid collapses to an interval. The size
(not the sign) of the parameter V can be computed from

8.2)

and describes the nominal performance of the testing procedure in finding a model error
of the type specified in the alternative hypothesis. Measure (8.2) is the Minimal Detecta-
ble Bias (MDB) related to teststatistic (7.12). The detectable model error in terms of the
vector of observations reads

(8.3) Wy = C,V

and allows to analyse internal reliability; it describes to what extent model validation in
the observation space R™ is possible. Testing is based on the deviations of the observation
vector y from the model space R(A). Measures for internal reliability do not depend on

the S-basis.

In the example below, we consider a two-dimensional misclosure space with two
alternative hypotheses (g=1). For the testing we may write

H,: E{t}=0 and H,: E{t}=cV

H, : E{t} =cV
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The metric of the R’-space is given by Q,_l. The R2 ta
MDBs are denoted by V and V respectively. t
Ct
Y
ellipse: £7Q,'t=A, T,..- 1Pl '

IVl =10, =yE,  Toy=IPztlly

Figure 8.1: Testing in two-dimensional misclosure space

If ¢ originates from a realization of y under H, and the size of the model error equals the
MDB V, the probability of rejecting H, in favour of the H, equals v,.

In order to assess the separability between various (one-dimensional) alternative hypothe-
ses, one may compute the angle ¢ between c, and c,.

€0, '¢)?

8.4) cos’p = — >
12,1 keI

For ¢ =0 or ¢ ==, one can not distinguish between the hypotheses H, and H,. For
¢=7/2 or ¢=-w/2, there is optimal separability. The correlation between the test-
statistics (not misclosures) ¢ and ¢ (7.12) equals pt—t=cos2¢.

One can go one step further and consider, if a certain alternative hypothesis holds true
and this is not detected, the influence on the estimator; one namely has probability 1-y, of
non-detection, if the size of the model error equals the MDB. This propagation is external
reliability and can be regarded as an analysis on sensitivity of the estimator to unmodelled
effects.

With (8.3), the bias in the estimate becomes

8.5) Vi = (470,44 7Q, Wy

Equation (8.5) shows how a model error Vy propagates into the estimate £. The
significance of the effect can be judged upon with the bias to noise ratio A,.

(8.6) A, = VRTQ;'V# = uv;enf?_l - ||PAVyIIZ_,
* y

The bias in the estimate is compared with the precision of the estimator under H,. The
scalar measure (8.6) provides an upperbound for the bias in an individual element of
estimate £ [Teunissen, 1994b].

A

VX,
8.7 1 .
3.7 | = | < /A,

X
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The last expression of equation (8.6) shows that A, can be written in terms of quantities
in the observation space R™ and does therefore not depend on the parametrization in R" or
on the S-basis. It can be shown that a formula similar to (8.7) also holds when a part of
the vector x is considered.

1.9 Summary

Some essential theory on data processing - estimation and quality control - has been
reviewed. Once the mathematical model, the null hypothesis, has been set up, the
estimation is carried out. It is followed by the testing procedure, in which the validity of
the model used, is checked. It should be recognized that this validation is of the utmost
importance as estimation results, obtained with a model that is invalid, will be invalid as
well. Finally, measures for precision and reliability were given. They can be used to
describe and analyse the quality of the results.

Appendix 1.A Hypothesis testing: various cases

The most general hypothesis with both real and integer parameters concerning misspecifi-
cations in the functional model, is given by the first item in the list below. In this
appendix we will treat several special cases of this general case; cases 2 through 7. The
list below is certainly not exhaustive as many more variations are possible.

1)  H,: E{y)=Axg+Ax, H,: E(y)}=Ag+A4px,+C/V+CY,

2)  H,: E{y}=Agx, H,: E(y}=4,x, +C,'V,

3)  H,: E{y}=Agx,+4x, H,: E{y}=Agx,+Ag, with x,€R™
4 H,: E{y-= Ax, H,: E{y}-= Apx, with x,€R™
5 H,: Ely)=  Ax, H: E{y=  Ax +C,Y,

6 H,: Ely}= Ax;  H,: E{y)- Ap,

7 He: Elyi= Ax Ho: E= A

with x,€R", x,€Z", V,eR and V,€Z”, unless stated otherwise.
1.A.1 General hybrid case
1)  H,: E{y}=Age+Ax, H,: E{y)=Aga+Ax,+C,V,+C,V,

The null hypothesis is the most general case of a hybrid estimation problem. In the
alternative hypothesis, the functional model is extended by both real valued and integer
parameters. The ultimate goal is to derive the teststatistic and its distribution for this
general case. This is not yet achieved and in the sequel we will therefore consider several
special cases of the general case.
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1.A.2 Only real parameters

2)  H,: E{y)=A4gx, H,: E{y}=4,x, rchv,

¥y
This is the default case, treated in section 1.7.2, with only real valued parameters. The
H, is extended by g, parameters, with 1<q <m-ng.

For a hybrid estimation problem, case 2 can be used for testing the model used for the
computation of the so-called float solution. Once the integer parameters are treated as
deterministic quantities, see section 1.6.3, case 2 can also be used for testing the so-called
fixed model:

H,: E{y-Ax}=Ax,

to check, within the approximation, the validity of this mathematical model. The fixing of
the integer parameters is clearly expressed in the following mixed model, with non-
stochastic conditions:

H,: E{y} =ARva+A,x1

x1=x1

The values for the Overall Model teststatistic for the float solution T}, and for the fixed
solution T}, are related to the value for the teststatistic (A.4) of case 4:

7}ixed = Tﬂoat+ T(xvl)

The vectors é=y-y and (§-y) are orthogonal, metric Q, ', cf. figure 4.2, or é=y-y and
(@-Y) do not correlate.

1.A.3 H,: integer and real parameters vs H,: only real parameters

In the cases 3 and 4, we have a hybrid and an integer null hypothesis respectively,
whereas the alternative hypothesis allows the integer parameters to be real-valued. It will
be tested whether the model assumption of the parameters being integers is acceptable,
i.e. whether integerness is sufficiently likely as compared to the parameters being reals.

Although the dimension of the parameter space in the alternative hypothesis is not
increased as compared with the H,, H, implies an extension in the functional model.
According to the H, of case 4, the vector y is allowed to lie only on discrete gridpoints in
the R(4;), whereas under the H, vector y is allowed to lie everywhere else in the R(4,).
This can be realized by an integer vector x, together with a real valued increment Ve
Thus, an alternative specification of the H, reads:

H,: E{y}=4x+A\V,
with VRER"’, at least one (Vp),¢Z. The alternative hypothesis equals the null hypothesis
apart from an extension with r, real valued parameters. These V, parameters actually

contain the fractional parts of the values for the unknowns x,.

3) H,: E{y}=Aga+Ax, H,: E{y}=Agx,+Agx, with x,eR"
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The probability density function p, (y|p) has to be maximized under both H, and H, for
the generalized likelihood ratio (7 3). Under H, the ordinary real valued least-squares
estimator results, and under H, the integer least-squares estimator. The generalized
likelihood ratio test can be shown to be

(A.1) reject H, if ||;e,—;z,||2_, > Ina?
£

In the next section on case 4, we will elaborate on this expression and neglect the
stochastics of ¥ to come to a workable teststatistic. Case 3 is the general case of testing
a model with (some) integer parameters against a model with exclusively real valued
parameters.

1.A.4 H,: only integer parameters vs H,: only real parameters
4 H,: E{y-= Ax, H,: E{y}-= Ax, with x,€eR™
The generalized likelihood ratio test (7.3) becomes

. . -3eTe'e-eTe "
(A.2) reject H, if e <a

The exponent is the difference of the integer least-squares norm and ordinary least-
squares norm. The test can be rewritten into

(A.3) reject H, if 1%, - ,|| o > Ina?

With neglecting the stochastics of the integer estimator X P the teststatistic becomes
~ A ¥ -1, ¥
(A.4) TG = &,-%)'Q; &,-%)

which has a ¥ (n,,O) d1str1but10n under H, with the assumption E{£}=X,.T(X) ~x (n,,A)
under H, with A =Vx TQ 'V¥ and Vi=x ¢-%,. If the stochastics of X can not be neglec-
ted, the distribution of the teststatistic is unknown.

Note that with (A.4), actually H, with x, as a deterministic quantity is tested against H,

with x,eR"’, as the stochastics of integer estimator X , are neglected. H, is a simple
hypothesis, H, : E{y} =A[%,.

The, n,=1, one-dimensional version of (A.4) reads

>

(A.5) (%) = L~

which has a N(0,1)-distribution under H,. The critical region for teststatistic (A.5) is two-
sided.

In practice the test with statistic (A.4) is carried out as an acceptance test for the
parameters in x, being integers instead of reals. Under the neglect, based on the observati-
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ons, it is to be found out whether x,=%, as compared to x, €R" is sufficiently likely. The
geometric interpretation of teststatistic (A.4) is the dlstance from the real valued estimate
%, to the integer estimate ¥,, with the dlstance measured in the metric Q,e The distance
belng less or equal to some constant x> defines the search ellipsoid in the integer
minimization, section 4.2.

By the discrete search in the n-dimensional ellipsoid, a list of gridpoints ordered after
distance to £, is returned. For good discriminination, see section 1.6.3, the integer
estimate X, should represent clearly more probability density mass than any other
gridpoint. In [Teunissen, 1995a] it is proposed to infer this by applying test (A.4) also to
the so-called second best candidate X,.

N _ ya wNT-lya
Ix) = &E,-%) Q& %)
The values T(x) and T(X,) together bear information on the distance |X,-%,| ot It holds
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"x[_xlllof'll - "xI—xI"Q;Il < ”xl_xI”Q;ll < "xl—x’"Q{,l + ”xl‘x,”Qf-ll

For good discrimination the difference T(JZ}) -T(X) should be large. The distance
I%, —JE,||Q;1 will play a role in the discrimination, see section A.7.
1

1.A.5 Only integer parameters
5 H,: E{y}= Ax, H,: E{y-= Ap, +C,Y,

Case 5 is the equivalent with only integer parameters of case 2 with only real valued
parameters. As compared with H,, H, is extended with integer parameters.

The estimators both under H, and H, have discrete probability density functions and
therefore we are not able to derive the distribution of the generalized likelihood ratio

teststatistic. The distribution of the least-squares residuals € is unknown. The test reads

(A.6) reject H, if ¢°7Q,'¢°-497Q,"¢% > Ina 2

1.A.6 H: simple hypothesis vs H,: only integer parameters
6) H,: Elyl=  Ax H;: Elyl= Ay

The H,, a simple hypothesis, with some deterministic integer vector x,1 is tested against a
composite hypothesis with only integer parameters (although H, can be looked upon in the
R" as a set of an infinite number of simple hypotheses). The H, as compared with H, is
extended in the functional model by integer parameters: H, : E{y} A,x, +AV, with
)/ €Z™ and V,#0. We would like to test the discriminability of one specific grldpomt in
the R(A), Apx; , with respect to all others.

In practice we would like to test the integer least-squares estimate: x,1 =X,. By definition
of the integer least-squares estimate however, both numerator and denominator of the
generalized likelihood ratio (7.3) are maximized by x,=X,. The ratio equals one by
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definition and the test always leads to acceptance of H,. The expectation of y is governed
by the integer vector x,. As A, is closest to y, it never makes sense to reject X,, the H,,
in favour of any other integer vector, the H,.

Testing the simple hypothesis H, against H, with x,€éR" instead of x,€Z", yields the
teststatistic (A.4) discussed under case 4.

1.A.7 H, and H, both simple hypotheses

7 H,: Elyl=  Ax H: E(M= Ay

Case 7 concerns the testing of two simple hypotheses and yields the simple likelihood
ratio test. This test is most powerful, see [Teunissen, 1994b]. The alternative hypothesis
H, is not an extension of, but really an alternative to H,. The values )c,1 and x; are

constants, deterministic. We will test two integer vectors (gridpoints) against each other.
The derivation below of the simple likelihood ratio test parallels [ibid].

The simple likelihood ratio is defined as

(A7) POy xl)
reject H, if X—,Iz <a
P¥@|x1)

with a some positive constant. The likelihood of sample y being produced by model H, is
directly compared with the likelihood of model H,. Test (A.7) can be rewritten into

(A.8)
reject H, if 207 -x)TA Q) 9-Ap)) > Ina 2+ (x] -x;)TA Q) A x] -x;)

Vector %, is the least-squares solution to the model of observation equations E{y} =Ax,
with x,€ R™ and the unit direction vector c is defined as

2 1
X; Xy
c =

2 1
lx; -x; ”Qi_,l

Vector ¢ is directed from J\c,1 to x,2 . The test becomes

' i 4, 1 Ina™! 1,,2_ 1
reject H, if c’Q; (-xp) > > 1 b= x g,
ey —xp ll g
X
or
(A.9) L
reject H, if ¢ TQ,;, &%) > K,

Testing with (A.9) takes place in the parameter space R™. With H,: J_?I ~N(x,1 ,Q; ) the
teststatistic !

(A.10) P = ¢7Q;'E,x))
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is distributed as N(0,1) under H, and asN(lIx, x, ||Q-1 1 2l
under H,. The critical region for the teststatistié is
single sided. The value of the teststatistic actually is the
inner product of the vectors ¢ and (%, x,) The geo-
metrlc interpretation is given in figure A.1. The vector
(- x,)1s projected onto the vector c.

>

The teststatistic p (A.10) can be related to the differ- gigure A.1: Simple likelihood ratio test
ence in distances of case 4:

2 1 2 1,2 2 1
‘22 "x[ —Xq "Qf‘ + ”xI - Xy "0—1 = I(xl) 'I(xl)
7] %y

The test with the expression above reads

o

reject H, if T(x)) -T(x,) < -2K, Ix} -x |]Q-1+|]x, x,1||2_1 = K
£

In order to not reject the null hypothesis, the difference in distance should be larger than
some critical value K . The real valued estimate, computed from the observations y,
should be closer to x; than to Jc,2 . Note that under H, this teststatistic has a normal
distribution (only linear operations were applied to p):

(A.11) T ~T07) ~ NCI =5 1, 41 =517 )
II X,

The test (A.9) with p for the one-dimensional case becomes

(A.12)

with c¢=0, and where we assumed that x, >x, We see that for the one-dimensional
case, the express1on (A.12) of the teststatistic p equals (A.5) of case 4. Both are standard
normally distributed under H,. The tests are not identical, as they concern different
alternative hypotheses. Moreover the above test has a single sided critical region, whereas
(A.5) has a two-sided critical region.

Note that the distance between x,2 and x,l can be computed, once the variance covariance
matrix Q, is avzallable the real valued estimate itself is not needed In the one-dimensio-
nal case, with x; the so-called second best candidate, we have ]|x, x, | Q-l =0,

In practice, for judging the discriminability between the integer- least squares estlmate and
the second best integer vector, one constructs the test (A.9) with x, =X, and x, x, Both
x, and x, are not non-stochastic however. A consequence is that, as the integer estimate
is the gridpoint that has least distance to the real valued estimate, the teststatistic p will
always
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p < L%/ -
Pt 1'Q -1
I

and the standard normal distribution of p is violated.

One would like to use test (A.9) to assure that X, represents sufficiently more likelihood
than any other gridpoint. The discrimination test is needed for fixing the integer parame-
ters, see section 6.3. When the stochastics of the integer estimator are neglected, the
integer estimate has to be validated. In theory all (=an infinite number of) gridpoints
should be considered. In practice this can be done one by one with the projection
teststatistic p for only a limited number of them (the gridpoints in the neighbourhood, or
even only the second best one). We should oppose H, E{y} =A%, against all possible H,’s
with x,2 €Z™ in one time. This was done in case 6.

1.A.8 Concluding remark
Validation of models with integer parameters requires special attention. The major
problem is caused by the discrete probability density function of the integer estimator.

Various special cases of the general case of testing in hybrid estimation have been
considered.
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2. Recursive data processing

batch or recursion

Basically, data processing for a model of observation equations E{y}=Ax can be carried
out in batch or in recursion. The recursion stems from a row-wise partitioning of the
model. In the first section we will discuss the concepts of both strategies, together with
their advantages and disadvantages. The conditions imposed by the kinematic GPS
surveying application drive the decision towards the recursive strategy.

implementation

Various implementations of the data processing are possible for the model of observation
equations. We can distinguish between two categories of (direct) methods: those that are
based on normal equations and those that involve reduction of the designmatrix to a
canonical form. The methods with normal equations have already been in use for a long
time. In particular the method of normal equations with Cholesky factorization of the
normal matrix, is very popular in geodetic data processing. The techniques of the second
category have been evolving since the sixties of this century. The reason primarily is
numerical accuracy. In appendix A we will treat an alternative from this second category.
A QR-factorization of the designmatrix is made and the reduction involves orthogonal
transformations. Beside the method of normal equations, also the method of QR-
factorization turns out to be very well suited for the Delft approach to data processing
with estimation and quality control.

SRIF

Section 2 and 3 deal with the recursive data processing according to the QR-factorization
implementation. This implementation is called the Square Root Information Filter and the
data processing in the kinematic GPS surveying application will be carried out with this
filter. In the section on quality control, the implementation of the DIA-procedure in the
SRIF is treated. A review of recursive data processing and the DIA-procedure is given in
appendix B.

mechanization aspects
The last section contains a brief review of implementations of recursive data processing
and the argumentation for the one chosen, the Square Root Information Filter.

2.1 Recursive estimation
In this section the concepts of estimation both in batch and in recursion are discussed. We

elaborate on filtering and introduce the time and measurement update. We conclude with
the argumentation for the choice for data processing in recursion.
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2.1.1 Concept of filtering

We are concerned with a dynamic system. The state of the system is mathematically
described by the vector x. The parameters in x depend on time. Knowledge about the state
of the system is gained by making measurements. As a result we have a measurement
system with observations on one side, and unknown parameters on the other.

We make a division in time and use an index to denote the epoch a quantity is related to.
The system is considered at discrete instants in time from epoch 1 to epoch k. As such we
have k vectors, not necessarily of equal dimension, for the state of the system: x;, x,,..,x,
and k vectors with observations: y,, y,,..,y,-

observations state
(unknowns)
N Xy
}’2 x2
Y3 X3
Yi-1 X1
Yi X

Figure 1.1: Measurement system

The data processing is carried out according to the principles discussed in chapter 1. We
distinguish between two strategies: batch and recursive.

observations unknowns estimates
11k
M n
x x
1 2k
2 x i
2 3|k
¥ !
=
Xp-1 Xe-1k
k-1 x x
y & klk
k tl x

Figure 1.2: Estimation in batch

In batch estimation, all observations are taken together. The full model of observation
equations is treated in one go. Therefore estimation can take place only when all
observations have been collected and de facto off-line or in post mission.

In the above figure £;, is the estimate for the state at epoch i, with 1<i<k. The index k
denotes that all observations from epoch 1 to k are used. t'* is the vector of misclosures,
it stems from the redundancy in the determination of the estimates. The double lined
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arrow represents a linear transformation that preserves all information contained in the
observations.

Now we restrict ourselves to a special structure of the model of observation equations and
discuss the recursive estimation. The recursion stems from a (blocked) row-wise partitio-
ning of the model. We assume that observation y; is related to x; and possibly to x;, (for
i=2,..,k). The observables y,,..,y, are not time correlated (white noise). Matrix @, is a
block diagonal matrix. The full model of observation equations reads:

1 le

Y Y

21 a1 Axn Xy yl Q)’z

2 o X, 2

E(| )= T I

Y a8 Y,

k-1 Ak—ll Ak—12 Xk k1 ka-l

Y, Li

A, Ay Q,

where y, is a m-vector and x; is a n-vector. The matrices 4; and 4, with i=2,.. .k are all
assumed to be of full rank. For all epochs i it holds that m;=n,.

observations unknowns estimates
' 212
-> X
X, A
L> 2 Xi2)i-2
Xi-1i-1
L> e : t
Xi2 vl
X, 2
L -1
> =
Via

Figure 1.3: Estimation in recursion

The adjective ’recursive’ means that the observations y, to y, are treated in a sequential
manner, thereby using the same procedure in each step.

In figure 1.3 £,; is the estimate for the state at epoch j, with 1 <j=<i-1. v, is the vector of
predicted residuals, it stems from the redundancy in the determination of the estimates at

epoch j (2<j<i-1). The recursion starts with the computation of estimate £ from y,.
From this so-called initialization, the misclosures #, follow.

At epoch i-1 in the recursive estimation, observations y, through y,; have been processed.
The observations are treated sequentially according to some fixed procedure. The so-
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called predicted estimates are not considered. Here it is physically impossible to compute
estimates A‘c”,._l ,..,fk|i_1 without any information about these future states.

In the sequel we will concentrate on filtering: estimates for the state are computed parallel
to the data gathering (with possibly a delay). It means going through the data in forward
direction, indicated by the arrows in figure 1.3. At epoch i-1, estimate J?Hli_l is of
primary interest. The observations of epoch i-1 have been processed and yield the
estimate for the state at the current epoch. The double lined arrow again represents a
linear transformation that preserves all information contained in the observations (one-to-

one mapping).
At epoch i, observation y, is added.

observations unknowns estimates

11
X212
Xi2i-2
- £ .0
Xi-1)i-1 X1 i-1Ji-1
= | Xy
xl Vl
L
V2
Vit

Figure 1.4: Filtering at epoch i

The estimates for the states in the past £, , through 'fi—2|i—2’ are functionally related to x,
through x,, by unit matrices and thus without redundancy. The predicted residuals v,
through v_; (and misclosures #;) in figure 1.4 are not functionally related to any of the
unknowns, nor stochastically related to estimate £,_ ., or the remaining observations.
The observations to be treated, y; through y,, are related only to the states x,, through x,.

observations unknowns estimates

Figure 1.5: Filtering at epoch i
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The quantities in the dotted boxes, which are in fact transformed observations, do not
contribute to the estimates of these states and are therefore left out of further considerati-
on in filtering, see figure 1.5.

The predicted residuals v; are the misclosures of the ’local’ model in figure 1.5. After
filtering at epoch i, estimate xAi—1|i—1 and residual v; can be left out and observation y,_,
can be treated similar to observation y, see figure 1.6. The process continues until
observation y, has been treated and estimate JEkI . has been obtained.

observations unknowns estimates

ili i -
= xi+1|i+1|

Figure 1.6: Filtering at epoch i+1

Filtering starts at epoch 1 and ends at epoch k. We have obtained the estimates ’em
£, and predicted residuals v,,..,v, (and 7;). They all are (linearly) transformed observa-
tions. Smoothing means going through the data in backward direction. Smoothed
estimates, are estimates £, for state x; with i=1,...,k, computed using (indirectly) all
observations from y, to y,. Although there is no redundancy in ’em’--”eklk determining
X;,...% (actually a one-to-one relation), improved or smoothed estimates X, ,k,..,fklk can
be computed, due to the correlation between the filtered state estimates and the predicted
residuals. Estimation in batch directly yields these smoothed estimates, figure 1.2.

The predicted residuals become available epochwise in the recursion and represent the
redundant data. They are further used in the model validation. It is namely the surplus of
information which enables one to test whether the data can be considered to be statisti-
cally consistent with the assumed mathematical model, given by equation (1.1). A one-to-
one linear mapping exists from the full set of predicted residuals {v,,..,v,} (with ¢,) to the
vector of misclosures ¢'* obtained with estimation in batch.

2.1.2 Time and measurement update

We will now further detail the model of observation equations (1.1). Observations y; (with
i=2) may originate from ’real’ measurements, and from knowledge about the (dynamics
of the) system. The latter will be referred to as pseudo-observations and denoted by d,.
The dimension of x; is n,. In the sequel we assume for the ease of the discussion, that
n;=n for all i=1,.. k.

Here, epoch & is the last epoch (with k=2). With new observations becoming available
(in future), the recursion may of course be continued. In the sequel, the recursive data
processing will usually be discussed for this epoch %.

The observation equation for the pseudo-observation at epoch k reads
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(1.2) E{dk} =%~ Q% > D4} = Qdk

with @, , the nxn transition matrix from epoch £-1 to epoch k. The underlying dynamic
models are continuous in time. For a derivation, the reader is referred to [Maybeck,
1979] and [Teunissen, 1995]. Both vector d, and x, have dimension 7.

The model for the observation at epoch & is

(13) E,) - A% Dly) -,

With digital signal processing techniques, sensors provide measurements (samples) at
discrete times. Vector y, has dimension m,.

With these models (1.2) and (1.3), the observation vector y, of model (1.1) is split into d,
and y,. The elements of the designmatrix are detailed according to

d -P I Q,
Ye = [y:] A, = ( g’k-l) 4, = (Ak] ka - Q

Yk

and matrix Q, is block diagonal as d, and y, are assumed to be not correlated.
Ve 2k Xk

In appendix B it is reviewed how with (1.2) and (1.3), the recursion of figure 1.3 leads to
the well known Kalman filter. The recursion of figure 1.3 is then made in two steps. First
the pseudo-observation d, is incorporated. This yields the Time Update, see figure 1.7. In
the time update, there are 2n unknowns to be determined from 2n observations. The
redundancy in this step equals zero. Xy 18 called the predicted state estimate.

observations unknowns estimates

Figure 1.7: Time Update from epoch k-1 to epoch &

In the second step, observation y, is introduced. This yields the Measurement Update, see
figure 1.8. There are n unknowns to be determined from n+m, observations. The
redundancy in the measurement update equals m,. The vector of predicted residuals v, is
m,-dimensional.

Parallel to the recursive estimation, model validation can be carried out with the DIA-
procedure. This procedure, based on the predicted residuals, allows the detection and
identification of, and the subsequent recovery from model errors. The DIA testing
procedure is reviewed in appendix B. In the kinematic GPS surveying application, both
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estimation and quality control will be carried out in a recursive manner. As a result, the
estimators with accompanying quality measures can be available in (near) real time.
Estimation and quality control together, constitute the data processing.

observations unknowns estimates

Xk k-1

x) = xAk|k

Figure 1.8: Measurement Update at epoch k
2.1.3 Argumentation for recursive data processing

In this section we will consider the arguments for the choice between the recursive and
batch data processing strategy. The model of observation equations is assumed to have the
particular structure of (1.1).

Both strategies are capable of incorporating observations stemming from measurements as
well as those from system knowledge. Although the processing strategy differs, the

A

estimation principle does not. Therefore identical estimators £ for the state at epoch k

A

are obtained. Batch estimation directly provides smoothed estimators £ with i=1,...k
for all states. These estimators are more or at least equally precise as the filtered
estimators J_Eili, symbolically Qiilstfi“.

In batch estimation, the complete vector of observations is processed in one go and all
unknowns are estimated together. The realization of the data processing may be hindered
by practical limitations (computer memory). A partitioning of the problem may be the
cure. In a recursion the system per epoch will have relatively small size. Filtered
estimates are based on the observations already available at the particular epoch.
Collected data can be removed once they are processed (and thus need not be stored). The
recursive approach also tends to handle time varying parameters more easily. New
parameters can be introduced when needed and estimators for previous states can be

removed. In order to start the recursion, the state estimate o need to be available. A
batch type of solution for the first (few) epoch(s) can be used.

Estimation in batch can provide results only with some delay (post processing). The
recursion can run parallel to the data gathering, although also in post-mission the
estimation can be carried out in recursion. With filtering, estimates for the state can be
available in (near) real time. A surveyor usually does not need to have available the
estimation results in real time, but for a navigator this is indispensable. Real time quality
control, however, is beneficial to both. Quality can be monitored in the field and if
quality requirements are not met, corrective actions can be taken immediately (during the
data gathering).

For the kinematic GPS surveying application, the recursive data processing strategy is
chosen. Real time quality control thereby constitutes the primary argument.
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2.2 Square Root Information Filter: estimation

The general form of the full model of observation equations was given by (1.1). Using
the observation equations (1.2) and (1.3), this model was detailed in appendix B (B.1).
The variance covariance matrix was assumed to be symmetric and positive definite.
Normalization of the observables yields

-12
” le Al
le Y, _ -1/2q) Q—1/2
-112 4 T2l d x
Qy 4, n !
Qy_lnyz QY: A2 x2
2.1 E{ 2 } =
: X1
-1/2
iy Q0 @ M
Q,y e oH *
Yk k _mA
ka k

k
The designmatrix is of full rank. The number of observations equals E(mi) +(k-Dn, the
i=1

number of unknowns kxn. The observables have unit variance covariance matrix.

Various implementations of the data processing are possible for the model of observation
equations. We can distinguish between two categories of direct methods: those that are
based on normal equations and those that involve a reduction of the designmatrix to a
canonical form [Golub et al, 1989]. In appendix A, estimation via QR-factorization is
treated. This method belongs to the second category. The reduction of the designmatrix is
realized by orthogonal transformations and the resulting designmatrix is upper-triangular.
Employing this method for recursive estimation leads to the SRIF-implementation, or
Square Root Information Filter [Bierman, 1977]. The argumentation for this choice is
given in section 4.

St
21|1 0
K 0 e, o\ .
Qd;llz 4, P21 g xl
‘i 04 2
(22) E { Qy2 )Zz } — Y2 2 .
. Xg-1
-112 X
Qd_kl/zdk -Q4 g Q_ll2 '
Q" e k-1 d,
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Before the time and measurement update of the SRIF are discussed in detail, we will
show how these steps work out in the model of observation equations as a whole. The
underlying sections 2 and 3 closely parallel the treatment of the (standard) Kalman filter
in appendix B. We start with model (2.1) and for the initialization an m,xm; orthogonal
transformation matrix T is applied to the upper m, observation equations. The resulting
model is given in (2.2).

The m, observables y, are transformed into the n-vector of estimators Z ‘1 and the (m;-n)-
vector of misclosures x,. The misclosures have all coefflclents equal zero. They will be
put at the bottom of the model. The designmatrix Q Y24 ' has been transformed into an
upper trlangular matrix of which the upper nxn part is Slll The estimator for x, follows

from £ =S,,,Z ~with Qx SmS1|l

—1|1 11

The recursion can start once the first state estimator is available. A sequence of
alternatingly time and measurement updates is carried out until all observations have been
treated. We will consider the time update from epoch k-1 to epoch k. In equation (2.3)
the observations from epoch 1 up to and including epoch k-1 have been treated. The
filtered state estimator £ _‘k 1 can be computed from zk et At epoch k-1 the model
reads (2.3).
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The transformed observables z,,..,z,, are related to the states x,,..,x,;. By the upper
triangular structure of the designmatrix and together with 2 et smoothed estimators
X 1 can be determined instead of filtered estimators. w,,..,w,; are the
normahzeclf pretlilcted residuals.

The time update from epoch k-1 to k consists of a 2nx2n orthogonal transformation matrix
T, applied to z and Qd 2 d After the time update the model reads (2.4). The
transformed observablles are z and F4 From the latter, the predicted state estimator

k-1 klk-1"
‘kl .., can be computed.
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Then the measurement update at epoch k can be carried out. An (n+m)x(n+m,)
orthogonal transformation matrix 7T is applied to Zklk—l and Qy;1/2yk.
After the measurement update at epoch k, the model finally becomes (2.5). The resulting

observables are z‘kl ' and w,, the latter has been transferred to the bottom of the model.
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The filtered state estimator )‘eklk can now be computed from z‘k . through upper triangular
matrix Sk_|llc‘ Model (2.5) is still completely equivalent with the model we started with,

equation (2.1). Only orthogonal transformations have been applied.

The lower part of designmatrix (2.5) contains only zeros. This is also the case for the
designmatrix of appendix B, (B.5). The upper knxkn part has a blocked upper-triangular
structure as opposed to the transformed designmatrix (B.S), which contains only & I, unit
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matrices in the upper part. The variance covariance matrix of the observables in (2.5) is a
unit matrix, whereas the variance covariance matrix of (B.7) is a block diagonal one.

As model (2.5) is the result of the full transformation upon (2.1), the structure of (A.12)
applies. The vector of transformed observables can be split into the ’estimation’ part, the
vectors z, and the ’redundancy’ part, the vectors w (and u). The kn observables of the
estimation part, with the blocked upper triangular matrix S~!, uniquely determine
(smoothed) estimators for x,,..,x,. Note that the redundancy part does not play a role in
this as these observables are not functionally related to the states x,,..,x,, nor stochas-
tically related to the transformed state estimators 2,0 Z z"k1 . All redundancy has been

k
transferred to the lower part of the model. The redundancy equals (Xm)-n. The

i=1
equivalent model of (2.5) in terms of condition equations reads
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The transformed observables ¥;, w,,..,w, are uncorrelated and have all unit variance; they
are normalized. From (2.6) we see that together, they constitute a valid set of misclosures
to model (2.5) (also linear combinations of them can be taken). A linear one-to-one
mapping exists between this set and ¢,, v,,..,v, of (B.6), see also (A.16).

The transformed observables u;, w,,..,w, become available epochw1se w contains the
(normalized) misclosures of the local model with Z,_,,,, Qd d and Q y as observa-
tions. In conclusion, w,,..,w, are normalized predicted residuals. These re51duals are used
for model validation as discussed in section 3.

2.2.1 Time update

The part of (2.3) that is of interest for the time update is
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with unit variance covariance matrix. This model has no redundancy. The 2nx2n
orthogonal transformation matrix 7 is applied to the observables Z_ -t and Qd"t Y2q .- The
resulting designmatrix is upper triangular:

-1 -1
2.8) E Azk—l }- St Se-1k [xk-l)
k|k-1 0 Sk'“lc_1 T

zZ ,is an n-vector of transformed observables, S,c__l1 %-1 18 an nxn upper triangular matrix
an(f S¢-1x 1s an nxn square full matrix. These quantities are needed for the computation of
smoothed estimators, see also [Park et al, 1995]. The notation ’inverse of S,_, , ,’ is used
as this matrix is part of the upper triangular matrix S! of the model of observation
equations as a whole. The comma is used in the index instead of the vertical line, to
denote that the matrix S,c__l1 x-1 itself is not the factor of Qf:m_l. The upper n observation
equations of (2.8) do not change anymore in further processing. The predicted state
estimator follows from the lower n equations

k1™ Sklk‘lzk|k—l

with the variance covariance matrix as

<

T
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The observables Z . and matrix Sy, are used in the measurement update.
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2.2.2 Measurement update

The part of (2.4) that is of interest for the measurement update is
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with unit variance covariance matrix. The redundancy equals m,. The (n +m,i)x(n +my)
orthogonal transformation matrix T is applied to the observables sz e

et and ka Y, The
resulting designmatrix is upper triangular:
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The filtered state estimator follows from the upper n equations
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with the variance covariance matrix as

T
=Sk|ksk]k

Q;

k|k

The observables 2k|k and matrix Sk'l,lc are used in the next time update.
2.2.3 Normalized predicted residuals

In appendix B we have seen that the predicted residuals are the cornerstone of the testing
procedure that parallels the recursive estimation. Below (2.6) we concluded that w,,..,w,
are the normalized predicted residuals, or normalized innovations [Park et al, 1995]. The
normalized predicted residuals can be related to the predicted residuals epochwise, by the
square mxm, and full rank transformation matrix W;:

v=Ww
i =

for i=2,...k. This relation is used in the next section to rewrite the formula for the
generalized likelihood ratio teststatistic (B.18) in terms of normalized predicted residuals.
The fact that the normalized predicted residuals have unit variance covariance matrix, will
simplify the formulae.

2.3 Square Root Information Filter: quality control

In this section, the quality control in the Square Root Information Filter is discussed. The
emphasis lies on validation of the mathematical model. The DIA testing procedure can be
executed parallel to the recursive estimation that has been discussed in section 2.2. The
DIA-procedure has been reviewed in appendix B, section B.3.

2.3.1 Testing: DIA-procedure
The null hypothesis is given by model (2.1). In the alternative hypothesis, the functional

model is extended by adding the g-vector of unknowns V. The variance covariance
matrix is as in (2.1).
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In the recursive estimation, the transformations applied to the designmatrix discussed in
the previous section, are applied to the model misspecification matrix in (3.1) as well.
The alternative hypothesis has been propagated into (3.2) at epoch k. Matrix Z,, is the
so-called response matrix: it determines the effect of the model error V on the estimator
z‘k o Zk|k=Sk'|,1‘ Xklk (the matrices Z; for z;). The matrices Cwi are explicitly used in the
testing procedure, Cv,. =W, Cw,.'
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The null and alternative hypothesis, respectively (2.5) and (3.2), can be reformulated for
the purpose of testing with the teststatistic T, in

(3.3) H:E{f. |} =0 and H: E{__z} = .4V

w w
k k Wi

or with the normalized predicted residuals concatenated in vector w

3.9 H: E{w} =0 and H, E{w} = CV

where the normalized misclosures u, have been left out, cf. (B.17). These misclosures can
however, be treated just like normalized predicted residuals. The general form of the
generalized likelihood ratio teststatistic expressed in terms of normalized predicted
residuals reads

(3.5) I =w'C, clc)y' clw
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and has a central x2-distribution with g degrees of freedom under the null hypothesis.
The null hypothesis is rejected in favour of the alternative hypothesis if T,>K . Under
the alternative hypothesis, the non-centrality parameter is given by

(3.6) A =ViCc)C,v

The estimator for the model error then reads

3.7) V= c)'Cow

detection
In the detection step the overall validity of the null hypothesis is checked. No particular
alternative hypothesis is specified. The Global Overall Model (GOM) teststatistic reads

k
(3.8 T% =Y whe,
]

The null hypothesis is rejected in favour of the alternative hypothesis if 7>K  ; a model
error is said to have occurred. The inner product w’w can be taken epochwise as the
variance covariance matrix Q, is unit. The Overall Model teststatistic is also given on
p.71 of [Bierman, 1977] and termed sum of squares of the residuals. For the alternative
hypothesis with /=k, the Local Overall Model (LOM) teststatistic is obtained.

identification

After an (unspecified) model error has been detected, the identification is performed to
trace the model error. We will consider only alternative hypotheses, which are one-
dimensional, i.e. V is a scalar (g=1). The matrix C, in the alternative hypothesis reduces
to a vector. It can be computed in the recursion.

The Global Slippage (GS) teststatistic for testing against an alternative hypothesis, in
which the model misspecification concerns the epochs / to &, reads

T
Cy W,
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(3.9) L™

W, .

The slippage teststatistic ¢ has a standard normal distribution, i.e. £~N(0,1), under the
null hypothesis. The null hypothesis is rejected in favour of the alternative hypothesis if
|t| >k, ; the model error specified by the alternative hypothesis is found to be sufficiently
likely and said to have occurred.

The Local Slippage (LS) teststatistic for epoch k is obtained by substitution of /=k in
(3.9).
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adaptation

After detection and identification of a model error, the estimator for the state under the
alternative hypothesis needs to be computed. We will compute it, using the results
obtained under the null hypothesis. The n-vector of observables determining the filtered
state estimator is denoted by z‘zl .
Below, the adaptation is shown for a g-dimensional local (I=k) model error with
1 <g<m, Model (3.2) then reads
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with unit variance covariance matrix. The part of interest for the adaptation is

o o -1
(3.11) B Zklk] ) Zyk Skl (V)
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where the order of the unknowns has been reversed. The redundancy equals (m,-g). In the
(n+myx(g+n) designmatrix, the nxn block S,f|k_1 at the right is already upper triangular
(factorization-result of the estimation under H_,). The overall upper triangular shape is
- realized by additional orthogonal transformations.

N
Zy Sy Swx v

3.12 ja |\ _ .
wa

Tk

is an n-vector, w?

is a q—_\;ector, z‘“lk , W, an (m,-q)-vector, SV'1 a gxq upper triangular
matrix, Sy; a (gxn)-matrix and S,f|k the nxn upper triangular matrix. The estimator for

the filtered state under H, follows from
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and the variance covariance matrix becomes
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The first g equations of (3.12) can be left out, if the estimator for V is not needed in
further data processing.

The alternative hypothesis H, has become the new null hypothesis. Yet another alternative
hypothesis may be specified and treated similarly. By means of statistical testing, based
on the (updated) normalized predicted residuals w?, one may decide to either accept or
reject the (new) null hypothesis (in favour of the specified alternative hypothesis). The
adaptation procedure can be repeated again. In this way the adaptation can handle
multiple (local) model errors recursively. Finally note that in principle the idea can be
carried through to handle also multiple model errors identified by global tests like (3.9).
In that case the normalized predicted residuals w, through w, have to be updated.

2.3.2 Measures for quality: precision and reliability

Under the null hypothesis the quality of the estimator is described by the precision. The
precision of the filtered state estimator )_Ekl . is given by the variance covariance matrix
Qik\k"

The quality of the estimators, if model errors occur, is described by reliability. After
taking a reference value A, for the non-centrality parameter (3.6), we can compute the
Minimal Detectable Bias, that corresponds to teststatistic (3.9)

(3.13)

The model error in terms of the transformed observations in given by (3.14).

The impact of an undetected model error (3.14) on the filtered estimator for the trans-
formed state reads

(3.15) Vi, = 2V

klk

with Xk|k=Sk|ka|k, cf. (B.31), and on the state itself

V'fk|k = SkaVZAkuc
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The significance of bias (3.15) can be judged upon by means of the following Bias to
Noise Ratio (BNR)

(316) A. = Vikrl‘k V2k|k

ke

2.4 Mechanization aspects

A filter mechanization is an implementation of the recursive estimation. Two different
mechanizations have been given already: the Square Root Information Filter, or SRIF
(section 2) and the Kalman, or standard covariance filter (appendix B). Mechanizations
differ in the way the computations are made, but for the same problem they all (should)
come up with identical estimation results.

This section starts with a very brief overview of the various classes of filter mechaniza-
tions. Next, the considerations are given, that lead the decision to the square root
information filter for the kinematic GPS surveying application.

2.4.1 Review of mechanizations

A classification of mechanizations can be made after the propagation of the variance
covariance matrix Q, of the estimator. In information filters Q,  is propagated and in
covariance filters Q,. Beside this division, we will maintain the two categories, men-
tioned in section 2.2: implementations can be based on the normal equations or on the
reduction of the designmatrix to a canonical form. Respectively the full (inverse) variance
covariance matrix or a certain factor of this matrix is propagated. For the latter, the use
of a square root factor S, e.g. the Cholesky factor, is commonplace.

Q,=SS"T or Q;'=85Ts"!
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We thus distinguish between two categories: standard mechanizations and square root
mechanizations. For the covariance type of filters also the U-D factorization is well
known. Instead of propagating a square root factor, the U- and D-factors of the UDU™-
decomposition of Q, are propagated. The factorization filters have been developed for the
reason of numerical stability.

full matrix Q, square root S
covariance covariance square root covariance
information information square root information

Table 4.1: Major classes of filter mechanizations

Many modifications and variations within the classes mentioned above do exist. The
algorithmic details of these mechanizations will not be discussed; the reader is referred to
the textbooks [Bierman, 1977], [Maybeck, 1979], [Anderson et al, 1979], [Minkler et al,
1993] and [Grewal et al, 1993].

In the remaining of this overview, we will point out the duality between the covariance
and information filters. The duality concerns the limiting cases of the statistical uncer-
tainty of the state estimator: complete uncertainty and no uncertainty (deterministic state),
see also [Morf et al, 1975].

In principle, the information filter can not accomodate problems with perfect (determi-
nistic) knowledge (zero variances), whereas the covariance filter can not accomodate
problems involving no a-priori (zero) knowled;e (infinite variances). Perfect knowledge
about the state implies namely Q,=0 - Q; =« and zero knowledge corresponds to

Q ‘0 - Qj‘°°

zero knowledge perfect knowledge
covariance Q, = Q.=0
information Q,{1 =0 Qﬁ'1 = o

Table 4.2: Limiting cases of knowledge about state

The zero knowledge case may occur at the start up of the recursion. At epoch k=0, no
knowledge about the system is present. With only one epoch of data, it may still be the
case that not all parameters are directly estimable; the (partly) zero knowledge situation
may last for some more epochs. Information filters are in principle, able to accomodate
this situation, see also [Park et al, 1995]. For a covariance filter, a separate initialization
is required to provide an initial state estimator based on the first few epochs and therewith
safely start the recursion.

The perfect knowledge situation on the other hand, may arise in the data processing by
e.g. external non-stochastic information about the state. The covariance filters can simply
incorporate this information. For the information filters, the mathematical model has to be
explicitly reformulated or some numerical approximation (to zero variance) must be
made.
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2.4.2 Argumentation for SRIF

In addition to the initialization and the zero variance case, three more aspects in choosing
the mechanization appropriate for a particular application, are the availability of the
results, the computational efficiency and the numerical accuracy.

availability of results

All mechanizations should come up with identical estimation results. The standard Kalman
filter is the only mechanization in which both the estimate £ and the variance covariance
matrix Q, are explicitly available (explaining its numereous use in practice). In the
information filters, the ’inverse’ information is propagated. The state estimate £ and
matrix Q, are available only at extra computational cost. This propagation of ’inverse’
information complicates the time update as compared with the covariance filters, but

simplifies on the other hand the measurement update.

Testing in recursive data processing (appendix B.3) is based on the predicted residual v
and its variance covariance matrix Q,. In general they explicitly follow from the
covariance filters at no extra cost. In the U-D covariance factorization filter the predicted
residuals are not directly available. In principle they are not computed in the standard
information filter. Normalized predicted residuals, however, are directly available in the
square root information filter mechanization.

Concerning the availability of estimation results, the standard covariance filter is
preferred. The normalized predicted residuals of the square root information filter are
very convenient for testing.

computational efficiency

Data processing results should be obtained at reasonable computational cost. The number
of arithmetic operations required, should be as small as possible, as this number will
directly translate into the amount of CPU-time the data processing algorithm consumes.
This will be of particular importance in real-time filter applications.

Two general and indicative statements in literature about computational efficiency are first
that the information filters are computationally more demanding than the covariance filters
are and secondly that using a factorization mechanization instead of a standard one,
increases the computational load; this is the price to pay for increased numerical stability.
For comparisons of filter mechanizations on computational efficiency, see [Bierman,
1977] and [Maybeck, 1979].

Three remarks are in order. The statements in literature concern only the estimation, not
the quality control computations. Secondly, the importance of the computational efficiency
aspect of the filter mechanization is limited by the fact that the peripheral computations,
such as administration and I/O, may account for a large part of the total computational
burden of the recursive data processing (and thus largely determine the so-called filter-
cycle time). These peripherial computations are needed, independent of the filter
mechanization. Finally, the actual efficiency will depend very much on the application at
hand. A rigorous comparison between the mechanizations, all applied in kinematic GPS
surveying, has not been made. Such a comparison will be hard to carry out as per
mechanization, a wide variety exists of modifications which may affect the computational
efficiency.
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In general the conclusion reads that from a computational point of view, the standard
covariance filter is to be preferred. This aspect is however, of little weight.

numerical accuracy

For the data processing we set up a mathematical model that is thought to adequately
describe the measurement system at hand. For the moment we assume this model to be
perfect. Then we have to realize that, the problem we solve with a computer, is an
approximation of the problem formulated in the mathematical model: unknowns,
observations and model matrices are in general continuous quantities. They are, however,
stored in the computer memory using a limited number of bits, as floating numbers.
Arithmetic operations among floating numbers introduce additional fractional errors. They
are called roundoff errors. Usually roundoff errors accumulate with increasing amounts of
calculation. When they play a major role in the computations using a certain mechaniz-
ation, this mechanization is said to be unstable (filter divergence). The reader is referred
to the examples in [Maybeck, 1979].

Numerical inaccuracy may occur in particular in ill-conditioned problems. A ’bad’
measurement scenario enters the numerics via the design matrix. The variance covariance
matrix Q, obtained for the state will be ill-conditioned. This ill-condition shows up in the
spectrum of eigenvalues. The eigenvalues typically range from close to zero to very large
numbers: certain (linear combinations of) unknowns are determined very precisely,
whereas others are nearly unobservable; see also the definition of the condition number
[Golub et al, 1989} and [Marel, 1989].

The numerical problems concentrate around the variance covariance matrix Q,. In
kinematic GPS surveying, the occurrence of ill-conditionedness is unavoidable as
ambiguous range measurements are made in a configuration that hardly changes during
the short observation time span, see also the discussion in [Lichten, 1990]. To avoid
numerical problems as much as possible (computed estimation results must be correct at
any price), we opt for an information type of filter. In an ill-conditioned system some
unknowns can hardly be determined. This was called the zero knowledge case and the
information filter was recommended.

Due to roundoff errors in arithmetic operations, the variance covariance matrix (or its
inverse) may lose its positive definite property during the recursive data processing.
Propagation of a square root instead of the variance covariance matrix itself, guarantees
symmetry and positive (semi-)definiteness. These two properties are enforced by
computing only an upper or lower triangular part. We cite [Maybeck, 1979]: square root
mechanizations exhibit improved numerical precision and stability, particularly in ill-
conditioned problems. The square root approach can yield twice the effective precision of
the conventional mechanization in ill-conditioned problems, see [ibid] and [Lawson et al,
1974]. Note that in practice also other factors play a role in this, see [Golub et al, 1989].

For the aspect of numerical accuracy, the use of the square root information filter is
required.

concluding remarks

An ideal mechanization simply does not exist. For the kinematic GPS surveying applica-
tion, the square root information mechanization is thought to be the best candidate. The
two primary considerations are, first that it enables a proper initialization in an ill-condi-
tioned problem (therefore the information type of filter is chosen) and secondly that it is
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numerically more stable (factorized Kalman filter approaches possess superior numerical
characteristics [Lichten, 1990], and therefore the square root is chosen). An example of
geodetic GPS data processing with a square root information filter is given in [ibid].

Finally we give some additional minor considerations concerning the square root
information filter. In section 2, it was shown that orthogonal transformations, applied to
the full model of observation equations, yield an upper triangular structure for the
designmatrix together with an explicit splitting up of the observations into an estimation
part and a redundancy part. This straightforward procedure easily allows further data
processing, such as the computation of smoothed estimates and the recovery (adaptation)
from (multiple) global model errors. Furthermore the normalized predicted residuals have
unit variance covariance matrix, which yields some simplification in the quality control
computations.

In summary, the Square Root Information Filter (SRIF) turns out to be very well suited
for the ’'Delft’ approach to recursive estimation and quality control in general, and for
kinematic GPS surveying in particular.

2.5 Summary

In this chapter, the formulae for the recursive data processing using the Square Root
Information Filter have been presented. In each step of the recursion, the designmatrix is
reduced to a canonical form. The square root of the inverse variance covariance matrix of
the state estimator is directly propagated, and this has positive consequences for the
numerical accuracy of the mechanization.

Orthogonal transformations are applied to (a part of) the model of observation equations,
thereby preserving the full information content. The observables are split into the
estimation part (although the estimator for the state vector is not explicitly computed) and
the redundancy part. The redundancy part contains the normalized predicted residuals,
which can conveniently be used in the testing procedure. With the DIA-procedure, model
validation can be carried out parallel to the recursive estimation.

Appendix 2.A Estimation by means of QR-factorization

In this appendix, estimates for the unknowns in a model of observation equations will be
computed by means of the reduction of the designmatrix to a canonical form. In estima-
tion via QR-factorization, the designmatrix is reduced to an upper triangular matrix by
orthogonal transformations. This method is opposed to performing a Cholesky
factorization upon the normal matrix. For the introduction on estimation via QR-
factorization, we will follow the discussion in [Golub et al, 1989], where chapter 5 is
primarily concerned with the least-squares solution of an overdetermined system of
equations.

2.A.1 Introduction
The mxn design matrix A, with full rank n» and m=n, can be factored as
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in which T7 is an mxm orthogonal matrix (the column (and row) vectors are orthogonal
unit vectors and thus orthonormal; T7 is therefore better called an orthonormal matrix)
and R an mxn upper triangular matrix. Note that
as opposed to [ibid] where A=QR, we use kernel
T to denote the orthogonal transformation matrix.

For the orthogonal matrix T7 we have, see sec-
tion 2.5.1. in [ibid],

(A.2) TTT =1,

Figure A.l: Factorization of the design matrix

From this follows that T7=T"' and T'T=I, . The matrix T has determinant |T|=z+1.
The eigenvalues of T are A,=x1 for i=1,..,m. The orthogonal transformation leaves
invariant, the norm of a vector and the angle between two vectors [Park et al, 1995].
Matrix T is perfectly conditioned, the condition number equals 1. The condition of the
matrix A can not deteriorate through the application of successive orthogonal transform-
ations: 7,...T\A.

The model of observation equations under the null hypothesis reads
(A.3) E{y} = Ax ; D{y} =1,
We assume for the moment that the observables have a unit variance covariance matrix,

i.e. D{y}=I, (this can be achieved by normalization, see section A.2). With factorization
(A.1) the model can be rewritten into

(A.4) E{y} = T"Rx ; Df{y} =1,

Premultiplication of the functional model of (A.4) by transformation matrix 7', which is
square mxm and has full rank, yields (A.5). The orthogonal transformation 7T realizes a
conformal mapping of the columns of A onto those of 7A [ibid].

(A.5) E{Ty} = TAx = TT"Rx = Rx ; D{Ty} =1,

Note that model (A.5) is equivalent to model (A.3). The BLUE-estimators for x,
computed from (A.5) and (A.3) will be identical. Matrix R is upper triangular and has
full rank n. The estimates can easily be found by backward substitution upon the first n
equations of (A.5). The last (m-n) transformed observables have expectation equal zero.
The estimation via factorization (A.1) will be treated in detail in section A.2.

Matrix T can be partitioned as

(A.6) TT = (TIT Tzr)

in which TIT has dimensions mxn and TZT mx(m-n). It is important to note that the
column vectors of T:r constitute an orthonormal basis for the space R(4) and that the
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column vectors of T2T are an orthonormal basis for R(A)*, the orthogonal (under standard
metric) complement of R(4). This is verified by noting that the product T,A yields an
(m-n)xn zero matrix. The column vectors of T together span the full observational space
R”, see also section 5.2.6. in [Golub et al, 1989]. We will come back to these observa-
tions in section A.2.

Several methods exist for the construction of the orthonormal matrix T7. In chapter 5 of
[ibid] we find the Householder transformation, the Givens rotation and the Gram-Schmidt
orthogonalization, see also chapter 10 of [Lawson et al, 1974]. According to [Golub et al,
1989] the Householder transformation is important because its ability to zero specified
components of a matrix. The Householder transformation is useful for zeroing on a grand
scale, while the Givens rotation is the tool to zero elements more selectively. The
numerical properties of the latter are as favourable as those for the Householder reflec-
tion, sections 5.1.5. and 5.1.10. in [ibid]. Least-squares estimation using Givens rotations
is also discussed in [Blais, 1985]. The classical Gram-Schmidt orthogonalization has very
poor numerical properties and the Modified Gram-Schmidt has no clear advantages
(concerning efficiency and numerical precision) over the Householder transformation,
sections 5.2.9. and 5.3.6. in [Golub et al, 1989]. In the sequel, although not explicitly
stated, we will use the Householder transformation, see also appendix A of chapter 4. It
is presented in full detail in [Bierman, 1977] and the references go back via [Golub,
1965] to [Householder, 1958].

2.A.2 Estimation

In this section estimation for a model of observation equations via QR-factorization is
treated. Only a theoretical description is given; algorithmic aspects are not dealt with.
The estimation consists of normalization of the observables, the orthogonal (Householder)
transformation, the actual estimation and the corresponding model with condition equa-
tions, which leads to the normalized misclosures. We also make a comparison with the
method of normal equations of chapter 1 and treat some aspects of quality control.

normalization
The model of observation equations under the null hypothesis reads

(A7) E{y} =Ax ; Di{y} =Q,

First the variance covariance matrix of the observables is factorized, e.g. using Cholesky
as the matrix is symmetric and positive definite

_ Al 127
Q, = ,"q,

Both sides of the functional model are premultiplied by the inverse of this factor. This
transformation matrix is square and has full rank equal m.

(A.8) E(Q; "yt = Q;"4x ; D(Q"y) = I,

The observables y have been normalized, the new variance covariance matrix equals the
mxm unit matrix.
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orthogonal transformation

The estimation is now carried out through an orthogonal transformation. Transformation
matrix T is square mxm and has full rank.

(A.9) E(TQ; "y} = TQ,"Ax ; D{TQ,"y) =1,

The purpose of the orthogonal transformation is to reduce the design matrix to an upper
triangular one. With the same partition of the orthogonal matrix 7" as in (A.6)

(A.10) T - [Tz]
TZ

where T, is nxm and T, (m-n)xm, model (A.9) becomes

-112 -12
(A.11) E{ Tloy_mJl _ Tle_mA L,
L,o, "y TZQ), A
We define the
n-vector z =T, Q,._m}.’ E
(m-n)-vector u = TZQy_”‘,'y
nxn upper triangular matrix s =TQ "4 - By 17
AP & _m‘Qy y A x TQ% TQ/A x
(m-n)xn zero matrix 0= TEQ’, A ’
Figure A.2: Model of observation equations,
The model can be rewritten into: before (left) and after transformation (right)
(A.12) 2y (87 . pi*) -
Ell =% | 5 il = 1

estimation
Model (A.12) is still in the form of a model of observation equations. We are, however,

already verj/ close to obtaining the BLUE estimator £. The vector of observables is

§ z -
1Q, my =(u . The estimator for the vector of observables follows from y=P,y, here

1Q, "%y = Poring, 7Q,""y

The orthogonal projection of vector TQ),_”2 y onto the range space R(TQ),_”ZA)

Iﬂ
P(TO, Veay = 0
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implies maintaining the first n elements and zeroing the last (m-n) elements. The
estimator becomes 1O, 12 V= O)' As TQ, 1/2‘ =10, 1z AX, the BLUE estimator for the

vector of unknowns follows from the first n equations of (A.12):

(A.13) =81z

The estimator £ 1s a linear combination of only the first n transformed observables: z.
The system z=S"'x is namely consistent, ze R(S™") and yields a unique solution for x.
The lower part of (A.12) will be not consistent as in general u #0.

The variance covariance matrix becomes

(A.14) Q. -5§sT

It can not be stated strictly that matrlx S is the (backward) Cholesky factor of Q;, or that
S is the Cholesky factor of Q,r , as matrix S is produced by a sequence of orthogonal
transformations; it may have negative d1agona1 elements. We cite from [Lawson et al,
1974] p. 125: thus if rank(4)=n, the matrix S of the QR-decomposition is identical with
the Cholesky matrix of the normal matrix to within signs of rows.

model with condition equations

The transformed observables z of (A.12) will not appear in the condition equations; all
redundancy has been concentrated in the lower part: u. The equivalent model with
condition equations reads

m

(A.15) (0 D) E{(i)} -0 ; D{(i)} =1

with D any square (m-n)x(m-n)-matrix of full rank,e.g. D=I, is a valid choice.

The last (m-n) transformed observables u have expectation value equal zero and seem

therefore to be the misclosures ¢. Considering the model with condition equations (A.15)
yields the conclusion that they are a set of (m-n) normalized misclosures.

Model E{y}=Ax ; D{y) =Qy is equivalent to BTE{y} =0 ; D{y} =Qy and therefore:

E{TQ,"y} = TQ;""A x ; D{TQ,"y} - I

m
is equivalent to

BTQ,"TT E{TQ;""y} =0 ; D{TQ,"™y) -1,

With the definition of the square (m-n)x(m-n) and full rank matrix V
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v = BTQ,”1y

and the notion that the columns of TlT span R(Qy'mA) and thus B TQ},I’ZTIT:O, the model
with condition equations becomes

© V) E{(Z)} “0 ; D{(z)} -1

Undoing the (invertible) transformations T and Qy_ll2 then yields

and the important conclusion

(A.16) t="Vu i

is that there exists a one-to-one linear relation between the misclosures ¢ and the normal-
ized misclosures u. Also the latter can be used in the testing.

comparison
In section 3 of chapter 1, a square and full rank transformation matrix was applied to the
observables. The transformed observables were £ and f. The transformation matrix was

based on the normal equations. The estimators become explicitly available.

In this appendix, the orthogonal transformation results in observables z and u. The
transformation preserves the unit variance covariance matrix of the normalized obser-
vables. The estimator is not explicitly available. We actually determine estimators for z; a
reparametrization of the unknowns according to x=Sz has taken place. The estimatorsZ
are fully decorrelated (and normalized).

-l ) ()
ofip-[* o) ()

Estimation with normal equations (left) and QR-factorization (right)

quality control: alternative hypothesis
The alternative hypothesis reads

(A.17) E{y} = Ax + C,V ; Diy} = Q,

and normalization yields
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(A.18) E(Q,""y) = @"4x + Q"*C,V ; D(Q,""y =1,

The alternative hypothesis is transformed into

y

(A.19) E{TQy_my} = TQy'lﬂAx + TQy_I/ZCyV ; D{TQ_I/ZJZ} =1

Defining the nxg-matrix C,=T, Qy_ll2 C, and the (m-n)xg-matrix C, =T, Qy_ll2

eyl [

u

C, yields:

The generalized likelihood ratio teststatistic can be expressed in terms of normalized
misclosures. Relation (A.16) is used, together with C,=VC, and Qt=VQuVT, with
Q,=1I,_,. The teststatistic becomes

(A.21) I =u'C, (C,/C)" Cu

Teststatistic T has a central x2-distribution under the null hypothesis with g degrees of
freedom.

quality control: adaptation

We have already computed the estimator for x under the null hypothesis. Based on the
results of the testing procedure one may decide to reject the null hypothesis in favour of a
specific alternative hypothesis H,. This alternative hypothesis is declared to be the new
working (null) hypothesis and the estimator for x under the alternative hypothesis H, has
to be computed.

We apparently start the estimation procedure again, now using the alternative hypothesis
H,. We do, however, make use of the factorization results obtained in the estimation
under H,. Only a few additional orthogonalization steps will be required. The estimation
under H, can namely be carried out very efficiently once one realizes that switching from
the null hypothesis H, to the alternative hypothesis amounts to only a slight change of the
design matrix:

H, ©Q,"4) mxn
H,: (Q,"C,:Q,"4) mx(q+n)

where we put the g-dimensional model error V in top of the vector of unknowns. The
alternative hypothesis (A.18) has been transformed into (A.20).

(A.22) E{(Z)} _|& 57 (v)
c, o=
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The mx(q+n)-design matrix is not upper triangular yet: the first g columns are filled. The
design matrix (A.20) is the one of (A.12) to which ¢ columns are appended. In the QR-
factorization of design matrix (A.18) we may use the factorization of design matrix (A.8)
as a starting point, see section 12.6 of [Golub et al, 1989]. An additional number of
orthogonalization steps, concatenated in the mxm orthonormal matrix H, will be carried
out on (A.22).

z, Se' So g
A.23 aly =
(A.23) Ef|z° |} ga-1 (x)
ua

and the estimators V and £° can be retrieved in a way analogously to (A.13). Note that

the dimension of the vector of misclosures has been reduced from (m-n) for u to (m-q-n)
for u®.

Equation (A.23), which is still equivalent to (A.17), has become the new null hypothesis.
If desired, an alternative hypothesis, also encompassing the §-dimensional model error

V, can be formulated
A24 -12 A2 12 40 [V SI2A S S22 5
A2 EQ "y = @"c,: Q"4 (x) +QCY 5 DIy -1,

Application of the transformation HT7, yields

) (S Sea) |G
(A25) E{ za } — S”'l (x) + Cza v
u’ ct

where C,. is a gx§-matrix, C," is a nxg-matrix and C. a (m-g-n)x§-matrix. By means
of statistical testing, based on the (updated) normalized misclosures x®, one can oppose
the null hypothesis (A.18) to the alternative hypothesis (A.24). If necessary the procedure
described can be repeated again, and hence a recursive estimation procedure in case of
multiple model errors becomes feasible.

As in general g, the number of additional model parameters in H,, is small, it is recom-
mended to carry out the additional orthogonalization H using the Givens rotation [ibid],
instead of full orthogonalization with the Householder transformation. One should exploit
the fact that although the first ¢ columns in (A.22) are filled, the last n columns have
already the upper. triangular shape. With Givens rotation the adaptation can be carried out
very efficiently.

2.A.3 Concluding remarks

Estimation based on the model of observation equations E{y}=Ax can be realized
basically (1) via normal equations (and factorization of the normal matrix) or (2) via the
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factorization of the design matrix A. An example of the second option, QR-factorization
with the Householder transformation, has been treated in this appendix.

Beside estimation also the quality control computations can be carried out conveniently.
The generalized likelihood ratio teststatistic can be expressed in terms of normalized
misclosures and switching from the null hypothesis to some alternative hypothesis is
straightforward. We thus described complete data processing based on QR-factorization.

We have seen that in this approach, we are able to compute the estimates £ and the
variance covariance matrix Q,, directly, i.e. without constructing normal equations. This
has positive consequences for the numerical accuracy, [Golub et al, 1989]. The approach
is computationally more demanding [ibid], but when both estimation and testing need to
be carried out, the Householder transformation may be a viable alternative to the solution
via normal equations, as all quantities needed in the testing become automatically
available after the transformation, see also the comparison in [Copps et al, 1994]. The
Householder orthogonalization directly provides also an orthonormal basis for the
orthogonal complement R(Qy_”zA)*.

In [Bierman, 1977] we find that solving the model E{y}=Ax by means of the Householder
transformation is more elegant than the ’brute force’ computation of the estimates via the
normal equations. The vector of observations is transformed and split into a part that
uniquely determines the vector of unknowns x, and another part that expresses the fit of
the model to the observations and vice versa, which can be used for model validation. By
means of the Householder transformations, we actually do not solve the system of
equations explicitly, but only transform it.

Appendix 2.B Review recursive data processing and DIA-procedure

In this appendix we will briefly review the recursive estimation in a time varying system,
highlight the predicted residual and discuss the procedure for model validation in the
recursion.

2.B.1 Estimation

Model (1.1) of section 2.1 is detailed with observation equations (1.2) and (1.3). In
[Teunissen et al, 1988] it was shown that straightforward application of the BLUE-
estimation principle to the model of observation equations leads to the well known
Kalman filter time- and measurement update. This approach to Kalman filtering is
adopted, but instead of treating time- and measurement update explicitly as in [ibid], we
treat the full model of observation equations and apply linear transformations to (a part
of) the observables, such that the estimators of time- and measurement update become
available. After that, we will also give the explicit treatment of the well-known time- and
measurement update. They result from considering ’local’ models of observation
equations.

The model of observation equations is given in (B.1). The designmatrix is of full rank.
k
The number of observations equals (Em,.)+(k—1)n, the number of unknowns kn. The

i=]



B.1)

2. Recursive data processing 67

variance covariance matrix is block-diagonal (no time correlation) and assumed to be
symmetric positive definite.

4,
-®

e

2,1 In xl
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In the initialization a square m,xm, full rank transformation matrix T is applied to the
upper m, observation equations, cf. section 1.3. The resulting model is given in (B.2).

The m, observables y, are transformed into the n-vector of estimators £ — and the (m;-n)-
vector of misclosures #,. The misclosures have all coefficients equal zero. They will be
put at the bottom of the model. The estimator J_?lll and misclosures ¢, are not correlated,
see again section 3 of chapter 1.

The model of observation equations after the initialization:

S
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I~ :Ik’
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B.2) E{
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The recursion can start once the first state estimator is available. A sequence of so-called
time- and measurement updates is carried out until all observables have been treated. We
will consider the time update from epoch k-1 to epoch k. In equation (B.3) all observables
from epoch 1 to k-1 have been treated. The filtered state estimator is given by J_Ek_” 1’

Filtered estimators for previous states are given by J_?2|2 through £ . The redundancy
at each epoch results in the predicted residuals v,,..,v,,. In the functional model they have
all coefficients equal zero. Similar to the misclosures, they will be used for model

validation.

k Qy

k,
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At epoch k-1 the model reads:

I’l
0 I
&,
. Xy
_k-(_}|k—1 I X,
E{ y } = P I,
) )
4 Al %
v 4
v,
L
(B.3)
Qfm Q Q 0 Q Q
P Q QJr2|2 . Q 0 Q
=111
e
X Q Q Qik—”kl 0
2e-1k-1
d, Q,,
D{ }=
Y Q,
L
!2 0 Qtl
. Q 0 Q,
Y
Q Q@ .. © Q,.

Matrix Q is used to denote any covariance block, i.e. to denote correlation. Note that the
filtered estimator £ = with i=2,...k-1, does not correlate with predicted residuals v; for
2<j<i, but does correlate with future predicted residuals y; with i<j<k-1. The fact that
the filtered estimator £ is not correlated with the present predicted residuals y, is

explicitly denoted by a zelro in (B.3).

The time update from epoch k-1 to k consists of a 2nx2n square and full rank transform-
ation matrix 7, applied to g ket and d After the time update the model reads (B.4).
The transformed observables are 2k_1|k_1 and % _klk .- The latter is the predicted state
estimator.
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In
L I
i n
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. Xy
“r-1k-1 I x,
kal
E{| ' h= 1
Y
t, ALl Xk
v o
Y,
v
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(B.4)
0, Q@ .. Q@ @ 0 Q.. 0
A Q Qiz|2 - Q Q 0 .. Q
x
11
x
202
. e Qe ..0Q, @ 0
T e o Q ©
D -1 - C Tee-s
Y, ka
t
L 0 o,
Vv 1
v,
Q o0 Q,
Y
e Q .. 0 Q

V-1

For the measurement update at epock k an (n+my)x(n+m,) square and full rank trans-
formation matrix T is applied to £ o1 and y . The resulting observables are _JZk . and y,,
the latter has been transferred to the bottom o’% model (B.5). The filtered estimaté)r for the
state at epock k is available. Model (B.5) is completely equivalent with model (B.1), only
square and full rank (and thus invertible) transformation matrices have been applied.

The lower part of designmatrix (B.5) contains only zeros. The upper knxkn part actually
is a kn unit matrix. The vector of transformed observables can be split into the ’estima-
tion” part, the vectors x, and the 'redundancy’ part, the vectors v (and 7). The estimation
part uniquely determines filtered state estimators. For the computation of smoothed
estimators also the redundancy part is needed, see (B.7).
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The measurement update at epoch & results in:

A In
%Hl I
Lo "
. X
&k:1|k—1 In X,
E{ l;"" ) = Ll
21 X1
2 xk
l)k—l
!k
B.5)
, @ .. @ Qo0 Q.. Q@
A eeQ,.. ¢ 0 0..0Q0Q
'XAHI
oy
A ¢ 0 ..0, © 0 ©
‘k£1|k-1 0 0 ) 0
D{ —klk }: k|k
t 0 Q,
E Qe o Q,
yk_l - . - .
L e 0 .. o0 0,
Q Q .. Q o Q,

The redundancy in (B.5) is concentrated in the lower part of the model. The redundancy

k
equals (Xm)-n. The equivalent model of (B.5) in terms of condition equations is given
i=1
by (B.6), with the variance covariance matrix as given in (B.5).

The transformed observables f;,, v,,..,v, have a blocked diagonal variance covariance
matrix, i.e. they are not time correlated. From (B.6) we see that together they constitute a
valid set of misclosures to model (B.5), but also linear combinations of them can be
taken. Therefore a one-to-one linear relation will exist between this set of transformed
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observables and the vector of misclosures that will result from solving (B.1) in batch.
Note that the latter will in general possess a full variance covariance matrix, instead of a

block-diagonal one as in (B.5).

x
11
)—Cz|2
ml—n .
I s 0
2 “k-11k-1 0
. X
(B.6) E{ ik ) =
) t -
' 0
1 v, 0
my_y
Imk .
Yea
Y
k

The transformed observables ¢;, V,,..,v, become available epochwise; V; contains the
misclosures of the ’local’ model with %, d, and y;, as observations, see also
[Teunissen et al, 1988]. v,,..,v, are the predicted residuals.

Finally we give by (B.7) the equivalent of (B.5) in terms of smoothed estimators. These
smoothed estimators and the predicted residuals are not correlated, cf. section 3 of
chapter 1. The variance covariance is block-diagonal. Note that the predicted residuals do
not change in the smoothing. Once they are computed in the filtering, they are left

untouched.

I’l
£1|k 1
i n
%21k
x
£ 1
k-1 |k In x2
x
B.7) ke |y -
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Xk
v
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Q, Q .. @ Q
. e, .. @ 0
%,
L
. Q Qe .. Qik—ﬂk
“k-1]k
x Q Qe . . Q Qiklk
B.7) D{ ;‘V‘ }= o
L A
22 0
zk-l
vy
¢ ka—l
0,

Now we have treated the model of observation equations (B.1) as a whole, we will, in the
remaining of this subsection, give an explicit treatment of the well known Kalman filter
time- and measurement update equations. They result from considering each time a part
only of the full models given so far.

time update
The part of (B.3) that is of interest for the time update is

J—ek—1|k—1)} _ ( L, 0] (xk-l] . D{
4, “Pppr L) \ e

In this model there is no redundancy. The estimator for x, reads

X

:k—l |k—1]} _ ka—llk-l
d Qdk

Tk

(B.8) E{

A

=@, X +
=’*:141:-1 ek -1% 1 k-1 dk

The variance covariance matrix becomes

<

klk-1

= q)k,k-l Q;

T
d +
k-1k-1 k-1 Qdk

The 2nx2n transformation matrix 7, applied to the observables £ and d,, reads

“k-1k-1
I OJ
(Dk,k—l 1

n

(B.9) -
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The resulting model is

F; 1

)—Ck—lykd]} " [xkq) . DY X
)—Ck|k-1 I,, X

£ ] Q.  Q
Ii_llk_l } = k-1]k-1
L Qe G

k|k-t

(B.10) E{

measurement update
The part of (B.4) that is of interest for the measurement update is

2 ¢ Q
lk[k~1 _ I" . lk|k_1 : Zilk-1
Yy ]} i [Ak (xk) > Dt }

(B.11) E{
Y,
The redundancy equals m,. The estimator for x, reads

Q

Yk

Xt =X + K -A X
’—ck;k “k|k-1 k (yk k—k|k-1)

with the gain matrix K,

K, =0Q;

klk~1

AkT (ka+AkQ;e AkT)_l

klk-1
The variance covariance matrix becomes

Q'ek]k = [I_KkAk] Qg

K|k-1

The (n+m)x(n-+m,) transformation matrix 7, applied to J_Ek{ o1 and y,, reads
I -K K
(B12) T - n L’4k k
_Ak Im
k

The resulting model is

(B.13) el _ (L, B, [

2.B.2 Predicted residuals

In equation (B.13) the predicted residuals show up:
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v =y -A,%
“k yk K g lk-1

with variance covariance matrix

T

Q, = Q, 40, A

kik-1

The predicted residuals v,,..,v, or innovations [Kailath, 1968], are the basis of the
statistical testing in dynamic systems [Teunissen et al, 1988].

2.B.3 DIA-procedure

Recursive data processing encompasses recursive estimation and recursive quality control.
Recursion estimation can be realized using a filter, as discussed in sections 2.1 and B.1.
In quality control, the validity of the mathematical model underlying the estimation is
checked. This is important as estimation results obtained with an invalid model, will be
invalid as well (e.g. biased). The DIA-testing procedure, proposed in [Teunissen et al,
1988], realizes recursive quality control. The procedure for Detection, Identification and
Adaptation of model errors can be executed parallel to the recursive estimation. It is
based on the generalized likelihood ratio teststatistic T, of section 1.7.2.

In the detection step, an overall model validation takes place. In the identification step,
the most likely model error, the cause of the detection being positive, must be found.
Finally we must account for this model error. The recovery takes place in the adaptation
step. The estimators, initially computed using the null hypothesis, are corrected.

The null hypothesis is given by model (B.1), and by (B.2) through (B.5) as only one-to-
one linear transformations have been applied. It might occur that instead of the null
hypothesis, some alternative hypothesis is a (more) adequate description of the measure-
ment system. To be able to guarantee the quality of the estimators (described by the
precision), the mathematical model has to be validated. The null hypothesis will be tested
against alternative hypotheses by means of the generalized likelihood ratio test. Below we
give a general specification of the alternative hypothesis. The misspecification in the
mathematical model is restricted to the functional model.

Al
yl _‘DZ,I In ’xl Cyl
a D
2 A 2
2 X
y2 _2 CYz
(B.14) E{|- |} = ’ A S R B V/

Xe-1 D
e o, 1|\ ¢
yk kk-1 “n Cyk

Ak

The variance covariance matrix is as in (B.1). The null hypothesis (B.1) is actually
extended by a set of g unknown parameters contained in vector V. The parameters are
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related to the pseudo-observables d. via D, and to the observables y. via C . Examples

of misspecifications in the functional model are outliers and slips in'the observations y,,
see [Salzmann, 1993].

(B.15) X,
ii=i+1 - )
Xi1jia
i
t Xiion = QX * D,
¥
Cv,. = Cy,. - A X,
t X = X+ KC,

In the recursive estimation, the transformations applied to the designmatrix discussed in
section B.1, are applied to the model misspecification matrix as well. Once Cyl has been
propagated into X, ,, the recursion for the model misspecification can start with i=2, see
(B.15). Matrix Xi|i is the so-called response matrix: it determines the effect of the model
error V on the estimator £ . The matrices C, will be used explicitly in the testing
procedure. Note that C, =0 For i<l if C, =0 and D;=0 for all j<I <k. The predicted
residuals have expectation equal zero until the model error starts to occur at epoch /. The
model error is a global one for /<k. A model error with /=k is a local one.

Model (B.14) after the measurement update at epoch k reads

A In
X
11 I X1|1
& n
L Xop
A xl X ’
“k-1]k-1 I x k-1lk-1
- n 2 X
E Lk klk v
= +
{ L } Ll C,
Y, Xe-1 C,,
Xk
Lo Cu,
C
L \

The estimators £ _,..,£  are left out, as they do not contribute to the redundancy. The
null and alternative hypothesis can be reformulated for the purpose of testing with the
teststatistic 7, in
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t L C
1 1 f
v C
2 2 V2
(B.16) H: E{{ * |} =0 and H; Ef| " [}y =] ~ |V
L’k_l ‘_)k—l Cvk»l
Y. l)k CVk

or with the predicted residuals concatenated in vector v

(B.17) H,: E{v} =0 and H, : E{y} =

The misclosures ¢, have been left out (we assume that the model error occurs after epoch
1, i.e. Cy =0 or [=2). This is done for the ease of the discussion and to correspond to
the literature. For model validation concerning epoch 1, the misclosures ¢, should be
used.

As discussed below (B.6), a one-to-one mapping exists between f;, V,,..,v, and the
misclosures that follow from solving (B.1) in bat¢h. The general likelihood ratio teststa-
tistic 7, can thus be expressed also in terms of predicted residuals [Teunissen et al, 1988]:

(B.18) T - viQ'c, (o 'cyt ¢ty

T, has a central x> -distribution with ¢ degrees of freedom under the null hypothesis, in
which we have assumed that the observables are Gaussian distributed. The null hypothesis
is rejected in favour of the alternative hypothesis if T,>K, . Under the alternative
hypothesis, the non-centrality parameter is given by

(B.19) A =viclQ'c,v

The estimator for the model error then reads

(B.20) ¥ =l 'cy'cloy

detection
In the detection step the overall validity of the null hypothesis is checked. No particular
alternative hypothesis is specified. The Global Overall Model (GOM) teststatistic reads

k
(B21) Il,k — E l).TQv_ll’

i=l

The upper index ** denotes that the model error as specified in the alternative hypothesis,
k

concerns the epochs I to k. The degrees of freedom equals Xm,. The null hypothesis is
i=l
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rejected in favour of the alternative hypothesis if T>K_; a model error is said to have
occurred.

The predicted residuals are not time correlated; the variance covariance matrlx is block
diagonal, see also [Teunissen et al, 1989]. Therefore the inner product vTQ v in (B.21)
can be taken epochwise. For the alternative hypothesis in which /=k, the Local Overall
Model (1.LOM) teststatistic for epoch k is obtained.

identification

After an (unspecified) model error has been detected, the identification is performed to
trace the model error. We will consider only alternative hypotheses, which are one-
dimensional, i.e. V is a scalar (g=1). The matrix C, in the alternative hypothesis (B.17)
reduces to a vector. It can be computed recursively according to (B.15).

The Global Slippage (GS) teststatistic for testing against an alternative hypothesis, in
which the model misspecification concerns the epochs / to k, reads

(B.22) al—

The slippage teststatistic ¢ actually is the ’square root’ of the T,_, teststatistic and has a
standard normal distribution, i.e. z~N(0,1), under the null hypothesis. The null hypoth-

esis is rejected in favour of the alternative hypothesis if [¢|>k_; the alternative hypothesis
(with the model error) is sufficiently more likely than the null hypothesis.

The Local Slippage (LS) teststatistic for epoch k is obtained by substitution of /=k in
(B.22).

In
£
*11 I

X

212
Xy
TP I X2

io
(B.23) Ei| T |y - I Xl
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adaptation

After detection and identification of a model error, the estimator for the state under the
alternative hypothesis needs to be computed. We will compute it, using the results
obtained under the null hypothesis. The filtered state estimator is denoted by J_Elfl .
The adaptation is shown for a g-dimensional local model error with 1<g<m, Model
(B.S) after the measurement update under H,, but now for the alternative hypothesis reads
(B.23), with the variance covariance matrix as in (B.5). The part of (B.23) that is of
interest for the adaptation is

50 I X 20 0
(B24) E{ £k|k } - " kik (xk) . D{ .Xklk } - ek
v, 0 Cvk \ v, Q,

The redundancy equals (m,-g). The adapted estimator for x, reads

e = g0 %, %
J—Cklk Zk[k k=

The variance covariance matrix becomes

Q; * kaQ'VXka

a
klk

= Q.

K|k

The adaptation can be realized for model (B.24) by application of two transformations.
First the (n+m)x(n+m,) transformation matrix T is applied to il‘:lk and v, to obtain the
estimator for the model error.

I 0

B.25 . T e 1Tl

(B.25) 7|, @R/c)lc,
BT

\(3

The m,-vector of predicted residuals v, is split into the estimator ¥ (g-vector) and the new

predicted residuals vZ ((m,-g)-vector). For the (m,-q)xm,-matrix vi it holds that

Bv:Cvk:O, cf section 1.3.

i}?m Ly X . 2llc7|k Qﬁ""‘
(B.26) E(Y)-| 1, (;) ;DY =]
v Y Qs

Secondly, the actual adaptation is carried out. Matrix T is (n+m)x(n+m,).
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I —Xklk 0
(B.27) T=10 I, 0
0 (mk‘q)
The resulting model reads
ra sa QA" Q
Lok L, 0 . Lk kiE
(B.28) E{(| ¥ |1=0 I, (Vk)’D{Y}z Q Q
2: 00 ‘—)Z Qv:

The alternative hypothesis H, has now become the new null hypothesis. The same
procedure for detection, identification and adaptation for model errors can be carried out
again if desired (to handle multiple model errors). The testing is then based on the
adapted predicted residuals \_/Z. According to [Teunissen, 1990] we account, step by step,
for the most likely model error and test after each step the likelihood of the remaining
model errors.

In the case above, where we considered local model errors, the total number of model
errors can not exceed m,. The approach shown, can in principle be followed for the
adaptation of global model errors as well, but might be a rather complex matter.

quality measures
Under the null hypothesis the quality of the estimator is described by the precision. The
precision of the filtered state estimator £  is given by the variance covariance matrix

“kik
Qikuz'

The purpose of carrying out the testing procedure is to detect model misspecifications if
there are any. The quality of the estimators, if model errors occur, is described by
reliability. Reliability measures can be divided into measures for internal reliability and
measures for external reliability. Internal reliability describes the (nominal) performance
of the testing procedure and external reliability describes the impact of undetected model
errors on the state estimator.

With (B.19) the Minimal Detectable Bias (MDB) for (B.22) becomes

(B.29)

It gives the size the model error has to have, in order to be detected by the testing
procedure with probability 7,. The model error in terms of (transformed) observables is
given by (B.30).
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Separability between alternative hypotheses can be analysed using the angle ¢ between
c, and c,, similar to section 1.8.2.

X1 0
X i1 0
X1 Xi
(B.30) T B
7 0
“ 0
vl—l C
v, Vi
Vk C"k

The impact of an undetected model error (B.30) on the filtered estimator for the current
state x, reads

(B.31) VxAkUc =X Vl,k

kik

and the significance of bias (B.31) can be judged upon by means of the following Bias to
Noise Ratio (BNR)

(B.32) Ay, = VELQq Vi,

Xk Fxlk

Note that Bias to Noise ratio (B.32) concerns a part of the unknowns (only x,). The
upperbound (cf. section 1.8.2) for the bias in element i of estimate JEklk is given by
[V of oik‘“| < \/rm , [Teunissen, 1994].

concluding remarks

In this last section some essential aspects of quality control in a recursive estimation
procedure for a dynamic system have been reviewed. The DIA-procedure is a unified
procedure for (real time) model validation. It was not intended to give an extensive
theoretical treatment nor a thorough discussion of all practical aspects. The reader is
referred to the literature. Theoretical aspects of the DIA-procedure are given in [Teunis-
sen et al, 1989] and [Teunissen, 1990]. Reliability aspects of the DIA-procedure are
discussed in [Salzmann, 1993]. Navigational examples of recursive data processing can be
found in [Salzmann, 1991a] and [Salzmann, 1991b].

The recursive estimation discussed in this appendix is based on the assumption that the
observables are not time correlated. The variance covariance matrix is block diagonal, see
also model (1.1). A modification however, can be made to the procedure, in order to
handle some type of time correlation; state augmentation is treated in [Teunissen, 1995].
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3. GPS surveying: modelling

GPS surveying

We start this chapter by marking the area of GPS surveying. Applications primarily
involve the traditional land surveying tasks. GPS surveying is considered to be a part of
GPS geodesy and concerns local scale applications. The working area is restricted fo ten
or a few tens of kilometers (the short baseline limitation). Existing GPS surveying
techniques are mentioned and for kinematic GPS surveying, we come to the definition that
kinematic is related to the motion of the receiver and not to a particular measurement
technique. Kinematic GPS surveying is therefore used to indicate the whole class of
precise, high production GPS surveying techniques.

concept of geodetic positioning with GPS

The two fundamental observables for positioning with GPS are the code and the carrier
phase. The concepts of both types of measurements are discussed. The unknowns in the
observation equations are geometric parameters and bias parameters. Geodetic positioning
with code and phase observables implies relative positioning as opposed to single point
positioning: two receivers simultaneously make observations. This concept of positioning
has been developed from radio interferometry.

Both code and phase are range related observables. In section 3, we will discuss the
measurement configuration with satellites and receivers for distance observations. The
coordinates of a second receiver are determined with respect to the coordinates of a
reference receiver.

mathematical model for GPS surveying

The GPS observation equation is set up and developed further to arrive at a mathematical
model for relative positioning over short distances, i.e. the GPS surveying category of
applications. The mathematical model consists of a functional and a stochastic model.
First the observation equation of a single phase observation, in terms of the expectation
and dispersion, is treated. Then also the observation equations for the code observations
are given. These observation equations are non-linear in the receiver coordinates, and
need to be linearized for the estimation.

In section 5 it is shown that an equivalent formulation of the resulting mathematical model
for GPS surveying can be given: the model of double difference observation equations.
This implementation has found widespread use in practice. Section 6 briefly treats some
related GPS mathematical models. There are the parametrization in terms of ranges
instead of (baseline) coordinates, and the model for Differential GPS.

The development of the mathematical model in this chapter will be rather straightforward.
No fundamentals on reference systems, signal propagation and receiver technology are
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treated. Also the underlying physics of the GPS, the system specifications and model
assumptions are not dealt with. The reader is referred to the textbooks on GPS position-

ing.

3.1 GPS surveying

According to [Alberda, 1990], land surveying, as a part of geodesy in a broad sense, is
concerned with a local description of a part of the earth. Concerning topographic
surveying, it results in a geometric description of an area that is restricted to about 50 by
50 kilometers. Kinematic GPS surveying falls within this category of land surveying and
the above characteristics still apply. They are discussed below.

Traditional topographic surveying results in two-dimensional geometric information (the
remaining one-dimensional height system is left out of consideration, as it is related to the
gravity potential and therefore not a geometric system). GPS surveying yields Cartesian
coordinates in a three-dimensional coordinate system, e.g. WGS84. The coordinates of
one receiver relative to the other are determined, or actually the coordinates of the survey
marker underneath the tripod with the antenna. It must be realized that the coordinates of
this discrete point (idealization) are just a tool in our attempt to describe the topography
in the real world, and certainly not a goal in itself.

One main purpose of land surveying is to survey topography. In these normal surveying
tasks, GPS receivers replace conventional angle and distance measuring devices like
theodolites, EDMs and total stations. Applications of kinematic GPS surveying are
discussed at the end of this section.

The working area of surveying concerning topography is typically restricted to 50 by 50
kilometers. This restriction was based on the flat earth approximation. In that case, also
most of the geodynamic effects can be left out of consideration. In kinematic GPS
surveying, the area (baseline length) is restricted to 10 or a few tens of kilometers, but
the restriction has another cause. The relatively simple mathematical models for GPS
surveying do not account for differential atmospheric delays. This simplification of equal
ionospheric and tropospheric delays from one satellite to both receivers is allowed when
the receiver separation is small (for a 10 kilometer separation the differential delays are
usually at or below the millimeter level). The errors introduced by this neglect of course
directly depend on the actual atmospheric conditions. For larger receiver separations also
orbital errors need to be taken into account. In GPS surveying, satellite coordinates are
computed from the broadcast ephemeris received from the satellites. The accuracy of
these coordinates lies in the order of ten or tens of meters.

Practically speaking, most surveyors’ project areas will be limited to a few tens of
kilometers. The working area of the mathematical model for GPS surveying, however,
can be extended by applying a-priori atmospheric corrections and using precise orbits
(instead of the broadcast ones). The orbit and corrective information can be obtained from
an Active GPS Reference System, a network of permanently operating GPS receivers.

Now we have sketched the working area of GPS surveying, we will discuss the measure-
ment techniques. Using the GPS for land surveying started with the static survey. We cite
from [Remondi, 1988]: ’Static GPS using the carrier phase was developed from ideas
which have their origins in VLBI...Carrier phase measurements are recorded at both sites
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and the data are sent or carried to the home office for processing. At that time it was
typical to collect data for 2-3 hours. In the home office the three-dimensional baseline
vector was estimated from these measurements’. From then on three important develop-
ments have taken place.

Instead of processing the data afterwards in the home office, the data processing can take
place in the field in (near) real time. The data of the reference receiver needs to be
transmitted via a telemetry link, to the second receiver. There, the recursive estimation
and quality control can be carried out. They have been discussed in chapter 2.

The second development concerns advances in receiver technology and processing
software, see also [Blewitt, 1993]. Keywords are digital technology and automated data
processing to handle the bulk of (sampled) data. A remarkable sophistication of the
algorithms for the GPS data processing has been achieved in the area of ambiguity
resolution. In order to obtain precise positioning results using carrier phase observations,
the ambiguities have to be resolved. This resolution can be carried out very quickly, i.e.
using data of only a little time span. In the limiting case, the ambiguities are resolved
instantaneously, or On-The-Fly. This capability largely reduces the site occupation time as
compared with the 2-3 hours static survey.

Thirdly, as opposed to static, the GPS receiver can be in motion. We will not be
concerned with the forces causing the motion and therefore use the term kinematic,
instead of dynamic. With the receiver moving during the survey, surveying productivity
can be increased and also the receiver’s trajectory can be determined (in a discrete sense:
positions at specific instants in time). In this way, kinematic GPS surveying actually
includes all GPS measurement techniques. The categories usually identified are, see
[Blewitt, 1993] and [Seeber, 1993]:

- semi kinematic or stop-and-go: the roving receiver makes occasional stops at
survey marks. Some initialization is needed to determine the ambiguities and after
that, the receiver must keep tracking the signals, also during motion.

- true or pure kinematic: the receiver is in permanent motion (includes precise
navigation)

- rapid static: the survey marks are quickly surveyed. The ambiguities are resolved
using the data of the actual occupation. The receiver can be switched off during
transportation

In the sequel we will not further use the above terminology. In summary, we use the
adjective ’kinematic’ to refer to the motion of the receiver during the survey. Kinematic
GPS surveying therefore comprises the whole category of GPS measurement techniques in
surveying, that provide precise coordinates in a short time span (possibly instantaneously).
Later on in this chapter, we will develop a mathematical model for GPS surveying in
general and not for one particular measurement technique.

Applications of kinematic GPS surveying are primarily traditional surveying tasks.
Community needs for spatial, or geo information have to be assuaged. The purpose
therefore usually is to obtain coordinates for mapping purpose, i.e. to gather geometric
information of (new) topography in order to relate it to existing structures. Kinematic
GPS surveying can be an efficient provider of geometric geo-information for Geographic
Information Systems. [Seeber, 1993] mentions cadastral surveys, control surveys and
engineering surveys (stake out, locating points and construction work). Note that
surveying, or basically positioning, does not necessarily take place on land but also at sea
(hydrography) and in the air. Kinematic GPS surveying can support aerial
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photogrammetry by either being an efficient tool to establish ground control, or for the
determination of the camera position at exposure, see e.g. [Ackermann, 1997]. In fact,
this determination is applicable to (remote) sensing techniques in general (based on e.g.
laser or radar).

On the other hand, the measurement technique can be used for navigation as well. In this
precise navigation application, coordinates are to be obtained in real time, in order to
determine ones position with respect to existing features, enabling the navigator to avoid
obstacles and reach the destination. These applications are primarily marine and airborne.
The precision requirements are usually less stringent as the size of the vehicle to be
positioned may range from several tens to hundreds of meters. Integrity on the contrary is
much more stringent as compared with surveying.

The applications of positioning by kinematic GPS mentioned here, are surveying and
navigation. The purpose is to determine the coordinates of a (discrete) point (object) that
is either stationary or moving.

3.2 Geodetic positioning with GPS: concept

The two fundamental observables for positioning with GPS are the code and the carrier
phase. Treating the concepts of both types of measurements is the first step in setting up
the mathematical model for positioning.

Precise positioning with GPS has been developed from radio interferometry. This implies
relative positioning as opposed to single point positioning: two receivers simultaneously
make observations. The unknowns in the observation equations are geometric parameters
(the coordinate differences) and possibly bias parameters. As such, GPS surveying can be
considered as an example of geometric satellite geodesy, [Seeber, 1993]. In this section
we will concentrate on the geometric unknowns; the bias parameters are left out of
consideration.

3.2.1 GPS observables

Both the code and phase observable are travel time, and thus range related. The signal,
carrier plus modulations, leaves the satellite at time # and arrives at the receiver at time
t,, the time of observation. The distance from the satellite at £ to the receiver at ¢, is
denoted by I°. In order to clarify the measurement principles, error sources are not
considered here, i.e. we assume coherent oscillators, running at nominal frequency and
no propagation delays. Satellite and receiver clock are synchronized.

code

For the code observation, the distance from satellite to receiver is determined by
measuring the travel time of the signal. This travel time is measured by correlation of the
received code modulation with the local generated code modulation. The time shift
required to match the codes, is the travel time ;.

r

2.1) T = t,-t*
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The code observation is a direct measurement of the difference in time [Hatch et al,
1994]. Multiplication of the travel time with the speed of light c, yields the distance,
observed at time ¢,.

2.2) I = e

r

phase

The phase observation results from a phase comparison. The difference of the phase of
the receiver carrier at time of observation ¢, and the phase of the satellite carrier at time
of signal transmission #' reads

2.3) W) = b,8) -4

Under the current assumptions and with zero phase at time zero, the phase of a carrier
equals the frequency f multiplied by the time #: &(#)=ft. The phase of the carrier
generated by the receiver equals ¢,(z,)=ft, and the carrier transmitted by the satellite
@) =f(t,- 7 ) Substitution in (2.3) then yields for the actual phase difference qJ,

24 AYe) = et

As a consequence of carrying out measurements on pure monotone carriers, one cycle can
not be distinguished from another by the receiver. Only the fractional difference in phase
1S measured: frac(w @) E[O 1> cycle. The observed phase difference cb differs by a
whole number of cycles N from the actual phase difference ¥,. At time ¢, when the
receiver locks onto the satelhte signal, we have

(2.5 &}t = W) - i)

with the integer N,s = —int(d)f(t])). Once the receiver has locked onto the satellite signal, it
keeps track of zero passes in the phase difference and incorporates this in the phase
observation ¢, (accumulated phase). One ambiguity is involved in a timeseries of phase
observations of one receiver to one satellite. N, represents the initial number of missing
cycles. At any later time 7, we have

2.6) oit) = Wit)+N;

and with (2.4) and (2.6) we obtain for the phase observation at time ¢,

2.7 I¥ = ctl = A($)-ND)

r

or

2.9) AQS = I°+AN”
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The phase observation is ambiguously related to the range . The first time derivative of
the carrier phase observation is a measure of the change in range (the ambiguity drops
out). The difference in time of the phase observation is an integration of the frequency
difference: generated frequency minus received frequency (integrated Doppler shift), see
[Hatch et al, 1994].

73

(2.9) M) - b)) = f i*(0)do = I7(t) -1t

21

3.2.2 Relative positioning

This section is a first attempt to develop the model y=Ax for the measurement system of
GPS geodesy. We will establish a relation between observations and unknown parameters,
with the emphasis on the geometric parameters.

Relative positioning with GPS implies the reception of signals from the satellites and
making observations at two (or more) sites (nearly) simultaneously. This concept has been
developed from radio interferometry, [Counselman et al, 1981]. GPS satellites can be
used for precise relative positioning, similar to the use of quasars for Very Long Baseline
Interferometry, [Seeber, 1993].

In (relative) positioning with GPS, the received signal is compared with a signal gener-
ated by the receiver itself (correlation of the code modulation or comparison of the
phase). The resulting observations are then brought together for processing; the principle
of radio-interferometry with independent clocks [Brouwer, 1985]. A GPS receiver can be
considered as an advanced interferometry recorder.

In its design (single point positioning), the basic observable of GPS is the code observa-
tion, obtained by correlation of received and generated modulation. At first, developing
code correlating receivers was a military business because of the control and knowledge
of these code modulations.

In the early eighties, the Jet Propulsion Laboratory developed the SERIES-receiver,
Satellite Emission Range Inferred Earth Surveying, [MacDoran, 1979] and [MacDoran et
al, 1985]. The received signals were recorded at two sites and physically brought together
for the correlation process. The group delay was measured and this can be seen as
(differential) codeless pseudo-ranging. As such, the receiver is also a predecessor of the
cross correlating capability of nowadays receivers.

The Massachusetts Institute of Technology proposed the MITES-receiver, Miniature
Interferometer Terminals for Earth Surveying. The emphasis was on measuring the phase
delay of the carriers. We cite [Counselman et al, 1979]: 'The basic quantity is the
interferometric phase - the difference between the phases of radio signals from a single
satellite received at any two terminals’.

Texas Instruments then developed the first commercial receiver. The TI 4100 could make
both code observations (delay of signal; code correlation) and phase observations (phase
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comparison). For a full overview of the receiver development, the reader is referred to
[Blewitt, 1993], [Seeber, 1993] and [Hofmann-Wellenhof et al, 1997].

We will now discuss both the code and phase observation in relation with the
interferometric principle. The distance to the source of the (radio) signal, the satellite, is
very large compared with the station separation, the
baseline length b, see figure 2.1.

By means of interferometry we have an observation that
is related to the difference in distances from source to 12
and from source to rl: d=1, -I;. With

(2.10) d = b cos®

rl b 12 this observation can be related to the baseline length b
Figure 2.1: Principle of interferometry ~we are interested in.

With the code observations (2.2) made at both sites rl and r2, the difference in travel
time can be determined:

(2.11) d =c(ty-t]) = cAt

This difference in travel time is also referred to as group delay, [Seeber, 1993].

At both sites phase observations are made simultaneously. The received phase is
measured with respect to a local oscillator. We take the difference of two equations (2.7):

@12) d = 2@ -4 Ny +Ny)

The term between brackets is referred to as phase delay, [ibid].

For the phase observation, we will discuss also the
interferometric principle in terms of vectors in the three-dimen-
sional space. Vector b is the baseline vector (here directed i b 2
from 12 to rl) and vector § is the unit direction vector to the Figure 2.2: Principle of inter-
satellite, see figure 2.2. ferometry in terms of vectors

Equation (2.10) now becomes

(2.13) d = |b|cos® = b.§

The distance d equals the inner product of band 5. Combining (2.12) and (2.13) yields

2.14) b.5 = A5 -5 -N;+N)




90

Apart from the ambiguity term, this equation for the phase observation is given in [Coun-
selman et al, 1981]. The observation is also referred to as fringe phase. In the above
equation, the receivers clock term - the difference between the phases of the independent
oscillators - is absent because of our assumption of no error sources. Observation (2.14)
is actually the single difference and it can be considered as an interferometric observable.
The differencing of observations of two sites [Remondi, 1984], has its origin in interfer-
ometry.

The baseline vector b contains the coordinate differences in three dimensions. The
estimation of these coordinates is dealt with in section 4. There we will elaborate on the
GPS observation equations for positioning. We will explicitly use the ranges from the
satellite to receiver rl and r2 respectively and compute the position of the satellite, as
compared with interferometry on quasars, the satellite is not infinitely far away from
earth. The curvature of the wavefront must be taken into account, [Seeber, 1993].

3.3 Measurement configuration

In this section we will discuss different measurement configurations for positioning with
GPS. We start with the observation equations without error sources of section 2 and
consider the effect of introducing certain bias parameters - clock errors in particular - on
the capability of estimating the geometric unknowns (in the three-dimensional Euclidean
geometry).

Because of the biases, the observations are not true distance measurements anymore and
will therefore be referred to as range-related observations. Both code and phase are range
related, but we concentrate on the code observation. We will discuss single point position-
ing, the purpose of the GPS at first, and relative positioning, developed from interferome-

try.

single point positioning with distance observations

With three distance observations, like I of (2.2), the receiver position x, can be deter-
mined in the three-dimensional space. The satellite positions are assumed to be known.
The satellites act as (moving) connection or control points. When the satellite coordinates,
determined with respect to some S-basis, are treated as stochastic quantities (with their
variance covariance matrix propagated), the receiver position is estimated also with
respect to this S-basis and a proper variance covariance matrix is obtained. Actually a
resection with distances is made.

single point positioning with range-related observations

In practice we have to deal with bias parameters in the observation equations (propagation
delays and clock errors). We will use p,s for the code observation (the observed distance
I’ in (2.2)) and P; for the phase observation (A, in (2.8)). The geometric range is
denoted by p; instead of I for the distance.

The discussion will be restricted to clock errors. The full observation equations are given
in section 4. For a discussion of the error sources affecting the GPS observables, the
reader is further referred to the textbooks [Seeber, 1993], [Leick, 1995], [Kleusberg et al,
1995], [Parkinson et al, 1996], [Bauer, 1997], [Hofmann-Wellenhof et al, 1997] and
[Strang et al, 1997].
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In addition to the three unknown receiver 1 =0
coordinates in x,, we have to deal with the receiver
clock error & ¢ (multiplied by the speed of light ¢).

(3.1 E{Q:} = py+cdt

The receiver clock error causes that the distance
measured in the code observation is not a true rl
distance anymore and therefore observation (3.1) 1S Figure 3.1: Single point positioning
referred to as pseudo-range observation.

The parameters can be determined with observations to at least 4 satellites. Satellite
position and clock error, and atmospheric delays are treated as known quantities in the
estimation and are therefore the cause of the accuracy being not better than several tens of
meters. The full model of linearized observation equations is given by (3.2).

ap' (-e)" 1
i —eiyT
(3.2) £ Ap, - (-¢,)" 1| (Ax,
A N T R T A
A m
Br (_erm)T 1

In (3.1) the receiver coordinates x, were contained in the range p,, e, is the unit
direction vector from receiver to satellite. The linearization will be treated in detail for
GPS positioning in section 4.

relative positioning with distance observations
When two receivers make distance observations I to three satellites, the following free
network is obtained, figure 3.2.

rl 2 1 r2

Figure 3.2: Relative positioning with Figure 3.3: Relative positioning; small
distances receiver interdistance
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The scale is determined by ¢, the speed of light. For the translation (3 parameters) and
rotation (3 parameters), the network must be connected to six satellite coordinates. They
form the (local) S-basis of this network. With sufficient observations, the coordinates of
the receivers and remaining satellites can be determined.

In practice, the broadcast satellite coordinates are used, which are nominally given in the
WGS84 coordinate system. By this, the above network is linked to the reference frame of
satellite coordinates and thus into the WGS84 coordinate system. It should be recognized
again that the satellite coordinates are stochastic quantities.

relative positioning with range-related observations
We introduce a satellite related bias for each satellite and a receiver related bias for each
receiver (per epoch and per observation type), for example a clock error dt¢.

(3.3) E{p}} = p,+Cd t-cdt

Following the derivation in [Teunissen, 1990], we will show that the position of a
receiver itself is hardly estimable, as the satellites are far away as compared with the
distance between the receivers. We come to the concept of interferometry and estimate
only coordinate differences. The effect of many biases on relative positioning is small or
even negligible.

Two receivers simultaneously make code observations to m satellites. The linearized
model of observation equations reads

(-e)T 1 -1

AB; . . . . Axl
Ax,
' cd,t
Ap™ (-e/)" 1 -1 !
) e cd,t
Ap, (et 1 -1 cdlt
Ap} , . . cd™

(-5 1 -1

The satellite coordinates are assumed to be known. The following square 2mx2m and full
rank transformation matrix is applied to the observables:

The resulting model of observation equations becomes
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(-e))" 1 -1
AB: ) . . Ax,
Ax,
. omr _ cd;t
(3.5) E| AB; - (zer) ! Hleoy
Ap,, E)T (-e)T -1 1 el
AQ;”Z ) } .. cd™t

@ (-eN" -1 1

The upper m observables can be left out, as they can be considered to determine only the
satellite clock errors. The lower m observables are single differences. They are not
related to the satellite clock errors. The geometric unknowns are reparametrized and split
into the coordinates of rl and coordinate differences

*2 I, I\
with the coordinate differences contained in x,,=x,-x;. The model becomes

e)-e)" (-e))7 -1 1

Apiz AAxl

(3.6) L - : o axg,
Et . } ) . . L] 1cdy

Ap™ cd.t

12 (e -e) (-¢7)T -1 1 2

In GPS surveying, the receiver interdistance is small as compared with the distance to the
satellite, figure 3.3. The unit direction vectors are defined as

5 s
x x,
e = e, =

e, e |

and |x, | = Ix, | ~2.107 m. The difference in unit vectors can then be approximated by

X2

S S
(e; —¢) = S
oy 1
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and therefore |(e, ~e,)[ =107 for a 20 km receiver interdistance, whereas |e;| =10°. In
theory, with sufficient observations, all unknown parameters in model (3.6) can be
estimated. In practice, x,, the position of rl, is not estimable, due to numerical singular-
ity. The coefficients for the coordinates in x; are about 1000 times smaller than the coeffi-
cients for the coordinate differences in x;,. A near, not a strict, rankdeficiency occurs.
Note that in the estimation clock error &, is kept fixed. Clock error 8,t is estimated
relative to 2.

As compared with the coordinate differences, the coordinates of rl are poorly estimable.
Two implications are that first down on earth, an S-basis has to be chosen for the network
of coordinate differences: 3 parameters are needed to provide the translation. The near
rankdeficiency is treated as a strict one. In GPS surveying, we will estimate only
coordinate differences, and keep the coordinates of rl
fixed: Ax, =0, see also [Bock et al, 1985]. Secondly, in
practice all satellite positions are treated as known con-
stants. It may mean a serious overconstraining in a general
network. In fact a pseudo least squares adjustment is
carried out: Ax®=0. The satellites are moving connection
points. The coordinates x* are stochastic quantities, but in
the data processing usually supposed to be non-stochastic:
Figure 3.4: Unit direction vectors ~ @ys =0. This is however, all greatly relaxed in relative
positioning with a network as in figure 3.3.

In GPS surveying we will estimate the coordinates of the roving receiver in three
dimensions, with respect to the coordinates of the reference receiver. As such, actually a
small free network is obtained (of one or more baselines). Treating the satellite positions
as known quantities provides the orientation of the network (3 parameters). The scale was
already provided by the speed of light (1 parameter). The coordinates of the reference
receiver (in WGS84) then constitute the S-basis for the free network; the translation (3
parameters). This completes the 7 parameters for the similarity transformation.

To conclude this section, we will consider the connection of the coordinate differences to
the coordinates x; in more detail. The reparametrization of x; and x, into x, and x,, in
(3.6) was carried out in order to explicitly show the coordinates of rl and the coordinate
differences. As the coordinates of rl are (almost) not estimable in GPS surveying, they
are kept fixed. The full model of observation equations is (3.7).

From model (3.5) the upper m equations were left out. The first three columns are
denoted by A4,, the second three by A,. The coefficients for the differential clock error are
contained in A4;. Vector y contains the m observables of (3.6). The observables x, may
result from a single point solution. The variance covariance matrix is given by Qxl'

E{Ay} = AAx +A4,Ax,+Acd ;5 D{Ay} = Q,

G-7) ElAx) = Ax, . DiAx) - Q,

For model (3.7) it can be shown that for the limiting case of A4,=0, the following
estimators are obtained
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(3.8) [J—Cx] _ [’—‘1
X X
12 12

The estimator for the coordinate differences £, is determined by the observables y. The
coordinates x, are left untouched. Estimates £, and X,, are computed as if the coordinates
x, were deterministic quantities, Qx, =0. In practice, the reference receiver coordinate
observables x, will have a very limited effect on the estimators for the coordinate differ-

ences. The coordinates for r2 are obtained from (3.8) by

Q, Q
e, o,

12

The connection of the network to existing pointfields on earth and the transformation
from WGS84 to another datum are topics beyond the scope of this thesis.

3.4 Mathematical model

In this section a mathematical model will be developed for kinematic GPS surveying. In
this application two receivers simultaneously make range-related observations to GPS
satellites. One receiver is stationary, the reference receiver, the other may be stationary
either moving, the roving receiver. The parameters that are of primary interest are the
relative geometric unknowns: the baseline coordinates x,,, y;, and z,.

First the observation equation per observable is treated. Next the full mathematical model
for relative positioning over short distances is given. This model is then analysed on the
estimability of the unknown parameters.

3.4.1 Observation equation

First the L1 phase observable will be treated. Then the other types of observations are
considered. The modelling of the GPS observables is based on the Rinex convention, a
generally accepted standard for GPS observation files, [Gurtner et al, 1990]. The observa-
tion equation is non-linear in the geometric unknowns and has to be linearized. The
aberration effect is a complicating factor in this. The single observation part concludes
with a brief diagnosis on the non-linearity.

3.4.1.1 Functional model phase observable

The full observation equation for the L1-phase observable I_’i(t) follows by extension of
(2.8) and reads

(4.1} E(P®)} = p(tt-1) +c8 1) -8t (t-1) + T, () -I;(®) + D()) + D (1) + A,
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where
P, : geometric range from satellite to receiver
8, : receiver clock error
0%t : satellite clock error
T,  : tropospheric delay
I’ : ionospheric delay
D*  : satellite hardware delay
D : receiver hardware delay

A,’s : ambiguity

The observation is made by receiver r to satellite s at time #, which is expressed in GPS
time. The observation is expressed in [m]. In equation (4.1) ¢ is used as the time tag of
the observation. With the definition of the traveltime 7, time 7-7 becomes the time at
which the signal must leave the satellite circuits to be in time at the receiver for the
observation at time ?.

Note that the traveltime 7 is defined by the geometric range and the various delays and is
therefore not an independent parameter:

4.2) t = % [pitt-) + T°@) - I°@®) +D*@) + D ()]

By definition (4.2) the traveltime 7 is thus not determined by only the geometric range
s
P,

The geometric range p,(t,-t) is a function of the time of observation #: both satellite and
receiver are in general in permanent motion. The range is also a function of the travelti-
me 7: the aberration effect. The satellite will move with respect to the receiver during the
the time interval the signal needs to travel from satellite to receiver. Both 7 and 7 are not
known.

The measured phase difference ¢, has been related to the traveltime 7. The carrier phase
ambiguity A in equation (4.1) does not represent an integer number as it now includes
initial phase offsets of receiver and satellite. The ambiguity is a constant as long as signal
tracking is un-interrupted.

The inaccuracy with the time arguments of  parameter  value [m] remark
5 s s . .
p,, I,, I, and D° in equation (4.1)

r r

implies only very small approximations  # o] s
» s s bt 10 8¢ ~ 107 s
(<10"m); e.g. D*(® should beD*(z-1) ?s-\; 133 &t < 10 s
and x*(¢-t) should be x*(t-t+D%c). For | 10
the delays it is a matter of notation: esti- g' . several ns
A 107

mates for these quantities are computed,
independent of the notation and therefore " can be several ms when continuously running
the problem iS I’lOt relevant For the geo- clock is restored (Rinex conversion)
metric range the effect cancels in relative Table 4.1: Values for parameters in (4.1)

positioning.
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In table 4.1 indications are given for the magnitude of the parameters in observation
equation (4.1). The magnitudes in the table represent ordinary to maximum values for
these parameters. The minimum elevation is assumed to be 15°

3.4.1.2 Stochastic model phase observable

In chapter 3 of [Parkinson et al, 1996] the accuracy of the L1-phase observable is stated
to be 0.1 radians rms. This translates into o,=3 mm, which is assumed to hold for
normal operational conditions. The phase observable is assumed to possess a Gaussian
distribution.

D(E®) = op

We assume here no time correlation (although the correlation length of the receiver noise
could be several seconds, as internal filtering may take place in the receiver).

With the above assumption on the stochastics, it must be realized that there are several
effects that are not explicitly captured by the current functional model (4.1). There are the
propagation effects: multipath, atmospheric diffraction (signal path is not a straight line
from satellite to receiver), relativistic delay (signal path is curved due to the earth’s
gravity field) and higher order ionospheric effects (ionospheric delay is assumed to be
inversely proportional to the frequency, cf. (4.3)). Radio frequency interference of the
GPS signal is not considered. The non-modelled effects may induce time correlation.

In further data processing we will use the broadcast ephemeris to compute the satellite
position. A bias in this position is not accounted for. The geometric range is defined
using the (electro-magnetic) phase centers. In order to extract useful geometric informa-
tion, the range has to be related to some discrete point on the antenna. As the electro-
magnetic phase center is difficult to define, the relation will also be problematic and
additional biases may enter the estimation process. Interchannel biases of the receiver can
be neglected for a nowadays digital

. -modelled effect 1
receiver, see e.g. [Meehan et al, 1992]. nonrmode’ e ee vatue [ml
. . . satelll:.te position 10!
Indications for the magnitudes of the satellite antenna phase center 107

N . multipath at satellite 107

effects above on the observation equation diffraction 1072
- . . higher order ionospheric effects 1072

(4.1) are given in table 4.2. Maximum relativistic delay 102
: . : multipath at receiver 1077

values are given; ordinary values for these oiciver antenna phase center lo-2

effects are of the same order or smaller.
Table 4.2: Maximum values for unmodelled effects

3.4.1.3 Phase and code observables

Beside the phase observation on L1, also 1.2 phase observations can be made. Further-
more code observations can be made based on the L1 or L2 signal. i

The full observation equation for the L2-phase observable Ei(t) reads

@43)  E(P®) = pitt-1)+c8,2() ~c8(-0) + T, () - ;_’llj(t) +D*@)+D () +A’

2
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For the L1-code observable pj(t) we have

4.4 E{p’®) = pytt-1) +c8 1) -c8t(t-1) + T, (@) + 1, (1) +d*() +d,(0)

and for the L2-code observable Ei(t) the observation equation reads

(4.5) E{Z®) = pjtt-1) +c8,1() -c8%t(t-1) + T,(1) + gl,s(t) +d*@) +d (1)

2

In the equations above we made the assumption that the geometric range is identical for
all observation types. Although we did not denote it, the traveltime is different for
different observation types (due to the delays, see (4.2); think of 107 s effects). This
affects the time arguments of p, and %t. We are now faced with a contradiction as the
range depends on ¢ and 7. The effects involved are <10* m and will largely cancel in
relative positioning. Furthermore, the electro-magnetic phase centers of the different
observation types will not coincide. The geometric ranges will not be identical (mm-cm
effects). These effects largely cancel in relative positioning.

The first order ionospheric delay is inversely proportional to the frequency of the carrier.
Code and carrier are assumed to be equally (although oppositely) affected.

Op

©

M
Q
1

(4.6) | DY

hhl ‘Tuh ~
[ ]

~

The stochastic model of the observables made by one receiver to one satellite is assumed
to be (4.6). The standard deviation for the phase observable will be several millimeters,
for the code observable several decimeters.

Variance covariance matrix (4.6) is diagonal. We assume here that the four observables
above are not mutually correlated, although in practice there may be for instance
(frequency) cross correlation. We also assume here identical stochastics for all channels,
no mutual correlation between the channels (satellites) of one receiver and between
different receivers.

3.4.1.4 Linearization of observation equation

In this section we will linearize the observation equation (4.1), in order to be able to
compute estimates for the geometric unknowns of interest using the BLUE principle, i.e.
% =x,,+A% . A complication in the linearization is the aberration effect. A straightfor-
ward linearization would be possible in case both the satellite and receiver do not move
(in one or another coordinate system).
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The observation equation (4.1) is linear in the satellite clock error, atmospheric and
hardware delays and the ambiguity, but is non-linear in the satellite and receiver
coordinates, and in the receiver clock error as it is involved in the geometric range, see
(A.1). Time ¢, is the time tag of the receiver in the observation file. The time of observa-
tion in GPS time reads ¢ = t,-6,#(7). The satellite position was assumed to be known. In
order to compute estimates for the receiver position, equation (4.1) has to be linearized
w.r.t. the receiver coordinates. We will thereby forget about the delays in equation (4.2),
see also the implementation given in appendix A.

The linearized observation equation reads

4.7) AP’ = 9

3 A8t + cASt - cdt + T -1+ D+ D, + A
xr

Ax_ -+ 9% ;
’ 1)

r

0 o

and the partial derivatives are evaluated using the approximate values x, , and 3., .

We will neglect the second term on the right hand side of (4.7), i.e. the partial %erivative
. . .. . op

of the geometric range w.r.t. the receiver clock error - the coefficient is -— - see

section 2.3 of [Jonge, 1993]. ot

As actually ¢&,#(z) = cdt(t -8 42), the partial derivative w.r.t. the receiver clock error
yields coefficient ¢ and an additional coefficient. The latter is relatively (factor 10%) small
and therefore neglected in this discussion. The clock error is then actually evaluated at ¢,
instead of r. The clock error appears only with coefficient ¢ in (4.7). ‘

With e, the vector of unit length from x, at time 7 to x* at time (#-7) we obtain

(4.8) AP = —¢T Ax + cAdt - b+ T - I5 + D* + D, + A

The computed observation is obtained with the non-linear relation (4.1)

(49) Prfo = p“:’o + c&rto

with x  and 6t as approximate values. The observed minus computed observation is
AP = P,S—P,fo.

Once estimates for the (estimable) unknowns are obtained via (4.8), for example for x,,
they can be used as approximate values in a next iteration. The receiver clock errord ¢
may not be separately estimable, see section 3.4.4. In that case no improved numerical
estimates are obtained.

The difficulties in the estimation process are the computation of the unit vector e, and
the computed observation P,fo as the aberration effect is present. Both can be computed
with the procedure given in appendix A.
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3.4.1.5 Non-linearity effect

In the previous section we have performed the linearization of the non-linear observation
equation, without questioning its allowance. The linearized equation (4.8) was obtained.
The estimates obtained (using the linear approximation) will be biased due to the non-
linearity. The non-linearity effect will be briefly diagnosed.

Both code and phase observable are basically range observables. We use equation (2.8)
and leave the ambiguity out.

(4.10) P =1} = o)+ 07y ) @)
The linearized version, cf. (4.8), becomes

r

(411) APS = —ersTAxr

The non-linear relation (4.10) is approximated by a Taylor expansion (4.11), in which the
second and higher order terms are neglected. In [Teunissen, 1989] we find that the second
order remainder R,(x) can be used as a first measure of the non-linearity effect. The
second order term is the largest term that is neglected in using the linearized observation
equation instead of the non-linear one. The measure R,(x) comprises both the intrinsic
non-linearity and the non-linearity due to the parametrization.

The Taylor expansion of E{y}=A(x) up to the second order term reads

(4.12) E{y} = A(x) +3A() Ax+1Ax"S AR Ax

8 A(x)| is the 1x3 Jacobian matrix and aznA(x)| the 3x3 Hessian matrix. For (4 10) the
Hessian matrix becomes, see also [ibid],

52, .52 s s s_S§ |

Yr 2, Xy Yy Xy Z,

4.13 s _ 1 5. s s2, .82 s_s
( ) a:,\t,lr - F‘; XYy X 7%, V%,
r s_s s_s s2 .52

X% Yz X Y

with vector x; =x*-x, =(x.,y,,z,)T. The eigenvalues of matrix (4.13) are

4.14) 1

I

and with (12) of [ibid] we obtain the following bounds for the size of the second order
remainder
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@.15) 0 < R < #quuz

r

with Ax the 3x1 vector true receiver position minus approximate (used in linearization)
receiver position and thus |Ax| = \/(x,—xw)z+(y,—y,,0)2 —(z,—z,,o)z. With 17=2.10" m we
obtain table 4.3.

If the approximate coordinates for receiver r are on the _laxl (m R, [m
cm-level (0.1-0.01m), possibly after iteration, the second 100 0.25.10°
order remainder in the linearization of the observation 10 0,25.10°
equation is completely negligible (< 10 m). The linearized 0.1 0.5 10
0.01 0,25.10°%

observation equation is a sufficient approximation.

Table 4.3: Second order remainder
We have seen that for the linearization, when the approximate values for the receiver
coordinates are correct up to 100 m, the second order remainder will be below the 1 mm
level. In [Lichten, 1990] it is stated that in order to avoid an iteration, receiver locations
should be known to within a few hundred meters. In the next section however, we will
see that 100 m errors are not allowed in the coordinates of the reference receiver, when
these are to be constrained in relative positioning.

In section 5.4 of chapter 1, it was noted that with a non-linear model of observation
equations, the estimator is biased: E{f-x}=#0. For relative positioning with a short
observation time span, the bias in the observables, which propagates into the estimator -
see equation (40) of [Teunissen, 1989] - is at or below the 10 meter level, and thus well
below the measurement noise (of the precise phase observables).

3.4.2 Functional model

The model of observation equations is set up for relative positioning over short distances:
two receivers (nearly) simultaneously observe m satellites. The effects of many error
sources on the relative geometric unknowns are significantly less as compared with single
point positioning. The development of the model is shown in this section for L1 phase
observations.

Both the satellite and the receiver rl position are not treated as unknowns in relative
positioning. The satellite position x* is computed from the broadcast ephemeris. The
receiver rl position x; follows from a reference frame or a separate single point solution.
In section 3.3 it was shown that these quantities are hardly estimable. When these
parameters are kept fixed in the estimation (introduced as deterministic quantities), the
effect of errors therein on the observation equation will be rather limited. The satellite
clock error 6°t will be estimated and therefore not computed from the clock parameters
in the navigation message.

It is assumed that receivers of the same make and type are used together with identical
antennas. The baseline vector x,, is defined from phase center to phase center and equals
in this case the vector between the geometric centers of the antennas (mm-cm translation).
The discussion on the definition and interpretation of the baseline is pursued in section 1
of chapter 4.



102

We will discuss the cancellation of errors in relative positioning. The short distance
assumption therein is essential. Three categories of error sources are distinguished:
satellite, signal propagation and receiver.

satellite

The signals to rl and r2 nearly simultaneously (~ms) leave the satellite. The effects of
satellite related error sources on the observations made by rl and r2 will therefore be
largely identical.

Similar to the derivation in section 3.3, one can give an indication for the maximum size
of the term concerning the satellite coordinates in the observation equation:

X
(4.16) (e ~e)TAx*® ~ "—‘j"qusn
I,

In practice (4.16) is interpreted as that a satellite position error dr (true position -
broadcast position) has a db effect on the baseline vector in worst case according to db/b
=dr/r with b is the baseline length and r the distance to the satellite [Wells et al, 1986].
As such a 20 meter error would have a 1 cm effect on a 10 km baseline, see also [Zie-
lifiski, 1989] and [Kuang et al, 1996]. The effect of the satellite position is long term
(hours).

The stability of the satellite clock (even with SA on, Selective Availability see chapter 17
in [Parkinson et al, 1996]) is by far sufficient to safely bridge the small time span
between departure of the two signals; the clock error &°¢ can be used in the observation
equations of both rl and r2.

Also the hardware delay is sufficiently stable, and D* can be used in the observation
equations of both rl and r2.

Antenna phase center effects of the satellite can be neglected as the receiver separation is
very small (compared with the distance to the satellite).

signal propagation
For small receiver separation, the signals from s to rl and to r2 pass through the same
part of the atmosphere.

We assume that the atmospheric delays are equal, i.e. T, =T, and I; =I,. The remaining
effects usually are in the order of several millimeters, but can reach the centimeter level.
Under extreme circumstances, the differential ionospheric effect I;, can reach the 1 cm
level for 1 km receiver separation. The temporal variation of differential ionospheric
effects can be both short and long term. Differential tropospheric effects tend to be long
term.

The diffraction effect largely cancels.

The relativistic delay cancels.
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Multipath completely depends on local circumstances and does therefore not cancel in
relative positioning. Multipath usually is a short term effect (seconds-minutes). Multipath
is not modelled, section 3.4.1.2.

receiver

All m satellites are observed by the same receiver exactly simultancously. The effects of
receiver related error sources are equal for all observations made by one receiver.

The same receiver clock error 8, can be used in the observation equations.

One can also use the same receiver hardware delay D, .

Antenna phase center effects will cancel in short distance relative positioning, cf. section
1 of chapter 4.

Concerning an error in the receiver position x;, the magnitude of the effect is roughly the
same as for the satellite position error, see also [Bock et al, 1985]. Note that single point
positioning with CA-code provides typically 100 m positioning accuracy (SA on).

residual effects parameter value [m] remark
In table 4.4 we give indications for the
residual effects in relative positioning. The )cf;_\.t igﬁf
effects on the observation and the effect D «107

. . phase center’ -
on the baseline estimate are assumed to be  multipath’ 102 for phase
of the same order of magnitude. The %Mo SO
- . . . i I 10°2-10"%
figures given are maximum values; ordi- ... e
nary values are of the same order or phase centr, -

. . multipath, 1072 for phase

smaller. Note that the figures given are 102

related to the 10 km receiver interdistance Table 4.4: Residual effects in relati o
and to a minimum elevation of 15°. able 4.4: Residual effects in relative positioning
From table 4.4 we see that the largest residual effects are of the order 102 m. Taking the
baseline length of 10 km into account, yields the 1 ppm positioning accuracy, which is
frequently used as an indication in practice.

Apart from multipath, the most important error sources are the atmospheric delays and
the satellite position. Modelling and estimation of atmospheric delays and satellite orbits
is beyond the scope of this research. The reader is referred to e.g. [Blewitt, 1993].

observation equations

The assumptions and approximations are now realized in the observation equations below
(time arguments are omitted). With two satellites i and j and two receivers rl and r2 we
© obtain with the non-linear observation equation for the L1 phase observable (4.1):

(4.17) E{P'} = p\+cd,t-cd't+T/-I}+D'+D,+4/

(4.18) E{P/}

ph+cdt-c&t+T/-I]+D/+D +A]
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(4.19) E{P}} = py+cd,t-cd't+T{-Ij +D'+D, +A,
(4.20) E{P}} = ph+cdt-c&t+T]-I]+D/+D,+A]

The linearized versions read

.21 E{AP'}) = ¢/ Ax,+cA8-cd't+T| -Ij +D'+D, +A]
4.22) E{AP'} = -¢/"Ax,+cA8 t-c8t+T) -1} +DI+D +4]
4.23) E(AP!} = -¢, Ax,+cAdyt-c8ir+ T~/ +D'+D, +A;

(4.24) E{AP)} e} Ax,+cASt-cit+T! -1+ DI +D,+A]

In relative positioning we keep x, fixed: Ax, =0. The coordinates of r2 are estimated with
respect to x,. To emphasize the relative character instead of the absolute, the estimation
result can be presented as £,, =%, -x,, the estimate for the baseline vector. The observa-
tion equations for Bi, pf and p_j follow in a similar way from (4.3) to (4.5).

mathematical model

Below we will give the full model of observation equations for the case with two
receivers observing m satellites for k=1 epoch. First the clock errors of both satellite and
receiver are redefined. The receiver clock errors (for both rl and 12) include the
hardware delays and the satellite clock errors include the hardware delays and the
atmospheric delays, corresponding to the observation type.

cd:=cdrt+D, cdt := c8%t-D-T; +I}

(4.25) cgrt = c6,t+5r ¢t := cést—lss—TIHf_lz[lS
cdf = cdy+d, ¢t = c8t-d°-T; - I
cért = c6rt+¢?, cd't := cé‘t—as—Tls——llf
for both rl and r2 for all m satellites

The model, which is quite similar to (3.4), then becomes (4.26). The estimability of the
parameters in model (4.26) is treated in section 3.4.4.

3.4.3 Stochastic model

The stochastic model was discussed in section 3.4.1. For the moment this model is left
unchanged, but two remarks are in order for its application to relative positioning over
short distances.
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(4.26)

E{

()" 1

('ezm)T 1

-1

Ax,
cAd;t
cAdyt

colt
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Although the effects of satellite positions and reference receiver position on the estimators
will be rather limited, one should realize that they are stochastic quantities. Q. and Qx1
should be taken into account in the data processing.

Differential atmospheric delays are not accounted for in the functional model. We cite
[Bock et al, 1986]: 'The residual errors of both propagation medium and orbital origin
are approximately proportional to the distance between stations, at least for distances of
up to several tens of kilometers. Therefore these errors are dependent on baseline
distance’. In [ibid], equation (23), it is proposed to account for the baseline length
dependence of these unmodelled effects in the dispersion of the observables. These effects
may also induce time correlation in the observables with a correlation length of several

minutes.
Gp
1
ABI
A}”” o,zo
(4.27) Dy =1 )
1
AP 2
) op
AP™

2
Op

The dispersion of the observables in (4.26) is given by (4.27). The stochastic model is

identical for the observables of both receivers rl and r2.
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Equations (4.26) and (4.27) represent the full mathematical model for one epoch of the
time varying measurement system. They are of the form E{y;}=Ax; D{y}=Q, (cf. (1.3)
in chapter 2). No pseudo-observables are involved yet. '

3.4.4 Estimability of parameters

The model of observation equations has been set up in a straightforward manner. A direct
implementation of this model is not possible; it turns out to be rankdeficient. The full set
of parameters in the vector of unknowns can not be estimated (cf. section 2 of chapter 1).
In appendix B the functional model for kinematic GPS surveying is analysed on estima-
bility. Reparametrizations of the unknowns are proposed to remove the rankdeficiencies.
The coordinates x, are not involved in the S-basis; they are directly estimable, once the
considerations of section 3.3 have been takeninto account.

In appendix B five measurement scenarios are considered:

C1: code, single frequency

L1: phase, single frequency

L1&L2: phase, dual frequency

C1+L1: phase and code, single frequency
L1&1.2+C1&P2: phase and code, dual frequency

Both set ups, with two stationary receivers and with the second receiver in motion, are
treated. Below we repeat the conclusions of the analysis.

For all scenarios it holds true that the clock error (per epoch) of the reference receiver
can not be (separately) estimated, see also [Blewitt, 1993]: only relative clock behaviour
(between receivers) is estimable. Carrier phase ambiguities of the reference receiver are
not estimable, neither are those of the second receiver to the first satellite.

If one receiver makes a certain type of observation to a satellite and the other receiver
does not, the observations are free observations: they can be left out from the data
processing. Only the overlapping part in the data needs to be considered: with the data of
one receiver, under current S-bases, one can estimate the satellite clock errors, for each
observation type, for the particular epochs.

When both receivers are stationary at least two epochs of data are required (k=2), with
(single or dual frequency) phase data. As soon as also code data are available, one epoch
suffices (k=1). In all five scenarios, less satellites (m <4) may suffice when more epochs
of data are available. The absolute bottom is m=2.

When the second receiver is moving, we have 3 geometric coordinate unknowns per
epoch instead of 3 for the whole survey. With code observations, at least 4 satellites are
required and at least 7 satellites when only phase observations are available. With only
phase data, single or dual frequency, at least two epochs of data are needed for this
(k=2). When code data are available, one epoch suffices (k=1). Less than 4 satellites is
not possible, even when more epochs of data are available.

To conclude this section we consider mathematical model (4.26), but now with the
parameters that constitute the S-basis explicitly left out. Beside the coordinates of r2, the
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clock error of r2, the satellite clock errors and (m-1) ambiguities remain. The design
matrix is of full rank when at least two epochs of data are considered (k=2).

-1

AI_’I sz
1 cAd,t

) cd't

-1
AP™

(4.28) Ef| ot = | ety :
AP (&))" 1 -1 0 o™

2

1 A

AP” m

2 A

(-e/)7 1 -1 ) R

The ambiguity A of an undifferenced carrier phase observation, is not an integer
number, or better, an integer number of cycles is involved, but it can not be separated
from the initial Phase offset of the satellite and of the receiver. In the estimable functions
AZ-A}-A]+A] to A)'-A; A" +A], see appendix B, the initial phase offsets (of each
time two receivers and two satellites) cancel. As such, these parameters represent integer
numbers of cycles AN, with N integer. They are double difference combinations of

ambiguities.

The stochastic model (4.27) is left unchanged. Estimability concerns the unknown
parameters, not the observables.

3.5 Model with double differences

For the kinematic GPS surveying application with two receivers, the mathematical model
can be reformulated to allow another implementation of the data processing. The model
with so-called undifferenced (L1-phase) observables was given by (4.26) and (4.27). The
alternative is the model with double difference observables. We will first derive the full
mathematical model with double difference observables and then give the considerations
in chosing one or the other.

3.5.1 Observation equation

The double difference combination of observations has its
origin in interferometry [Counselman et al, 1972]. The
double difference is a linear combination of four undiffer-
enced observations, made by two receivers to two satel-
lites, figure 5.1. ri 2

G.1) Pllj _ sz—PZI —Pj+P1 Figure 5.1: Double difference
. 2 1 1

With the linearized observation equations for the Ll-phase observable in (4.26) we
obtain:
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(5.2 E{APU} = (e;)"Ax,~(e})'Ax, +A] -4, ~A] +A;
or
(5.3) , E{APV} = -(e]-€,)"Ax, +A]]

Under the assumptions and approximations of section 4, only coordinate unknowns and
amblgumes are present 1n the double difference observation equation. The linear combina-
tion A12 A2 A2 -A] +A1 represents an integer number of cycles as the initial phase
offsets of satellite and receiver oscillators cancel, Alz—l le When the receivers are
stationary, none of the parameters depends on time.

3.5.2 Functional model
Consider model (4.26) for the case with two receivers observing the m satellites 1,

2,..,m. Per epoch we apply the following square 2mx2m and full rank transformation to
the observables:

and obtain
Ax,
cAd t
1 -1 1 cAdy
AP! cdlt
-1
pm 1 -1 1 cd™t
AP
(5.4) E{ 1 } - . All
AI_’i2 (-e,)T -1 1 -1 1
. Alm
A£12 . Azl
(-e, YTo-1 1 -1 1
A2'"

The lower m observables are the single differences. The observables of 12 are differenced
with respect to those of rl. In this respect, receiver rl is the pivot or reference receiver.
The upper m undifferenced observables are free observables. Each observable is con-
cerned with its own unknown parameter, namely the satellite clock error &¢. These
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observables will be left out of further consideration, together with the corresponding
unknowns.

With the following reparametrization of the unknown ambiguities, s=1..m
Als ) Im Als
Als2 _Im Im AZS

we obtain the model of single difference observation equations:

Ax2
_LWNT _ Ad.t
) (-e)" -1 1 1 cAd,
A£12 cA62t
(5‘5) E{ : } _ N . . . A112
AP™
12 (-7 -1 1 1 .
Ap

Per epoch, we had 2m observables. They have been transformed into m single difference
observables, i.e. one per satellite. The clock error of the reference receiver 6,¢ is not
estimable. Only the clock error of r2 (with respect to rl) can be estimated, see appendix
B. Besides the designmatrix of (5.5) is rankdeficient by one. The single difference
ambiguities interfere with the receiver clock error 8,¢.

Next, the square mxm and full rank transformation matrix is applied to the single
difference observables in (5.5)

1
-11
T =
-1 1
and we obtain
Ax
(-e)T -11 1 2
AP ? cAS t
AP ~(ej-e)T -1 1 cAdt
12
(56) E{ ) } — ) ) ) A112
Ale R
12 m
(e -ey)" -1 )| 4
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Satellite 1 is taken as a pivot, or reference satellite. It is a common approach to form
double difference combinations using a pivot. There exist other ways, but as long as
invertible linear transformations are used (as is the one here), one set of double differ-
ences can be transformed into the other, [Teunissen, 1995]. The models will be math-
ematically equivalent. From the observations made by two receivers to m satellites, 2m in
total, only (m-1) double difference combinations can be taken that are linearly indepen-
dent.

We observe in (5.6) that the remaining single difference observable P! is a free
observable, i.e. it determines the receiver clock error 8,¢. This observable, together with
the receiver clock error, is left out of further consideration. The single difference
ambiguity unknowns are reparametrized according to

1 1 1
A L1 A

12 - 2
A A

.lm 'm
A -1 1 A

We finally obtain the model of double difference observation equations for L1-phase
observables to m satellites for one epoch (k=1). It contains (m-1) double difference
observables.

12 ‘(322 ‘ezl)T 1 Ax,
AP 12
12 A12
(5.7) Efl "~ It = ’ '
Aﬂi;” m_ T in
-(ey -€y) 1) A

This model is well known and widely used, see also [Seeber, 1993] and [Hofmann-
Wellenhof et al, 1997].

If m satellites are continuously tracked for k epochs, we have k(m-1) double difference
observables. The vector of unknowns contains three baseline coordinates (stationary
receivers) and (m-1) double difference ambiguities. These parameters are all estimable
(k=2) and the redundancy equals k(m-1)-m-2, compare to appendix B.

3.5.3 Stochastic model

Application of the variance covariance propagation law to diagonal matrix (4.27) yields
the variance covariance matrix of the double difference observables. The variance of the
(undifferenced) phase observable oi has been taken outside the matrix. If the phase
observables are not time correlated, as is assumed for (4.27), the double difference
observables are not time correlated either.
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4.2 . 2
12
A1—312
(5.8) p{ - }=o§
Apim . .2
12
2 ..24

The equations (5.7) and (5.8) represent the full mathematical model for one epoch of the
time varying measurement system. The model is mathematically equivalent to the
mathematical model given by (4.26) and (4.27). No information has been lost in going
from (4.26) to (5.7). We have applied square and full rank transformation matrices and
left out only free observables.

3.5.4 Argumentation for double differencing

In this argumentation, frequent references are made to the discussion in [Blewitt, 1993].
Under the topic ’information content’, we find in [ibid] that both models are equivalent,
when a clock error is to be estimated per epoch per observation type, as is the case in
section 3.4 with clock errors 8it, 6it, dit and dit. This is the so-called white noise clock
estimation. The statement holds true for relative positioning on local and regional scale,
when the issues of correlation and data selection are rigorously dealt with.

In the double difference implementation, the problem of estimability of certain parame-
ters, such as ambiguities and clock errors, is avoided (section 3.4.4). The S-basis is
implicitly chosen by taking the double difference combinations. This is done prior to the
data processing.

Two additional remarks are in order concerning the clock error parameters. In the
undifferenced approach estimates for the clock errors are explicitly available. These
estimates are usually not needed. Clock errors are time varying parameters and as such
their behaviour in time may be modelled (dynamic model; pseudo-observations). In the
double difference approach, this modelling is not possible, as the clock error parameters
have been explicitly eliminated.

According to [ibid], the double difference implementation is computationally more
efficient. As clock parameters have been explicitly removed, the system to solve is
smaller: less unknown parameters remain and the number of observations has been
reduced by the same number (data compression). Note that matrix Q, is diagonal in
(4.27), whereas (5.8) is a full matrix (per epoch). Double difference observables are not
time correlated, as long as the undifferenced observables are not time correlated.

Differencing for the case with two receivers and m satellites is rather trivial. The set of
undifferenced observations have to be transformed into a set of linearly independent
combinations of undifferenced observations. The transformation matrix must be of full
rank. For a fully automatic procedure for generating a set of independent double
differences, see [Goad et al, 1988]. [Blewitt, 1989] checks the dependence by Gram-
Schmidt orthogonalization.

The above deals with the number of double differences that are to be obtained. The actual
set of double difference observations (or ambiguities) is not relevant. It is stated once
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more that one (valid) set can be transformed into another (valid) set and back, see
[Teunissen, 1995].

3.6 Related mathematical models

In the previous sections a mathematical model was developed for the processing of data
obtained with kinematic GPS surveying. To conclude this chapter, we will briefly review
two models for processing GPS data that are related to the model developed. The first one
concerns a parametrization in terms of (geometric) ranges instead of (baseline)
coordinates, the second one is the (basic) model for Differential GPS.

3.6.1 Parametrization in ranges

As discussed in section 4, the observation equations are non-linear in the receiver
coordinates. The data, either undifferenced, section 4, or double differenced, section 5,
are processed with a linearized version of these equations. In this separate section, we
will discuss a stepwise adjustment of the double differenced observables. In the first step
a linear observation model is used. In the second step, to arrive at estimates for the
coordinate unknowns, again a non-linear model is employed.

stepwise adjustment
The linear observation equations for the L1-phase double difference, cf. (5.3), reads

6.1) E{PY} = p},+A}]

Two unknown parameters are 1nvolved the double differenced geometric range P12 and
the double dlfference ambiguity A12 As at least the satellites are in permanent motion,
the range p12 depends on time (the receivers are allowed to move as well).

For two receivers, observing m satellites, the model of observation equations for one
epoch, cf. (5.7), reads

12
P12
12 1 1

£12 im
(6.2) E{ " |} - : . P 1122
P.l'” . Ay

12 1 1
A

This model is simple as it is linear and no coordinates are involved (no satellite ephemeris
needed); it is completely expressed in ranges. Under the condition that the model is
observable (designmatrix full rank), estimates for the unknown parameters can be
computed. With only code observations on one frequency (and no phase observations),

A 12 A lm
the first step is trivial: —212 P, 212
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Next, based on the estimators f)_iz,.., £, the second step can be carried out and estima-
tors for the coordinates x, are o%taine&. Only geometric parameters are involved. The
non-linear model of observation equations reads

2 I\r
n -(e, €
I

©.3) Ef © h=|  |(&x)

A_élm
m T
12 —(82 —22)

The receiver-satellite geometry, by means of the unit-direction vectors, is present now in
the designmatrix.

In surveying practice, this stepwise approach is of limited value. The approach will not
work with only phase observations; code observations on at least one frequency are
needed (for the first step). Per epoch, there are (m-1) unknown range parameters, no
matter whether the receiver is stationary or moving. For m>4, the redundancy in the first
step is less than in (5.7). The model is less stringent and this will affect the model
validation (detection of outliers and slips in the observations) and the capabilities of
resolution of the integer ambiguities.

References concerning the parametrization in terms of ranges are [Melbourne, 1985],
[Euler et al, 1991} and [Goad, 1992]. The above model is studied in [Teunissen, 1996]
and [Jonkman, 1997] in particular with respect to resolution of the ambiguities. Based on
the estimates 141122 ,..,fillz"' , integer least-squares estimates can be computed for the double

: 12007 1
difference ambiguities N3 ,.., Ny, -

The connection between this approach, parametrization in ranges, and the common
parametrization in terms of coordinates is systematically elaborated upon in [Teunissen,
1997a]. The two approaches are linked through a particular form of a phased adjustment.
The second step (6.3) is a consequence of including the geometric constraints. All (m-1)
ranges are then related to the 3 coordinates of the receiving antenna. With m=4 satellites
(one epoch), there is no redundancy in this step.

corrections for atmospheric delays

The atmospheric delays play the major role in limiting the baseline length (to 10 km)
under the current modelling. Accounting for the ionospheric and tropospheric delay may
extend the operational baseline length to several tens of kilometers.

The code and phase observations are corrected a-priori for the ionospheric I and

tropospheric delay T.'. The (non-linear) observation equation for the L1-phase, in terms
of a single difference, reads

(6.4) E{I_’f2-Tls2+Ils2} = P tedtrAp

Linearization of the model yields again (5.5).
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Sample values for the corrections can be provided by an external model or by an Active
GPS Reference System (AGRS) [Marel, 1997]; an AGRS is an active infrastructure for
geodetic GPS users, which on the hardware side primarily consists of a network of
permanent GPS stations. If the corrections are precise and can be considered non-
stochastic, the variance covariance matrix of the observables is left unchanged, see also
[Odijk, 1997] and [Teunissen, 1997b]. The assumptions in section 4.2 correspond in
addition to taking sample values zero.

3.6.2 Differential GPS

The model of observation equations for relative positioning (over short distances, 10 km)
with single frequency code observations from one epoch of data, contains 2m observations
(m satellites are observed by both receivers) and 3+m+1 unknown parameters, namely
the three coordinates x,, the m satellite clock errors cdt (i=1,..,m) and the coyt
differential receiver clock error, see model (4.28) in section 4, but with the carrier phase
ambiguities left out. The rankdeficiency concerning the receiver clock error ¢ is
discussed in appendix B. All code observations at receiver 1 are related to this clock error
and hence all corrections will be. The clock error of the rover d,¢t accounts for this; it is
part of the S-basis.

T
1 1_ Al (-e)" 1
A212 Agz ABI

(6.5) Bl el pe] ,{sz]

. cAot
sef  lser-aer) | s
2

The satellite clock error unknown &t actually represents the satellite (clock error) and
propagation (troposphere and ionosphere) parameters together, cf. (4.25). The effects (on
the coordinates) of position errors of receiver 1 and of the satellites will also be largely
absorbed by these clock error parameters. The model of single difference observation
equations is given by (6.5), cf. (5.5) in section 5.

There are m observations for 4 unknown parameters; the redundancy equals m-4, thus at
least m=4 satellites are needed.

In the above model, the m undifferenced observables pi p{” of receiver 1 have been
left out, together with the m unknown satellite clock errors:

1 -1

Ap, co't
©.6) E| =]
Ap? ' _1) \ed™

We can now see that the m observations of receiver 1, eq. (6.6), are applied as (range)
corrections to the m observations of receiver 2, see eq. (6.5). Next, with model (6.5), the
position coordinates are estimated.
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The conclusion is, that for the above model assumptions, relative positioning with code
observations is in principle identical to straightforward Differential GPS. By DGPS is
meant, code positioning by means of range-corrections, determined at the reference
station and applied at the rover site.

In practice with DGPS, there is a time delay in applying the corrections. It is caused by
generating and transmitting the corrections. As such, relative code positioning can be seen
as a limiting case of Differential GPS (time delay equal zero).

3.7 Summary and concluding remarks

This chapter has dealt with the mathematical modelling aspects of precise GPS positioning
on a local scale. Two receivers simultaneously make observations to m satellites. The
receiver separation is usually limited to about 10 kilometers. The most significant error
sources are multipath, atmospheric delays and orbital errors.

The coordinates of the second receiver are determined with respect to those of the first
one. This determination takes place in the WGS84 coordinate system. The transformation
of the geometric information £,, into a local datum is not considered. In this chapter, the
coordinate vector from rl to r2, the baseline vector, was defined by the geometric
antenna centers of the two receiver antennas. The connection to the survey markers on the
ground and other practical aspects of GPS surveying are deferred to chapter 4.

The adjective ’kinematic’ refers to increased surveying productivity, as compared with
traditional static surveying. As such, a measurement technique is envisaged that is based
on rapid static, but with short site occupation times (by quick recovery of the ambiguities)
and the possibility (not the necessity!) of keeping lock to the satellites by the roving
receiver during transportation to the next site. Although this last aspect enables trajectory
determination, the emphasis of surveying remains on the determination of discrete points.
In conclusion, kinematic GPS surveying stands for efficient precise coordinate determina-
tion on a local scale.

The full mathematical model for the L1-phase observable, for one epoch of the time
varying measurement system has been treated in this chapter. Two equivalent implementa-
tions were given: in section 4 with undifferenced observations and in section 5 with
double difference observations. For this particular application, the latter is thought to be
more appropriate. Equations (5.7) and (5.8) are of the form E{yi} =Ax, ; D{yi} =Qy_, cf.
(1.3) in chapter 2. ‘

As a result a mathematical model for kinematic GPS surveying is available and prepared
for the recursive estimation, discussed in chapter 2. We were concerned with observables
that result from measurements. Dynamic modelling of the time varying parameters in the
measurement system is beyond the scope of this research. These pseudo-observations can
however, be incorporated in the recursive estimation schemes of chapter 2 very easily
(time update). No relation in time is assumed to exist for time varying parameters. In the
model with double difference observations for stationary receivers only constant parame-
ters are involved; in the recursive estimation actually a sequential adjustment is made
upon these parameters. Further implementation aspects of the data processing, estimation
and in particular quality control, are discussed in chapter 4.
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Appendix 3.A Unit direction vector e,

The unit direction vector e, from receiver to satellite is needed in the linearization of the
observation equation. First a few remarks concerning time-relations and the satellite
position are made. Then the procedure for the computation of the unit direction vectore,’
and the computed observation pf,o are treated.

time-relations

Time ¢, is the receiver time tag in the (Rinex) observation file. The time of observation in
GPS time reads z=t,-8,#¢) and is expressed as t=t +Ar-0(). Ar is the offset (in
receiver time) between the time of observation and the computation time: Ar=¢,,.

The time arguments of the geometric range can now be rewritten in

(A1) pit,t-1) = plt.~82() , t,-82(t)-T)
= Pyt +AL-81(1) , t,+At-8,K(1) - T)

The satellite ephemeris will be evaluated at time ¢, (then to be interpreted as a GPS time,
that is close to (#-7)). This evaluation needs to be done only once per satellite per
observation epoch and can then be used for all receivers. The satellite positions (needed
for the observations made by the various receivers) are then computed using a Taylor
expansion. The procedure presented here, completely parallels the one in appendix B of
[Jonge, 1993].

satellite position
For the definition of the reference system World Geodetic System WGS84 the reader is
referred to [Parkinson et al, 1996] and for the current status [Malys et al, 1997].

For a treatment of coordinate systems and orbital motion, see [Seeber, 1993]. The three
fundamental laws of Kepler determine the orbit of an object in space (normal orbital
theory). The orbit is an ellipse with the earth’s center in one of the foci of the ellipse.
The perturbed orbit is represented by an extended set of Keplerian parameters. The
representation by means of Keplerian elements has been chosen for the reason of graceful
degradation in time [Dierendonck et al, 1978].

The satellite position will be computed based on data in the Rinex Navigation file, see
[Gurtner et al, 1990]. The broadcast ephemeris are contained in the records 1-5 of the
Navigation file, see also the Ephemeris Data Definitions in chapter 4 of [Parkinson et al,
1996] and [USCG, 1995].

For the ECEF coordinate system we take the WGS84: the coordinate vector is denoted by
x. The (pseudo)-inertial coordinate system is identical to the WGS84 coordinate system,
but the earth rotation has been switched off. The (constant) earth rotation rate Q g 18
defined in the WGS84 reference system. Both systems coincide at 00:00h Sat/Sun
midnight (begin of GPS week). The system is pseudo-inertial as the motion of the earth
around the sun, together with the precession and nutation are neglected. This system will
be used for the computation of the geometric range. Coordinate vectors are denoted by X.
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If this pseudo-inertial coordinate system would be a true inertial system and if there
would be no perturbing forces, the satellite orbit would be an ellipse and could be
described by the six elementary Keplerian elements:

: mean anomaly at reference time
: argument of perigee

S

a : semi major axis of orbital ellipse
e : eccentricity

Q : longitude of ascending node

i : inclination

M

w

With the satellite ephemeris the satellite position (phase center of satellite antenna array)
is known as function of time. The satellite position can be computed in WGS84 (coordi-
nates obtained are corrected for polar motion): x*; see the procedure in chapter 4 of
[Parkinson et al, 1996]. We will compute the position in the pseudo-inertial system and
also compute the velocity and acceleration of the satellite [Jonge, 1993].

procedure for e, and p;,

The procedure (A.3) has to be carried out in every iteration step, per receiver-satellite
combination. The first part, (A.2) for the satellite position, velocity and acceleration at
time 7., need to be carried out only once per observation epoch (outside the iteration).

We introduced approximate values for the receiver clock error, 8¢, , and for the receiver
position, x,,, so that we have x =x_; +Ax, and 8,¢=6¢ +Ad . The initial approximate
values may result from a single point solution. This solution must certainly be carried out
for the reference receiver, as the clock error of the reference receiver &t is not esti-
mable, section 3.4.4. A good approximate value is necessary, see [Blewitt, 1993]; it is
used to compute the satellite position (A.3).

The approximate time of observation (in GPS time) becomes f, =t +At-3¢, . In the
computation scheme (A.2)-(A.3) the , for approximate value is omitted.

In words, procedure (A.3) consists of the following steps. The receiver position is
transformed to the pseudo-inertial system. R denotes the rotation matrix. The rotation
angle is Q@) =Q st. The satellite position at the appropriate time, is computed using a
second order Taylor expansion. With this position the geometric range is computed (in
the pseudo-inertial frame). A new traveltime 7 results. A new iteration step can be carried
out. After termination of the iteration, the satellite position is computed in the ECEF
system. The unit vector, expressed in the ECEF (WGS84) system, e,s(t,t—'c) for the
design matrix, results. The value for p,, is available after the iteration. Note that the
word iteration here, applies to the recursive procedure for the geometric range in (A.3).

We will spend a few remarks on procedure (A.3). The geometric range is evaluated in the
(pseudo)-inertial system, instead of the ECEF system. The advantage is that the earth
rotation is not involved in the expansion of the satellite position. In chapter 4 of [Parkin-
son et al, 1996] we find: the user shall account for the effects due to earth rotation rate
during the time of signal propagation so as to evaluate the path delay in an inertially
stable coordinate system.
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(A.2) read broadcast ephemeris
X5,
X°@)
X°@)

4
(A3) X,(1) = Re(-Q0) x,(0)
¥

initial guess for 7
'
L L} .
X(t-t) = X°¢) + X°@)(Ar-81@)-1) + X @) (Ar-8,1()-7)’

t ptt-1) = |X*@-7) - X,
py(5E-1)
' T
'

new 7 < stop?
4

x5(1-1) = R Q@) X°¢-1)

4
e5(t 1) - x3(t-t) -x, ()
p(t,1-7)

The maximum values for the derivatives of the satellite position are
1IX°| = 2,6.10' m
IX°l = 4,0.10° m/s
1X%) = 0,6 m/s?

In the iteration (A.3) we define the (improved) traveltime as geometric range divided by
¢. This does not comply with (4.2); the atmospheric and hardware delays are forgotten.
This can be interpreted as starting each iteration (in computing the estimates for the
geometric unknowns) with approximate values equal zero for these unknowns, as is
assumed for (4.8) and (4.9). The effect is of the order 107 s for the traveltime and of the
order 10* m for the geometric range computed using this traveltime (in next iteration). It
largely cancels in relative positioning (as the neglected delays will about, but not exactly
equal for both receivers).

The procedure can be used to compute pf(t,t—r)o for the computed observation as well.
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Alternatives to the procedure presented, method 5 of appendix B in [Jonge, 1993], are,
iterative computation of the satellite position by repeated use of the standard procedure in
[Parkinson et al, 1996], and iteration upon the -geometric range with a Taylor expansion
of the range itself (derivatives of pf have to be computed).

Appendix 3.B Analysis on estimability

The mathematical model developed in section 3.4.2 is rankdeficient. The full set of
parameters in the vector of unknowns can not be estimated, cf. section 1.2 of chapter 1.
In order to allow a proper implementation of the estimation, we will apply reparametri-
zations on the unknowns and remove the rankdeficiencies. We consider five measurement
scenarios:

C1: code, single frequency

L1: phase, single frequency

L1&L2: phase, dual frequency

C1+L1: phase and code, single frequency
L1&1L2+C1&P2: phase and code, dual frequency

The discussion is based on the linearized observation equations, see (4.21) to (4.24) for
the L1-phase observable; the A -symbols for the observations and unknowns are however
omitted in this appendix. We start by analysing the set up with both receivers stationary,
thus x, consists of three constant parameters. The set up with the rover in motion is
briefly treated at the end of this appendix. Pseudo-observables (from a dynamic model)
are left out of consideration.

From equation (4.1) it can be seen that hardware delays, clock errors and atmospheric
delays are introduced for every epoch, see also (4.25). We assume to have k epochs of
data. In the overviews index i runs from i=1,..,k by default and index j from j=1,..,m.
The part that is underlined in the estimable functions represents (parts of) the chosen S-
basis. By P; we mean the vector of L1-phase observations made by receiver rl to all m
satellites.

C1: code, single frequency

observations per epoch: p’, py total: 2mk
constant unknowns: x, total: 3
time-variant unknowns: ¢d,z, cd,t and cd't total: (m+2)k

rankdeficiency: &

S-basis:  cdt;= 0 )

estimable functions: x, geometric unknowns (3)
cdyt, -t diff. receiver clock error (k)
cd't,-coyt, satellite clock error (mk)

redundancy: k(m-1)-3 k=1-> mz24
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L1: phase, single frequency

observations per epoch: P, P, total: 2mk
constant unknowns: x,, A; and A, total: 34+2m
time-variant unknowns: ¢8,¢, ¢6,t and c8% total: (m+2)k

rankdeficiency: k+m+1

S-basis:  ¢d,1,= 0 (k)
A4{=0 (m)
A= 0 n
estimable functions: x, geometric unknowns (3)
cdyt;-cd 1, +ézl —4{ diff. receiver clock error (k)
cdt-cd it - _11 satellite clock error (mk)
Aj-A7-A]+a] double difference ambiguities (m-1), (with j=2,..,m)
redundancy: k(m-1)-m-2 k=1 -> not solvable
k=2-> m24

L1&L2: phase, dual frequency

observations per epoch: P, P{, P; and P; total: dmk
constant unknowns: x,, 4;, A;, A and A; total: 3+4m
time-variant unknowns: ¢d,z, cglt, cd,t, cgzt, ¢8% and cb't total: 2(m+2)k

rankdeficiency: 2(k+m+1)

S-basis:  ¢8,4,= 0 k)
B, 0 *)
Al=0 (m)
Al=0 (m)
A= 0 (1)
A= 0 n
estimable functions: x, geometric unknowns (3)
cdyt,-cd it +421 -4{ diff. receiver clock error (k)
cgzt,. —é&. +A4} -,E,l_ diff. receiver clock error (k)
et -cbd 2 -A] satellite clock error (mk)
cgit,. -é,_t‘. —ﬂ satellite clock error (mk)
Al-4; -Al+a} double difference ambiguities (m-1), (with j=2,..,m)
X{ -4_; -/ﬂ +1_4:'_ double difference ambiguities (m-1), (with j=2,..,m)

redundancy: 2k(m-1)-2m-1 k=1 -> not solvable

k=2-> mz4 same geometry is involved for L1 and L2; an additional

rankdefect shows up in case m=3
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C1+L1: phase and code, single frequency

observations per epoch: P, p;, P, and p,

constant unknowns: x,, 4, and A,

time-variant unknowns: c8,z, co;t, cd,t, cd,t, c&’t and 't
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4mk
3+2m
2(m+2)k

rankdeficiency: 2k+m+1

S-basis: ¢85, = 0
co,= 0
Al=0

A= 0

estimable functions:

redundancy: 2k(m-1)-m-2

k)
(]
(m)
[9)]

X2
1 1
cd,t,-cd t,+A; -A)

cO,t; - oy,

c¥t-cd it -Al

cdt; - cdyt,

Aj-Ay -Al 4]
k=1-> m:4

geometric unknowns (3)

diff.
diff,

receiver clock error (k)

receiver clock error (k)

satellite clock error (mk)

satellite clock error (mk)

double difference ambiguities (m-1), (with j=2,..,m)

L1&L2+C1&P2: phase and code, dual frequency

observations per epoch: P, P., p, bi, P, P;. p; and p;

constant unknowns: x,, A, A, A, and A;

8mk
3+4m

time-variant unknowns: ¢b,t, cglt, co,t, célt, cd,t, cgzt, cd,t, c:?zt, 8%, L‘S’t, ¢t and ¢3't total: 4(m+2)k

rankdeficiency: 4k+2m+2

S-basis:  ¢d;,= 0
cglti= 0
cot,;= 0
céltié 0
Al=0
Al-0
A -0
XZ’ =0

estimable functions:

redundancy: 4k(m-1)-2m-1

(9]
k)
(k)
k)
(m)
(m)
8Y)
(1)

Xy

byt —ch t,+Ar -A]
om0+ A —A)
e Y " 71

cdyt;-cd 1, +4, -A

cd,t, - cdt,
GBg,-cait
cdt-cdt —1{
cg't,.—cglt.—ﬂ
Cati‘ﬁ‘i&
cdt,-ct
Al-Al-a] A}
T/ 2l i3t
Ay-A, ~A A
k=1-> mz4

geometric unknowns (3)

diff.
diff.
diff.
diff.

receiver clock error (k)
receiver clock error (k)
receiver clock error (k)

receiver clock error (k)

satellite clock error (mk)

satellite clock error (mk)

satellite clock error (mk)

satellite clock error (mk)

double difference ambiguities {m-1), (with j=2,...m)

double difference ambiguities (m-1). (with j=2,...m)

same geometry is involved for L1 and L2: an additional

rankdefect shows up in case m=3
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We have discussed the estimability of five measurement scenarios in relative GPS
surveying. In order to remove the rankdeficiencies in the mathematical models, we have
constructed S-bases, thereby aiming at bases that can be given some practical interpreta-
tion. Other S-bases are possible as well.

For all scenarios it holds true that the clock error (per epoch) of the reference receiver
can not be (separately) estimated, see also [Blewitt, 1993]: only relative clock behaviour
(between receivers) is estimable. Carrier phase ambiguities of the reference receiver are
not estimable, neither are those of the second receiver to the first satellite.

If one receiver makes a certain type of observation to a satellite and the other receiver
does not, the observations are free observations: they can be left out from the data
processing. Only the overlapping part in the data needs to be considered: with the data of
one receiver, under current S-bases, one can estimate the satellite clock errors, for each
observation type, for the particular epochs.

With (single or dual frequency) phase data, at least two epochs of data are required
(k=2). As soon as also code data are available, one epoch suffices (k=1). In all five
scenarios less satellites (m<4) may suffice when more epochs of data are available. The
absolute bottom is m=2.

With both receivers stationary, we have 3 geometric unknowns for the whole survey. If
receiver r2 is moving, we have 3 geometric unknowns per epoch. The redundancy for the
five measurement scenarios is given below:

C1: code, single frequency

observations: 2mk
unknowns: 3k+(m+ 1k
redundancy: k(m-4) k=1-> mzx4

L1: phase, single frequency

observations: 2mk
unknowns: 3k+(m+k+(m-1)
redundancy: k(m-4)-(m-1) k=2-> m27

L1&L2: phase, dual frequency

observations: 4mk
unknowns: 3k+2k(m+1)+2(m-1)
redundancy: 2mk-5k-2(m-1) k=2-> m27

same geometry is involved for L1 and L2; an additional
rankdefect shows up in case m=4,5.6

L1+Cl: phase and code, single frequency:

observations: 4mk
unknowns: 3k+2k(m+ D+ (m-1)
redundancy: 2mk-5k-(m-1) k=1-> m24

L1&L2+C1&P2: phase and code, dual frequency

observations: 8mk
unknowns: 3k+4k(m+1)+2(m-1)
redundancy: 4mk-Tk-2(m-1) k=1-> m:4

same geometry is involved for L1 and L2; an additional
rankdefect shows up in case m=3
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In brief, the rule for a moving receiver r2 reads that with code observations at least 4
satellites are required and at least 7 satellites when only phase observations are available.
With only phase data, single or dual frequency, at least two epochs of data are needed
(k=2). When code data are available, one epoch suffices (k=1). Less than 4 satellites is
not possible, even when more epochs of data are available.
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