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Abstract Optical microscopy is an invaluable tool to visualize biological processes
at the cellular scale. In the recent past, there has been significant interest in
studying these processes at the single molecule level. An important question that
arises in single molecule experiments concerns the estimation of the distance of
separation between two closely spaced molecules. Presently, there exists different
experimental approaches to estimate the distance between two single molecules.
However, it is not clear as to which of these approaches provides the best ac-
curacy for estimating the distance. Here, we address this problem rigorously by
using tools of statistical estimation theory. We derive formulations of the Fisher
information matrix for the underlying estimation problem of determining the dis-
tance of separation from the acquired data for the different approaches. Through
the Cramer-Rao inequality, we derive a lower bound to the accuracy with which
the distance of separation can be estimated. We show through Monte-Carlo sim-
ulations that the bound can be attained by the maximum likelihood estimator.
Our analysis shows that the distance estimation problem is in fact related to the
localization accuracy problem, the latter being a distinct problem that deals with
how accurately the location of an object can be determined. We have carried out a
detailed investigation of the relationship between the Fisher information matrices
of the two problems for the different experimental approaches considered here.
The paper also addresses the issue of a singular Fisher information matrix, which
presents a significant complication when calculating the Cramer-Rao lower bound.
Here, we show how experimental design can overcome the singularity. Throughout
the paper, we illustrate our results by considering a specific image profile that
describe the image of a single molecule.
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1 Introduction

The study of biomolecular interactions that occur within a cell is fundamental
to all areas of basic biomedical research. The optical microscope is one of the
most preferred tools to study biomolecular interactions, as it enables the direct
visualization of these processes in real time. For instance, several technological
advances in the past decade have made it possible to image individual biomolecules
with an optical microscope even in live biological cells (Moerner (2007); Ober et al
(2004a)). In many concrete applications, it is important to know the distance of
separation between the biomolecules, as this has significant biological implications.
The resolution limit of the optical microscope plays a crucial role in determining
the ability to measure the distance of separation between biomolecules. Classical
resolution criteria such as Rayleigh’s criterion, although extensively used, are well
known to be based on heuristic notions that render them inadequate for present day
microscopy systems. Therefore quantifying the resolution limit is a very important
problem with significant implications on the nature and type of studies that can
be carried out with an optical microscope.

Current experimental approaches to studying single molecule interactions can
be broadly classified into two categories. In one set of approaches, which we refer to
as the simultaneous detection approach (Figure 1A), photon emission from the point
sources occurs simultaneously during image acquisition and hence the acquired
images contain signal from both point sources (Santos and Young (2000); Ram
et al (2006a); Chao et al (2009a,b)). In the other set of approaches, which we
refer to as the separate detection approach (Figure 1C), photon emission from the
point sources are temporally separated (e.g. stochastic photoactivation (Betzig
et al (2006); Rust et al (2006); Hess et al (2006)) and blinking (Lidke et al (2005);
Lagerholm et al (2006))). Hence the acquired images typically contain signal from
only one of the point sources. For both types of approaches, the analysis of the
acquired data is carried out using a parameter estimation framework. For example,
in the case of the simultaneous detection approach the distance between the point
sources is determined by fitting a pair of suitably parameterized image profiles to
the acquired data. In the case of the separation detection approach, the analysis
involves independently localizing the point sources and then deducing the distance.
It has been reported that both approaches are capable of accurately measuring
nanometer scale distances, well below the classical resolution criteria. However, an
important question arises as to what are the fundamental performance limits of
the two experimental approaches to measure the distance of separation.

In this paper, we use the tools of statistical signal processing to investigate this
question in a rigorous manner. We formulate the resolution problem as a parameter
estimation problem of determining the distance between two closely spaced point
sources. The issue of resolvability of the two point sources then becomes a question
of how accurately the distance can be estimated, i.e., how large is the standard
deviation of the distance estimator. In this context, it is important to know what is
the lowest possible standard deviation with which the distance can be estimated,
as this can be used as a benchmark for the resolvability of the point sources. For
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this, we make use of the Cramer-Rao inequality (Rao (1965)) which, through the
inverse Fisher information matrix, provides a lower bound to the variance of any
unbiased estimator of an unknown parameter. Thus, in the present context we
interpret the Cramer-Rao lower bound of the distance parameter as a measure of
resolvability of the two point sources.

Here, we derive formulations of the Fisher information matrix for the parameter
estimation problem that underlies the data analysis for the two approaches. Our
analysis shows that the Fisher information matrices for the two techniques exhibit
very distinct behaviors. For instance, in the simultaneous detection approach the
Fisher information matrix depends on the distance of separation between the point
sources. In contrast, for the separate detection approach the Fisher information
matrix is independent of the distance of separation. As we will see, the distance de-
pendence of the Fisher information matrix has several implications. In particular,
for the simultaneous detection approach the Fisher information matrix becomes
singular when the distance goes to zero assuming that the two point sources have
identical image profiles and photon detection rates, which is typically the case in
most imaging applications. An immediate implication is that for very small dis-
tances, the Cramer-Rao lower bound of the distance will be numerically very large,
thereby predicting poor resolvability of the point sources. On the other hand, the
Fisher information matrix for the separate detection approach is invertible for all
values of the distance including when the distance is equal to zero.
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Fig. 1 Different experimental approaches to determine the distance of separation between
two identical point sources. Panel A illustrates the simultaneous detection approach in which
photon emission from both point sources occurs during image acquisition. In this approach, the
data consists of a single image that contains signal from both point sources. Panel B illustrates
the special case of the simultaneous detection approach, where the image of one of the point
sources is additionally available. Here, the data consists of a pair of images where one of the
images contains signal from only one point source, whereas the other image contains signal
from both point sources. Panel C illustrates the separate detection approach, where photon
emission from the point sources are temporally separated. Here, the data consists of a pair of
images, where each image contains signal from either of the point sources.

Another problem that is of significance in the present context is the localization
accuracy problem, which deals with how accurately the location of an object can
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be determined (Wong et al (2011); Ram et al (2006b); Ober et al (2004b); Rohr
(2007)). For the separate detection approach, the localization accuracy problem
naturally arises as part of the data analysis procedure. For the simultaneous de-
tection approach, the localization accuracy problem arises as a special case where
in some applications the image of one of the point sources is additionally available
(e.g. photobleaching (Ram et al (2006a); Gordon et al (2004); Qu et al (2004)),
which, in turn, can be used as a priori information (Figure 1B). Here, we investigate
the relationship between the Fisher information matrix of the two approaches and
that of the localization accuracy problem. Our analysis shows that for the separate
detection approach, the expression for the Fisher information matrix is equivalent
to that of the localization accuracy problem, whereas for the simultaneous detec-
tion approach the equivalence is attained only when the distance of separation
between the point sources becomes very large (i.e., d — oo). In this context, we
also investigate the singularity of the Fisher information matrix for the simultane-
ous detection approach. In particular we show that the singularity can be removed
when the location coordinates of one of the point sources is known a priori.

Previously, we have examined the distance estimation problem for optical mi-
croscopes, where we derived analytical expressions for the Fisher information ma-
trix. In Ram et al (2006a), we investigated the 2D imaging scenario for the simul-
taneous detection approach, where the point sources were assumed to be located
on the z axis of the plane of focus in the object space. In Chao et al (2009a,b),
we considered the 3D imaging scenario for the simultaneous detection approach,
where the point sources were assumed to be located anywhere in the object space.
In Chao et al (2009c), we reported numerical calculations of the Cramer-Rao lower
bound for the two detection approaches considered here. In the present work, we
rigorously analyze the relationship between the Fisher information matrices of the
two experimental approaches considered here and that of the localization accuracy
problem.

In the past, other groups have investigated the distance estimation problem
by adopting a simplified data model, where the acquired data is described as a
deterministic signal corrupted by additive noise (Helstrom (1964); Smith (2005);
Shahram and Milanfar (2004)). Because photon/light emission from a point source
is inherently a random phenomenon (Young (1996)), it is important to take into ac-
count the stochastic nature of the signal (i.e., the photon statistics) from the point
sources especially when dealing with photon-limited imaging systems (O’Sullivan
et al (1998)). In our (prior and current) work, we have adopted a stochastic frame-
work and model the acquired data as a spatio-temporal random process (marked
Poisson process). In this way we explicitly take into account the photon statistics.
Thus our results and analyses presented in this paper provide a broad framework
to investigate the resolution limits for a wide variety of low light level imaging
applications.

The paper is organized as follows. In Section 3, we derive general expressions
of the Fisher information matrix for the estimation problem that underlies the
simultaneous detection approach. We also derive the Fisher information matrix for
a concrete scenario in optical microscopy where the image of an object is considered
to be spatially invariant. In Section 4, we discuss the relationship between the
Fisher information matrix for the simultaneous detection approach and that of
the localization accuracy problem. In Section 5, we consider a special case of the
simultaneous detection approach, where we assume that the location coordinates
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of one of the point sources is known and derive the Fisher information matrix. As
we will see, the analysis of this special case provides important insights into the
relationship between the two approaches considered here. In Section 6, we derive
the Fisher information matrix for the separate detection approach. Finally, in
Section 7 we validate our results by demonstrating that the maximum likelihood
estimator of the distance attains the Cramer-Rao lower bound for the different
experimental approaches considered here. Throughout the paper, we illustrate our
results with examples relevant to single molecule microscopy.

2 Stochastic framework

We assume an acquired image to consist of the time points and the spatial coordi-
nates of the detected photons and model it as a spatio-temporal random process.
We refer to this process as the image detection process G (see Ram et al (2006b) for
details). The parameter space © is assumed to be an open subset of R" and the
detector that is used to capture the photons is denoted as C, where C C R? is open.
The temporal part of G is modeled as an inhomogeneous Poisson process with in-
tensity Ag called the photon detection rate and the spatial part of G is modeled
as a sequence of mutually independent random variables with densities {fy ;}r>¢,
called the photon distribution profile. It is assumed that the spatial and temporal
components are mutually independent of each other and that fy , satisfies the reg-
ularity conditions necessary for the calculation of the Fisher information matrix
(Ram et al (2006b); Kay (1993)).

The general expression of the Fisher information matrix for the image detection
process G is given by (Ram et al (2006b))

o 1 0[Ag(7) o, (NN 0[46(7) fo,-(r)]
1(9)‘/t0/cAe(r>fe,T(r>< ) drdr, 6€6, (1)

00 00

where [to,t] denotes the time interval during which the data is acquired and the
integration variable r denotes the 2D Cartesian coordinates (x,y). In the above
equation, no specific assumptions have been made regarding the functional form of
Jo,r or Ag. Therefore, the above expression of I(6) is applicable to a wide variety of
imaging conditions, such as coherent/incoherent/partially-coherent light sources,
polarized illumination and detection, etc. We note that the above equation is
applicable to both stationary and moving objects, since we allow the density fq -,
which describes the image profile of the object, to vary in time.

In order to quantify and compare the performance of the various experimental
approaches considered in this paper, we make use of the Cramer-Rao inequality
(Rao (1965)), which states that for any unbiased estimator 8 of a n x 1 vector
parameter 6, Cov(d) > I71(6), 6 € ©, where I(f) denotes the Fisher information
matrix and it is assumed that the inverse exists. From this inequality, it immedi-
ately follows that the i*” leading diagonal entry of the inverse Fisher information
matrix ( [I"1(6)]s;) provides a lower bound to the variance of the estimates of the
it" component of the parameter vector (6;), i = 1,...,n.

Throughout the paper, we adopt a parameterization in which the location
of the two point sources are specified in terms of their Cartesian coordinates,
i.e., (zo1,y01) and (zo2,y02). Hence the expressions for the Fisher information
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matrix will be given in terms of this parameterization. As we will see in subsequent
sections, this parameterization not only simplifies the derivation of the Fisher
information matrix for the different experimental approaches considered here, but
it also helps in the analysis of the relationship between the distance estimation
problem and the localization accuracy problem. To derive the Cramer-Rao lower
bound for the distance parameter d, we require the analytical expression for the
(inverse) Fisher information matrix of d. For this, we make use of the following
coordinate transformation formula (Kay (1993))

o= (2) 0 (L) acp. 2

where 6 = (x01, Y01, 202, Y02 ), 1_1(9) denotes the inverse Fisher information matrix
corresponding to 6, and

—(xo2 — zo1)
(@)T _ 1| —(yo2 —yo1) hco
90) T d| (woz—z01) |’ '
(y02 —y01)

3 Fisher information matrix for the simultaneous detection approach

In the simultaneous detection approach, the acquired image is assumed to contain
the signal from both objects. Hence the photon detection rate Ay and the photon
distribution profile fg ; can be written as

Ag(T) = Ag 1 (T) + Ago(7), 0€6, T2>to, (3)

for(r) =eg1(T)for1(r) +e92(T)fo,r2(r), r=(x,y)€C, 0€6, T2>to, (4)
where C denotes the detector, Ag 1, Ag 2 and fy -1, fo 2 denote the photon de-
tection rates and the photon distribution profiles of the two objects, respectively,
and e ;(7) := Ag i (7)/(Ag1 (1) + Ag 2(7)), 0 €O, T > t0, i =1,2.

The results in this section are divided into two parts. In Section 3.1, we first
derive general expressions of the Fisher information matrix for the simultaneous
detection approach (Theorem 1). Here, we make no assumptions regarding the
specific functional form of the photon detection rates Ag ; or the photon distribu-
tion profiles fy r;, i = 1,2. Hence these results provide a general framework that
is applicable to a wide variety of imaging scenarios.

In Section 3.2, we consider a concrete scenario (spatially invariant case) in
optical microscopy where we assume a specific functional form for the photon dis-
tribution profiles fy - ;, i = 1,2, which are expressed as a scaled and shifted version
of the image of the objects. We then derive the Fisher information matrix for this
functional form of fp - ;, i = 1,2 (Theorem 2). As will be shown, the resulting
Fisher information matrix can be expressed as a product decomposition of the
form DCDT, where D is an orthogonal matrix and C is a positive semidefinite
matrix. Under weak assumptions of spatial symmetry for the image of the ob-
jects (which are typically satisfied in most situations), the product decomposition
greatly simplifies the calculation of the Fisher information matrix and also facili-
tates the derivation of an analytical expression for the inverse Fisher information
matrix (Corollary 1).
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3.1 General expression of the Fisher information matrix

In many imaging applications, the unknown parameter vector # can be expressed
as§ = (07,0,), where 65 denotes the spatial component and 6 4 denotes the temporal
component. The spatial component 0 typically consists of parameters that specify
the location of one or more objects and the temporal component 0,4 consists of
parameters that specify the photon detection rates of the objects.

In the following theorem, we express the Fisher information matrix as a 2 x 2
block matrix. The terms in the leading diagonal (i.e., Sy, and Ty, ) correspond to
the Fisher information matrix of the spatial 6 and temporal § 4 components while
the terms in the off-diagonal (i.e., Ry, and RL, ) correspond to the coupling
between the spatial and temporal components. We derive expressions for three
practical scenarios. In the first scenario, we derive a general expression for the
Fisher information matrix. In the second scenario, we consider the case where
the photon detection rates are related to one another by a known scalar function
B, ie., B(1)Ap1(T) = Aga(r) for 7 > to and 0 € O, where §(r) > 0. In some
applications, the photon detection rates of the objects are assumed to be the same,
ie., Ag1(7) = Ag2(7), T > to. We note that this condition is a special case of the
second scenario considered here with 3(7) = 1, 7 > t¢. For this scenario we show
that the Fisher information matrix becomes block diagonal, which implies that
the spatial 8¢ and temporal 6, components become decoupled. We note that this
decoupling simplifies the subsequent analysis of the Fisher information matrix. In
the third scenario, we assume that the photon distribution profiles of the objects
are equal, i.e., for1(r) = fo,r2(r) for r € C, & € © and 7 > to. This scenario
arises in many applications, where the image profiles of the objects are assumed
to be identical. For this scenario also we show that the Fisher information matrix
becomes block diagonal.

Theorem 1 Let © C R". For 6 := (05,04) € O, let G(Ag,{fo,7 }r>t,,C) be an image
detection process, where Ag and fg r are defined in egs. 3 and 4, respectively. Assume
that for 0 € ©, 7 > tg and i = 1,2,

A1 (0fg,7i(r)/004) =0, 17 €C,

A2 (0Ag ;(7)/005) = 0.

1. Then the Fisher information matriz of G corresponding to the acquisition time in-
terval [to,t] for the simultaneous detection approach is given by

Isim (9) = s 0 e 9,
Riim (6) Tsim (6)

sunt®) = | [ 345 (Y)Yl
Reim (6) : /t / 297(7) (3f997f( ))Tafgg/fr)drdr, (6)

ot fang(n)\ T 044(1)
Tsim(9) := /to Ae(ﬂ( 32/1 ) 3(;A ar

where for 0 € O,
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t T
Ag(7) <3f97(r)) dfgr(r)
+/ / y : drdr. 7
w e Tor) \To0, ) o0, @)
2. For 3(t) > 0, T > to, assume, in addition to A1l and A2, that
A3 5(7')/19,1(7') = Ae,z(T), T>to and 6 € O.

Then the Fisher information matriz of G corresponding to the acquisition time interval
[to, t] for the simultaneous detection approach is given by

Sam(®) 0
Iszm(o) = [ :| s 0 e @7

0 Tum(0)

where for 6 € O,

WY Ag.(7) Nfo.ra(r) + BT o2\
Ssim (60) = /tg /c fo,r,1(r) +B(7)fo 7 2(r) < a0y )

8[f977.71(7") + ﬂ(T)fH;nQ(T)]
el
t 14 8(r) <aA9,1(7))T dg 1 (7)
to Ao,1(7) 06 4 904
3. For 0 € © and T > tg, assume, in addition to A1 and A2, that

A4 fG,T,l(T) = f9,7,2(7‘) fO’I‘ recC.
Then the Fisher information matriz of G corresponding to the acquisition time interval
[to, t] for the simultaneous detection approach is given by

Ssim(0) 0
Iszm(o) = [ ] s 0 e @7

0  Tem(9)

drdr,

dr.

Tmm(e) =

where for 0 € O,

o L (0fora()\" 0f.ralr)
Ssim (0) :== /to Ae(T)dT/C fora(r) < 00y > 90y "

_ b (aA9(7)>T 9y(7)
Tgim(0) := dr.
(©) v Ag(r) \ 064 20,
Proof See Section A.1 in Appendix for proof. O

In many applications it is important to know whether the Fisher information
matrix I(9) is (block) diagonal. For instance, it is well known that under certain
conditions the maximum likelihood estimator of a vector parameter 6 is asymptot-
ically Gaussian distributed with mean 6 and covariance I~'(0) (see Van des Bos
(2007)). From the above Theorem, we see that if the photon detection rates can be
expressed as a scalar function of one another or if the photon distribution profiles
are identical, then I(#) becomes block diagonal. This implies that the maximum
likelihood estimates of the spatial (6;) and temporal (6,4) components of the un-
known vector parameter 6 are asymptotically independent. Moreover, if an efficient
estimator of 6 exists (i.e., an estimator whose covariance matrix is equal to I~1(9),
6 € ©), then the estimates of §; and 6, are uncorrelated. Another implication of
block diagonality is that the Cramer-Rao lower bound of the spatial component 6
is independent of the number of unknown parameters in the temporal component
64, and vice versa.
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Remark 1 In result 2 of Theorem 1, we showed that the Fisher information matrix
Lsim () is block diagonal if 3(7)Ag 1(7) = Ago(7) for 7 > to and § € O, where
B(t) >0, 7 > to, is a known scalar function. We note that I;,,(60) will be block
diagonal when Ag 1(7) = B(7)Ag 2(7), T > to and 6 € O for 5(1) >0, T > to.

3.2 Fisher information matrix for the spatially invariant case

We next investigate a concrete scenario in optical microscopy where the image
of the objects is spatially invariant, and we derive the Fisher information ma-
trix for the simultaneous detection approach. Here, we introduce a specific pa-
rameterization of the spatial component 6 of the parameter vector 6 given by
Gf = 0c = (xol,yol,x027y02) S Qc, where (I()l,yol) and (x027y02) denote the
Cartesian coordinates of the two objects, and ©. is the parameter space that is an
open subset of R*. We consider the infinitely large detector C = R?. For any given
imaging condition, this infinite detector provides the best case scenario, where all
the photons that reach the detector plane are detected.

In many microscopy applications, the image of an object can be considered to
be invariant with respect to shifts in the object location (Young (1996)). In the
present context, the photon distribution profile fy, - ;, i = 1,2, can be expressed
as a scaled and shifted version of the image of the object and is given by

1 T
f9c77’7i(7‘) = WQZ (M — Z0i, % - in) , = (I7y) € R27 (8)

where 0. € O¢, T > to, i = 1,2, M denotes the total lateral magnification of the
optical system, and ¢; denotes the image function of the i'” object, i = 1,2. An
image function ¢ is defined as the image of an object at unit magnification when
the object is located at the origin of the coordinate axes. By definition, fg_ ;;,
i = 1,2, is assumed to satisfy the regularity conditions that are necessary for
the calculation of the Fisher information matrix. Hence we impose appropriate
conditions on the image functions, which are given in Definition 6 (see Appendix).

In many imaging experiments, the temporal component 6, of the vector pa-
rameter 6 is either assumed to be known or the photon detection rates are unknown
but assumed to be equal (A 1(7) = Ag 2(7), T > to). In the former case, the Fisher
information matrix of the simultaneous detection approach Iy, (0) trivially re-
duces to that of the spatial component 6 i.e., Iy (0) = Seim(6), 6 € 6. In the
latter case, the Fisher information matrices of the spatial and temporal compo-
nents are decoupled as shown in Result 2 of Theorem 1. Therefore in this section,
we focus our analysis on the Fisher information matrix for the spatial component
.

Without loss of generality, we assume that the photon detection rates of the
objects are known, and hence we have

Ag (1) = Mi(7) + A2(7), T2=t0, 0c€ O, (9)

where A; and As denote the photon detection rates of the two objects. Further,
the photon distribution profile fg ; is given by

Joor(r) = e1(r) fo.r1(r) + 2(T) fo.,72(r), T ER? 0o €6, T>t0. (10)
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where ¢;(7) = A;(7)/(A1(7) + A2(7)), and fy, ;; is given by eq. 8 for i = 1,2, 7 > 1o
and 0. € Oc.

In the next Theorem we derive an analytical expression of the Fisher informa-
tion matrix for the spatial component 6. pertaining to the specific parameterization
of the photon detection rate Ag, and the photon distribution profile fg_ . given
in egs. 9 and 10, respectively. Here, we express the Fisher information matrix
Ssim(0c) as a 2 x 2 block matrix. As we shall see in Section 4, this expression
will be used to analyze its relationship with the Fisher information matrix for
the localization accuracy problem. We also derive a product decomposition for
Ssim(0c). This decomposition simplifies the calculation of the inverse of Sy, (6c)
and enables us to obtain an analytical expression for the same (Corollary 1).

Theorem 2 Let O, C R*. For6. = (@o1,yo1, zo2, yo2) € Oc, let G(Ag_, {fo..7 }r>t0-C)
be an image detection process, where Ag and fg » are given by eqs. eqs. 9 and 10, re-
spectively.

1. For ¢ € O¢, the Fisher information matriz of the spatial component corresponding
to the acquisition time interval [to,t] for the simultaneous detection approach is given

by
. KU(GC) KIQ(GC)
Ssim(0c) = (ng((?c) K22(9c)> ' o

where for Oc € O¢ and i,j = 1,2,

K(H)—// Ai(1)A;(7) %
c) =
“ to JR? A1 (T)q1(z — zo1,y — yo1) + A2(7)g2(z — z02,y — Yo2)
BQi(wfﬂgm,y*ym) qu(wfagmyfyoj) BQi(wfwaoi,y*ym) 8‘1j($*w80j1y*y0j)
x x T Y
8q: (x—x0i,Yy—Yo0i) 04 (T—T05,Y—Yo0;) 0qi(x—T0i,y—Y0:i) 095 (T—T0j,Yy—Yo;) dxdydr.
Dy Iz Jy 0y
(12)

2. Let d = \/(z02 — 01)2 + (Y02 — y01)2 and define 62 = {(zo1,Y01,T02,Y02) |
(201,901) = (02, y02)}. Then for O € O\OY, the Fisher information matriz S gim (0c)
given in result 1 of this Theorem can be written as

Ssim (06) = D(OC)C(OC)DT(OC)7
where for 0. € 96\92

D(0.) = <]5(9c) 0 ) 7 B(0.) = é (3602 —zo1 —(yo2 —y01)> L (13)

0 D(6) Yo2 — Yo1 T2 — Zo1

ciog = (S 200 "

. Ai(7)45(7)
Zj 96 ' /tg/]R Al Q1($+ 27y) 2(7)q2(m_27y)><

<(1m(2j y)q]x(w Y) qm(ﬂﬂ y)qjy( y)) dedydr, 0§ —=1.2 (15)
012 (2, 9) ;.4 (2,) @ (2,9)d;, (2, ) C ”
with

o +4, .
ql(%<2 y)7 1= 17 (l‘,y) c R27

Cd ¢ €{x,y}. (16)
%Czﬁu)v 1= 27 (:I"’y) € R27

QLC(:I"? y) =
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3. Assume that q1 and gz are symmetric along the y axis with respect to y = 0, i.e.,
qi(z,y) = ¢(z,—vy), (z,y) € R? and i = 1,2. Then for 0. € 0:\02 and i = 1,2,
Ci;(0c) is given by

oy [ A;(1)A;(7)
G = | fo e T+ baaE—1Ly)
Gi.0 (¥, 9)0; 2 (2,9) 0 wdudr
< 0 q;,y(ﬂc,y)q},y(ay)> drdyr (o

Proof Substituting for fy, , and Ag_ in the expression for I;;(6) given by eq. 5
(see result 1 of Theorem 1) and using Lemma 2, we obtain result 1. For proof of
results 2 and 3, please see Section A.2 in Appendix.
O

In result 1 of the above Theorem, we obtained a block matrix representation
of the Fisher information matrix Sg;;, (6c). The leading diagonal terms correspond
to the individual contributions from the two objects and the off-diagonal terms
correspond to the coupling between the two objects. As we will show in the next
Section, the coupling plays an important role in the analysis of the relationship
between the Fisher information matrix for the simultaneous detection approach
and that for the localization accuracy problem.

The product decomposition D(6.)C(0:)DT (6c) of Sgim(6c) that we obtained
in result 2 of the above Theorem has an interesting structure. The matrix C(6.)
is a special case of Sy, (0c) where the y coordinates of the two objects are as-
sumed to be the same, i.e., yo2 = yo1, and the z coordinates of the two ob-
jects are equidistant from the origin. Note that the matrix D(6.) is orthogonal
(i.e.,D71(6.) = DT (6.)). It should be pointed out that the product decomposition
holds only when (xo1,y01) # (z02,v02), i.e., when the distance d is not equal to
zero, since at (xo1,y01) = (zo2,y02) the matrix D(6.) is not defined. An implica-
tion of this product decomposition is that for a given 05 = (z§1, Y51, 02, Y52) such
that (z31,951) # (zd2,y52), the Fisher information matrix for 65 can be obtained
by first computing the Fisher information matrix for (—g, 0, %l, 0) and then pre-
and post-multiplying it with D(63) and DT (6), respectively, where d denotes the
distance between the two objects. In many practical situations, the image of the
objects is symmetric along the y (and the x) axis. As shown in result 3 of Theorem
2, when this condition is satisfied, several entries of the matrix C(6.) become zero,
which in turn simplifies the calculation of C(.).

Remark 2 Consider the scenario when the distance between the two objects is
zero, i.e. o1 = wo2 and yo1 = yoz2. For this scenario, the Fisher information matrix
Ssim(0c) given in result 1 of Theorem 2 is singular, if the photon detection rates
and the image functions of the two objects are identical, i.e., A1 = A3 and q1 = ¢2
(also see Section 4.1). However, for distinct photon detection rates and image
functions, Sgm (0c) will, in general, be invertible even when the distance between
the objects is zero.

In the following Corollary, we make use of the product decomposition of the
Fisher information matrix Sg;,(6c) and the orthogonality of D(6.) to obtain an
analytical expression for the inverse of Sy, (6:) when the distance d between the
objects is non-zero.
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Corollary 1 Define 09 ={(z01,y01,%02,902) | (zo1,901) = (z02,y02)}. For 0. €
O:\OY, let Syim (0c) be given by result 2 of Theorem 2, D(0.) be given by eq. 13 and
Cij(0c), i = 1,2, be given by eq. 17. Assume that g1 and q2 are symmetric along the
y axis with respect to y = 0, i.e., qi(z,y) = qi(z,—y), (z,y) € R?, i = 1,2. Then for
0. € @c\@g, we have

S1im (0c) = D(6c)H(0:)D” (0c),

sim

where for 0. € 90\927

ne0= ("0 1) (S8 oo ) (75 v

1
-1 0
D)= | VO : (18)
Ya2(6e)

with
Zii(0c) = [C11(0c)]4[C22(0c)]ii — ([C12(0))i0)?, i=1,2, 6. €O0:\02. (19)

Proof The expression for SSZm (6c) is obtained by making use of the product de-
composition of Sg;;, (0:) and using the expression for the inverse of a block matrix
(Zhang (1999)). ]

4 Simultaneous detection approach and the localization accuracy problem

In many optical microscopy applications, one of the central questions concerns the
accuracy with which the location of a microscopic object (e.g., single molecule,
biological sub-cellular structure such as a vesicle) can be determined, since this
has several implications on the nature and type of studies that can be carried out
(see Wong et al (2011); Ober et al (2004b)). The Fisher information matrix for
the problem of estimating the location of the i*? object from its image is given by
(see Ram et al (2006b); Ober et al (2004b))

(qu(z y)) 9gi (%,y) 9gi(x,y)
] )

A 7)d T | dd 20
Q= to T/R2 i (z,y) aqz(z ) 8qz(z ) (3%(96 y)) wdy,  (20)

where 1 = 1,2 and ¢; and A; denote the image function and the photon detection
rate of the i*" object, respectively, for ¢ = 1,2. The above equation was derived
using the same stochastic framework used in this paper and it is assumed that the
image contains signal from only the ith object, i = 1,2.

In the following theorem we show how the Fisher information matrix S, (6c)
for the spatially invariant case of the simultaneous detection approach (Theorem 2)
is related to the Fisher information matrix for the localization accuracy problem.
Specifically, we show that when the distance tends to infinity, the Fisher informa-
tion matrix Sy (0c) becomes equivalent to that of two independent localization
accuracy problems.
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Theorem 3 For 0. = (zo1,Y01,%02,Y02) € Oc, let Sgim (0c) be given by result 1 of
Theorem 2. Fori = 1,2, let Q; be given by eq. 20. Let A1 and Az, and q1 and g2 denote
the photon detection rates and the image functions of the two objects, respectively.
Assume that fori=1,2, ¢ € {z,y} and y € R,

Al limg—t00 ¢i(z,y) =0,

A2 lim, oo 22620 = .

Then

Ki1(6e) K12(9c)) _ Q0

’L?’Lf — 1 . = i
S = wglzlgoo Ssmn (06) lim <K,{'2 (96) Koo (90)

sm T2 — 00

where K;;(0c), 4,5 = 1,2 is given by eq. 12.

Proof See Section A.3 in Appendix for proof. O

We would like to point out that in deriving the above result we assumed zg2 to
go to infinity. In general, the above result will hold when any one of the coordinates
i.e., To1, Yo1 Or Yoz is assumed to go to infinity. From the above Theorem we see
that as the distance of separation becomes sufficiently large, the leading diagonal
terms (Ki1(6c) and Ko2(6:)) of the Fisher information matrix Sy, (6:) for the
simultaneous detection approach reduce to that of the localization accuracy prob-
lem for the two point sources (i.e., Q1 and Q2), and the off-diagonal term Ki2(6)
goes to zero. Note that the off-diagonal term represents the coupling between the
two point sources.

From a practical standpoint, the knowledge of the behavior of the off-diagonal
term as a function of the distance would enable the experimenter to determine
whether it is necessary to calculate the full Fisher information matrix for the
simultaneous detection approach or to only calculate the Fisher information matrix
for the localization accuracy problem. As we will see in the next section the latter
is typically much easier to calculate, since a closed form analytical expression can
be obtained.

4.1 Example 1

We next illustrate the results derived in the prior sections by considering a specific
image function and calculate the Fisher information matrix for the simultaneous
detection approach and for the localization accuracy problem. Here, we make use
of the Cramer-Rao inequality to obtain a lower limit to the accuracy (i.e., standard
deviation) of the estimates of the parameters of interest (see below). We assume
the photon detection rates to be constant and equal i.e., A1(7) = A2(7) = Ao,
T > to. We also assume the image functions to be identical and be given by the
Airy profile, which, according to optical diffraction theory describes the image of
an in-focus point source that is illuminated by incoherent, unpolarized light (Born
and Wolf (1999)). The analytical expression for the image functions can be written

as

S 5T
CETI
where J1 denotes the first order Bessel function of the first kind, n, > 0 denotes
the numerical aperture of the objective lens used to image the point source and
A > 0 denotes wavelength of the detected photons.

a1 (z,y) = a2(z,y) = (#,y) € R?, (21)
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By making use of the Cramer-Rao inequality, we define three different quanti-
ties, namely the 2D fundamental resolution measure (FREM) for the simultaneous
detection approach, the limit to the accuracy of the location coordinates for the
simultaneous detection approach, and the fundamental limit to the localization
accuracy. Then in Corollary 2, we consider two limiting cases of the distance pa-
rameter d, i.e., d — 0 and d — oo, and derive analytical expressions of the 2D
FREM for the simultaneous detection approach. In Section 4.1.1, we numerically
calculate the above quantities for different values of d and discuss their implica-
tions.

Definition 1 The 2D FREM for the simultaneous detection approach is de-
fined as 5™ := (/I_;! (d), d € [0,00), where I_;! (d) is obtained by substituting
S_! (6.) (Corollary 1) in the transformation formula given by eq. 2.

stm

Definition 2 The limit to the accuracy of the location coordinates z; and y;

for the simultaneous detection approach are defined as 5™ := \/[S;}n (0)](2i—1)(2i—1)
and 650 := \ /[S1.1 (0c)](25)(2j), respectively, where i, j = 1,2 and S_;} (6.) denotes

the inverse Fisher information matrix given by Corollary 1 for 6. = (zo1, yo1, Z02, Y02) €
Oc.

Definition 3 The fundamental limit to the localization accuracy of the x-

coordinate of the i object is defined as §°%% := [Q; ']11, i = 1,2, and for the
y-coordinate it is defined as 6loc b= [Q;l]gg, i = 1,2, where Q; is given by eq.
20, fori =1, 2.

For the specific image functions and photon detection rates considered in this
example, it can be shown that (see Ober et al (2004b)).

loc loc,i __ clocyi A .

) Oy 0y ZWna\/m, i=1,2. (22)
Corollary 2 For d € [0,00), let 5™ denote the 2D FREM for the simultaneous
detection approach. Fori= 1,2, let A; and q; denote the photon detection rate and the
image function of the ith object, respectively.
1. Assume that q1(z,y) = q2(x,9), (z,y) € R? and Ai(r) = Xa(7), 7 > to. Then
limg_o 52”” = o0.

2. For i = 1,2, assume that q; is radially symmetric, i.e., there exists a q; such that

¢i(,y) = ai(\/2* +¢?), (z,y) € R? and i = 1,2. Then

hm 65“’” — 5loc 2+ 5loc 2
,1 ,2

where fori=1,2,

00 . 2
5?;01 S S K 1= / 1 (8%(T)) rdr.
\/ TR, fttn A (T)dr o ai(r) "

3. Let §'°° be given by eq. 22. Fori = 1,2, let q; be an Airy profile that is given by eq.
21 and A1 (1) = A2(7) = Ao, 7 > to. Then limg_, o 55”71 V2stoe,

(23)
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Proof 1. By definition 63 = /I ;! (d), where I ;! (d) is obtained by substituting
S_;. (6c) (Corollary 1) in the transformation formula in eq. 2. When d — 0 then
x01 — xo2 and yo2 — Yoz, and from Remark 2 it immediately follows that S, (6c)
is singular, where 0. = (z01, Y01, T02,y02) € Oc and Sy, (0c) is given by eq. 5. From
this the result follows.

2. Without loss of generality, we assume that d — oo implies zg2 — oco. For 0. =
(z01, Y01, T02,Y02) € Oc, consider the term S, (0:) which is given by eq. 5. Using
Theorem 3 and Lemma 3 (see Appendix), we have

th 0

lim  Sgim(6e) = [Ql 0 } = ; (24)

Tog— 00 0 Q2 0 (552%2)212><2
where Q;, ¢ = 1,2, denotes the Fisher information matrix for the localization
accuracy problem (eq. 20) and 1ax2 denotes the 2 x 2 identity matrix. Define
Az = x02 — o1 and Ay := yo2 — yo1. Consider the term

T —(zo2 — zo01) —Ag
. od . 1| —(yo2 — yo1) . 1 —Ay
1 — lim = - lim — =
o300 <89c> zo3 00 d (zo2 — z01) T30 [A2 1+ A2 Ay
(yo2 — yo1) ¢ Y\ 4y

1

—-
mmxk: =+
gl i

- 1

= lim F A (25)
oy - 1
+38 0

x

[Aa2
—Z+1
Aﬁ

Using egs. 24 and 25 in eq. 2 and taking the limit zg2 — oo, we have

—

-1
1
ez lox2 0
- 1 (q) = (812e1)? 0
I()121LnOO ISlm(d) B (_1 O 1 O) ' (6101c )212)(2 ].
8,2
’ 0

= (5,251)% + (51%%2)°.
From this the result follows.
3. The Airy profile given in eq. 21 is radially symmetric. Hence substituting for
q; and A;, i = 1,2, in eq. 23, we have 6£‘;f1 = 5%?2 = §'°° and from this the result
immediately follows. ad

4.1.1 Results

Here we numerically calculate the various quantities defined in Definitions 1-3. For
this purpose, we assume the two point sources to be equidistant from the origin
and to lie on a line segment that passes through the origin and subtends an angle
of 45° with respect to the x-axis. We choose this specific configuration, since some
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Fig. 2 Behavior of the 2D FREM 63“" and the limit to the accuracy of xo1 and xzg2, i.e.,
6;3’1” and 5;?2”, respectively, for the simultaneous detection approach. Panel A shows 62”” (¢)

and 5;;’1” (o) (the results for 65%’1" are similar) for a distance range of 1-300 nm, while Panel B

shows the same for a distance range of 1 - 50 nm. Panel C shows §5™ (o) and 6;3’2” (o) (the

results for 5%’2” are similar) for a distance range of 1-300 nm, while Panel D shows the same
for a distance range of 1 - 50 nm. In all the panels, (—) denotes the fundamental limit to the
localization accuracy §'°¢ (eq. 22). In panels A and C, the vertical dashed line denotes the
classical Rayleigh’s resolution limit, which is given by 0.61\/ng. For all the plots, the numerical
aperture is set to ng = 1.45, the wavelength of the detected photons is set to A = 520 nm, the
photon detection rate for both point sources is set to Ag = 3000 photons/s and the acquisition
time interval is set to [0,1] s. For each value of distance, the location coordinates are set to
(zo1,y01) = —(0.5d cos ¢, 0.5d sin ¢) and (zo2,yo2) = (0.5d cos ¢, 0.5d sin ¢), with ¢ = 7/4 for
all values of d. For the above numerical values, the Rayleigh’s resolution limit is ~ 219 nm.

of the calculated values (i.e., particular 65/ and 650", ¢ = 1,2) become equal,
which simplifies the presentation of the results.

Fig. 2 shows the behavior of the 2D FREM §5™ as a function of the distance
of separation. The figure also shows the limit to the accuracy of zg1 and zg2 for
the simultaneous detection approach, i.e., 5™ and 85/, respectively, (the result
for yo1 and yo2 are analogous) as well as the fundamental limit to the localization
accuracy 6'°° (eq. 22). According to Rayleigh’s resolution criterion, two identical
point sources are said to be resolved in a microscope if their distance of separation
is greater than or equal to 0.61\/ng, where n, denotes the numerical aperture of the
microscope and A denotes the wavelength of light emitted by the point sources. For
the specific numerical values considered in Figure 2, Rayleigh’s resolution limit is
~ 219 nm, and according to this criterion distances below 219 nm cannot resolved.
In contrast, in Figure 2 we see that the numerical value of the 2D FREM &5
is relatively small for a range of distances below the classical resolution limit of
219 nm. An immediate implication of this result is that if there exists an efficient
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estimator, then these distances can be determined with an accuracy as predicted
by &5,

Note that as the distance of separation becomes very small, 62”” becomes

numerically large thereby predicting poor accuracy in estimating the distance of
separation. This is expected since under the assumptions of identical photon detec-
tion rates and image functions, when the distance d goes to zero the corresponding
Fisher information matrix becomes singular and the 2D FREM §5"™ becomes in-
finitely large (result 1 of Corollary 2). As the distance of separation increases, 5™
becomes smaller thereby predicting a relatively high accuracy in determining the
distance between the two point sources. In particular, for large distances 62”” ap-
proaches the fundamental limit to the localization accuracy §'°°. This is expected,
as it was shown in Theorem 3 that when d — oo, the Fisher information matrix for
the simultaneous detection approach reduces to an expression that is equivalent to
two independent localization accuracy problems. For the specific image functions
considered here, §5™ = v/25!°° in the limit d — oo (result 2 of Corollary 2).
The results for 65 and §:™ are also analogous to that of §5™. Note that
although 05 (657™) and §'°° provide lower bounds to the accuracy with which
the x-coordinate of a point source can be determined, their behaviors are very
different. In particular, 55" and 65" depend on the distance and become infinitely
large in the limit d — 0 (see Remark 2), whereas §'°° is independent of the distance
and remains finite for all values of d.

The above discussion raises the question that under what conditions 5™ and
65im " and more importantly 65 will remain finite as the distance goes to zero.
In the next Section, we investigate this problem by considering a specical case of
the simultaneous detection approach where we assume that one of the location
coordinates is known. As we will see in Section 5.1, for this special case the limit
to the accuracy of the distance d remains finite as d — 0 for the specific image

profiles and photon detection rates considered in the present example.

5 Special case of the simultaneous detection approach - location of one of
the objects is known

It has been shown experimentally that distances well below the classical resolution
criteria (e.g., Rayleigh’s resolution criterion) can be resolved in a regular optical
microscope when the location coordinates of one of the point sources is known a
priori (Ram et al (2006a); Gordon et al (2004); Qu et al (2004)). For example, in a
concrete experimental setting such a scenario arises when one wishes to study the
interaction between a stationary object and a slow moving object. In many cases,
the location coordinates of the stationary object can be determined a priori (for
instance from an image that only contains the stationary object) and therefore
can be assumed to be known. Thus an important question then arises as to how
accurately the distance between the two objects can be determined when the
location of one of the objects is known. Here we address this problem by deriving
the Fisher information matrix for this specific scenario.

For the present discussion, we assume that the acquired data consists of a pair
of images, where one of the images contains photons from only one of the objects
(for example, the stationary one) and the other image contains photons from both
objects. Here, we assume that the location coordinates (zo1,y01) of object 1 is



18 Sripad Ram et al.

determined from the first image and the location coordinates (zo2,yo2) of object
2 is determined from the second image. In the following Theorem, we derive the
expression for the Fisher information matrix for the problem of estimating the
location coordinates of the objects from such a pair of images. We assume that
the photon detection rate of the objects is known. Further, we also assume the
spatially invariant case (analogous to Section 3.2), where the photon distribution
profile of the i*" object fp -4, i = 1,2, is expressed as a scaled and shifted version
of the image of that object (see eq. 8).

As we will show, the Fisher information matrix reduces to that of two inde-
pendent localization accuracy problems. We also show that the Fisher information
matrix is invertible for all values of the location coordinates of the two objects in-
cluding when the location coordinates are the same (i.e., when the distance equals
zero).

Theorem 4 Let O, C R* be open. For 0. = (zo01,y01,%02,Y02) € Oc, T > to and
i = 1,2, let fo, i and A; denote the photon distribution profile and the photon de-
tection rate of the ith object, respectively, where fg - ; is given by eq. 8. For 6. € ©
and T > to, let A(T) = A1(7) + A2(7), and fo, . be given by eq. 10. For 0. € O,
let G1(Aq, {f967T71}7-2t0,R2) and Go (A, {fo. .+ }r>tos RQ) denote two independent image
detection processes.

1. Then for the two independent image detection processes Gi1 and Ga, the Fisher infor-
mation matriz of the spatial component corresponding to the acquisition time interval
[to, t] for the special case of the simultaneous detection approach is given by

Q1 0

where Q1 is given by eq. 20 and Ka2(0:), 0c € Oc, is given by eq. 12.
2. For 0c € Oc, Sgim,sp(0c) is invertible including when (xo1,yo1) = (zo2,yo2).

Proof See Section A.4 in Appendix for proof. ]

From result 1 of the above Theorem we see that the Fisher information matrix
for the special case of the simultaneous detection approach is a block diagonal
matrix. The first term Q1 (eq. 20) in the leading diagonal pertains to the Fisher
information matrix for the localization accuracy problem corresponding to the
location coordinates (zo1,y01) of object 1. The second term Ko2(6:) (eq. 12) in
the leading diagonal is a component of the Fisher information matrix for the spa-
tially invariant case of the simultaneous detection approach in which both location
coordinates are unknown and are determined from a single image (Theorem 2).
Importantly, this component Koo (6.) is equivalent to the Fisher information ma-
trix of the localization accuracy problem for the location coordinates (zo2,yo2) of
object 2 in the presence of an extraneous background signal given by A;q1, where
A; and ¢ denote the photon detection rate and the image function of object 1,
respectively. In this context, we would like to note that the effect of an extrane-
ous background term on the localization accuracy problem has been extensively
investigated before (Ram et al (2006b); Ober et al (2004b)).

In result 2 of the above Theorem, we showed that the Fisher information matrix
is, in general, invertible for all values of the location coordinates of the two objects
including when (zo1,y01) = (z02,%02), i-e., when the distance between the two
objects is zero. This is in contrast to the result obtained in Section 3.2, where we
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saw that the Fisher information matrix for the simultaneous detection approach
becomes singular and therefore non-invertible when the distance is zero (assuming
identical image profiles and photon detection rates; see Remark 2).

This brings out a very important aspect of the analyses carried out here. Specif-
ically, the a priori knowledge of the location coordinates of one of the objects re-
duces the Fisher information matrix of the distance estimation problem to that
of two independent localization accuracy problems. More importantly, it also re-
moves the singularity of the Fisher information matrix when the distance is zero.
The above result also explains the prior experimental observations of measuring
nanometer scale distances well below the classical resolution criteria in a regular
optical microscope when a priori information regarding the location coordinates
of one of the objects is known (Gordon et al (2004); Qu et al (2004)). In the next
section, we further illustrate this through a specific example where we show that
the CRLB of the distance parameter remains finite when the distance goes to zero.

We note that in the derivation of the above theorem, the Fisher information
matrix for the second image only depends on the location coordinates of object
2, since it is assumed that the location of object 1 is known. However, since the
second image contains signal from both objects, it also provides information about
the location of object 1. Hence this can be used to improve the location estimates
of object 1. A detailed analysis of such a scenario has been previously carried out
by us, where, analogous to Theorem 4, we derived the Fisher information matrix
for a pair of images but considered the case where both location coordinates were
estimated from the second image (Ram et al (2006a)).

Remark 3 The results derived in the above Theorem pertains to the Fisher in-
formation matrix for the spatial component 6; (=6) of the unknown parameter
vector 0, and we have assumed the temporal component 6, of § (and in turn the
the photon detection rates of the objects) to be known. The above results will
hold even if the temporal component 6, is unknown provided the photon detec-
tion rates of the objects are related to one another through a scalar function g,
i.e. Ag () = B(1)Ag 2(7), 6 € © and T > to. This is due to the fact that under this
condition, the Fisher information matrix for the spatial 6y and temporal compo-
nents 0, are decoupled (see result 2 of Theorem 1). It should be pointed out that
the assumption Ay = BAg 2, 0 € O is satisfied in many practical situations since
the photon detection rates of the objects are typically assumed to be the same

(ie., B=1).

5.1 Example 2

We now illustrate the results derived in the previous section by considering a
specific image profile. Analogous to Section 4.1, we assume the image functions q;
and g2 to be identical Airy profiles given by eq. 21 and set the photon detection
rates to be constant and equal, i.e., A1(7) = A2(7) = Ao, T > to. We also define
the 2D FREM for the special case of the simultaneous detection approach, which
we denote as §5"""*F. In Corollary 3, we consider two limiting cases of the distance
parameter d, i.e., d — 0 and d — oo and derive analytical expressions for §5™*P
for the specific image functions and photon detection rates considered here.
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Definition 4 The 2D FREM for the special case of the simultaneous detec-
tion approach is defined as 85" := \ [I_1  (d), d € [0,00), where Lgy, sp(d) is

sim,sp
obtained by substituting S;.;LSP(GC) (result 2 of Theorem 4) in the transformation
formula given by eq. 2.

Corollary 8 For d € [0,00), let 52””’81) denote the 2D FREM for the special case
of the simultaneous detection approach. For i = 1,2, let A; and q; denote the pho-
ton detection rate and the image function of the ith object, respectively. Assume that
AL(7) = Aa(7), T > to, qi(z,y) = q2(x,y), (x,y) € R?, and that q1 is radially sym-
metric, i.e., there exists a g1 such that q1(z,y) = q1(\/x? + y?) for (z,y) € R2.
Then '

1. limg g 85 = V/3819¢

2. limg_ o 057 = /2519,

where 5%?1 is given by eq. 23.

3. Let q1 be an Airy profile that is given by eq. 21 and A1(1) = Ao, T > to. Then

lim 657 = /351°¢, lim 657 = /26'°°,
d—0 d—o0

where §'°° is given by eq. 22.

Proof 1. By definition, ¢; is radially symmetric and hence from Lemma 3 it follows
that Q! = (6f,‘;f1)glgxg, where Q1 denotes the Fisher information matrix for the
localization accuracy problem of object 1 (eq. 20) and 1lax2 denotes the 2 x 2
identity matrix. Using this and eq. 2, we get

s . od -1 od \"
(521111,5;0) — Isim7sp(d) = a—ecssz‘m7sp(ec) (39c>

T
—(zo2 — zo1) —(zo2 — zo1)
_ 1| —(yo2 —yo1) ( t0 ) —(yo2 — yo1)
o d? (1’02 — 1’01) 0 K2_21 (Hc) (1'02 - 1‘01)
(yo2 — yo1) (yo2 — yo1)

loc \2 1 —1 o2 — 01
= + —= (202 — = — K55 (6 , del0,00), (27
(02" 4 g (02 = a1 o2 = y0n ) K3306) (202 7 200) e fo,co), (2)
where Sgim, sp(fc) is given by eq. 26 and Ka2(0.) is given by eq. 12. Because the
photon detection rates and the image functions of the objects are assumed to be
identical, we have Q1 = Q2, where Q;, i = 1,2, is given by eq. 20. Using this, we
have

) ‘ tr A3(r)
lim Ko2(0.) = lim 5 X
©01—702,¥01 Y02 =01 —702:v01—~v02 J1o JR® A1(T)q1(z — o1,y — yo1) + A2(7)g2(2 — To2, ¥ — Yo2)
(Ow(z—IOQ,y—yog))Q 992 (r—z02,y—y0p2) 992(z—202,¥—v02)
o o 9y dxdydt
9a2(z—x02,y—y02) d92(z—=02,¥y—y02) (BQQ(m*mozvyfyoz))2
Oy Oz dy

_ Ao(t —to) / 1 y
2 R? g2(z — 202,y — Yo2)

(Otm(z—zog,y—y(m) )2 dg2 (x—zg2,y—yp2) 992(x—z02,¥—y0p2)
2] 2] D1
. v Y dxdydt

992 (z—202,¥y—y02) 292(x—=02,¥y—y02) daz(@—=02,y—v02) ) ?
Oy Oz dy
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1 1
-Q1 = 5 2x2, (28)

1
== = 1
2 ¥ 73 G

where we have used the shift-invariant property of Lebesgue integrals in the penul-
timate step. Define Ay := z92 — z01 and Ay := yo2 — yo1. Consider the term
1
A2 1
. 1 - . . \Vitaz
lim = <x02 mm) = lim lim 22| = ( ) - (29)

To1—T02,Y01—Yo2 d Yo2 — Yo1 1 o

Zo1—Z02 Yo1—Yo2 T
[Aa2 1

Az

Ay

Substituting egs. 28 and 29 in eq. 27 and taking the limit d — 0, we get

. ] . — . — loc \2
lim (5%7%P)2 = lim I_! d) = lim | d) = (6
d—»O( d ) A0 smn,sp( ) L01—203, Y01 — o2 smn,sp( ) ( TS,l) +
1 -1 T02 — T01
lim — (o2 — o1 Yoz — yo1 ) Koy (0
To1—T02,Y01—Yoz d2 ( Y 4 ) 22 ( C) Yo2 — Yo1

1
= (0125)° + 2001200 (1 0) v () = 300120)°
From this the result immediately follows.
2. Proof is analogous to that of result 2 of Corollary 2.
3. The Airy profile given in eq. 21 is radially symmetric. Substituting for ¢; and
Az in results 1 and 2 of this Corollary, we get the desired results. O

16
B
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12
= E10
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Q
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Fig. 3 Behavior of the 2D FREM 62””’51’ for the special case of the simultaneous detection

approach. Panel A shows 62“"’8;” for a distance range of 10 - 300 nm for the special case of the
simultaneous detection approach when the location coordinates (xo1,yo1) of object 1 is known
(€). The panel also shows the 2D FREM 53”” for the simultaneous detection approach when
both location coordinates are unknown (o). Panel B shows the same as Panel A for a distance
range of 1 - 50 nm. In all the panels, (—) denotes the fundamental limit to the localization
accuracy 6L°¢ (eq. 22), and in Panel A the vertical dashed line denotes the Rayleigh’s resolution
limit. The numerical values used to generate the above plots are identical to those used in
Figure 2.

Figure 3 shows the 2D FREM 52"”’8’7 as a function of the distance for the
special case of the simultaneous detection approach when the location coordinates
(zo01,y01) of one of the objects is assumed to be known. The figure also shows
the 2D FREM for the simultaneous detection approach 52"” when both location
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coordinates are assumed to be unknown (Section 1), and as a reference the fun-
damental limit to the localization accuracy 6'°¢ (eq. 22). From the figure we see
that as the distance of separation decreases, the 62“” becomes infinitely large as
d — 0. In contrast, 62””781) first increases but then decreases and then remains
finite even when d = 0. In particular, for the specific image functions and photon
detection rates considered here, 557 = /35! when d = 0 (result 1 of Corollary
3). An immediate implication of this result is that if the location coordinates of
one of the objects is known, then it is possible to determine very small (nanometer
scale) distances with relatively very high accuracy in an optical microscope. As
the distance of separation increases, the 2D FREM 47""*" behaves analogous to

65im. In particular, 52"”’8’7 = v/256'°¢ when the distance becomes infinitely large.
This implies that for very large distances of separation, the limit to the accuracy
of estimating the distance is independent of the distance and is a constant.

We would like to point out that the analyses carried out in this Section have
implications in a broader context of dealing with a singular Fisher information
matrix, which represents a significant complication in the analysis of parameter
estimation problems (e.g., see Stoica and Marzetta (2001)). In particular our re-
sults illustrate how a priori information can be used to eliminate the singularity of
the Fisher information matrix. It is important to note that the choice of a priori
information intimately depends on the specifics of the experimental design, i.e.,
how the data is captured. This further underscores the importance of carrying out
a rigorous analysis of the Fisher information matrix, as it provides the necessary
insight into choosing the most appropriate experimental approach from the point
of view of obtaining the best accuracy in estimating the parameters of interest.

6 Fisher information matrix for the separate detection approach

We next consider the case where the location coordinates of the two objects are
independently estimated from two separate images. Such a scenario arises in a
class of experimental techniques in which the photon emission from the objects
are temporally separated (e.g., stochastic photoactivation (Betzig et al (2006);
Rust et al (2006); Hess et al (2006)) and blinking (Lidke et al (2005); Lagerholm
et al (2006))). In the following Theorem, we derive an analytical expression of the
Fisher information matrix for the separate detection approach. Here, we assume
the acquired data to consist of a pair of images, where the first image contains
signal from only object 1 and the the second image contains signal from only
object 2. As we will see, the Fisher information matrix for the separate detection
approach will reduce to two independent localization accuracy problems.

Theorem 5 Let O, C R* be open. For Oc € Oc, T > to andi = 1,2, let A; and fq_ r;
denote the photon detection rate and the photon distribution profile of the it object,
respectively, where fp, - ; is given by eq. 8. For 0. € O, let G1 (A1, {f907T71}7.2t0,R2)
and G (A2, {f967T72}72t0,R2) denote two independent image detection processes.

1. Then for the two independent image detection processes Gi1 and Ga, the Fisher infor-
mation matriz of the spatial component corresponding to the acquisition time interval
[to, t] for the separate detection approach is given by

Q: 0

Ssep(ec) = [ 0 Q2

:| ) 0C S 807 (30)
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where Q;, i = 1,2, is given in eq. 20
2. For Oc € Oc, Ssep(0c) is invertible including when (xo1,y01) =(z02, Y02)-

Proof Proof is analogous to that of Theorem 4. ad

From the above Theorem, we see that the Fisher information matrix for the
separate detection approach is block diagonal and is equivalent to two independent
localization accuracy problems in the absence of any extraneous background signal.
Note that the Fisher information matrix for the separate detection approach is
independent of the location coordinates of the objects. This is in contrast to the
simultaneous detection approach, where we saw that the Fisher information matrix
depended on the location coordinates of the two objects (Theorem 2). In addition
to this, for the simultaneous detection approach when both object coordinates
are unknown the Fisher information matrix becomes block diagonal and reduces
to that of two independent localization accuracy problems (in the absence of any
extraneous background signal) only when the distance becomes infinitely large i.e.,
d — oo (Theorem 3).

6.1 Example 3

To illustrate the result derived in this section, we consider a specific image function.
Analogous to Sections 4.1 and 5.1, we assume the image functions ¢; and g2 to
be identical Airy profiles given by eq. 21 and set the photon detection rates to
be constant and equal, i.e., A1(7) = Aa(7) = Ao, T > to. We also define the 2D
FREM for the separate detection approach ;. Then in Corollary 4, we derive an
analytical expression for 52630 for the specific image functions and photon detection
rates considered here.

Definition 5 The 2D FREM for the separate detection approach is defined

as 6,7 := \/Isep(d), d € [0,00), where I3} (d) is obtained by substituting Ss.5(6c)
(result 2 of Theorem 5) in the transformation formula given by eq. 2.

Corollary 4 For d € [0,00), let 6281) denote the 2D FREM for the separate detection
approach. For i = 1,2, let A; and q; denote the photon detection rate and the image
function of the ith object, respectively.

1. For i = 1,2, assume that q; is radially symmetric, i.e., there erists a q; such that

qi(z,y) = ¢ (/22 +92), (z,y) € R? and i =1,2. Then ford e [0,00), we have

i = (o) + (012)”

where fori=1,2, 5£‘;fz 18 given by eq. 23.

2. Fori=1,2, let ¢; be an Airy profile that is given by eq. 21 and A1 (1) = A2(7) = Ao,
T > to. Then for d € [0,00), 6,7 = V26°¢ | where §'°° is given by eq. 22.

Proof 1. Using eq. 2 and Lemma 3, we have

- od ad \"
sep\2 __ 1 . va 1
(537)? = o) = L3 60) <aec)
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T

—(z02 — zo01) —(z02 — zo01)

_ 1| —(yo2 —yo1) <Q1_1 0 ) —(yo2 — yo1)

d? (1’02 — 1’01) 0 Q2_1 (1'02 - 1‘01)

(yo2 — yo1) (yo2 — yo1)

2
o[ (5) 0 0 0
—4g loc 2 —4g
o 1 —Ay 0 (6rs71) 0 0 —Ay
- ﬁ Am 0 0 5loc 2 0 Am
Ay ( rs72) l ) Ay
0 0 0 (5,5;62)

1
= 5 (A2 + A1) + (A1 + A))(6152)7) = (01207 + (312%2), d € [0,00),

where Ay = zo2—z01 and Ay = yo2 —yo1. From this the result immediately follows.
2. The Airy profile given in eq. 21 is radially symmetric. Hence substituting for A;
and ¢;, i = 1,2, in result 1 of this Corollary, the result immediately follows. O

From the above result we see that the 2D FREM for the separate detection
approach 628” is a constant and is independent of the distance of separation, if
the image functions of the objects are radially symmetric. More specifically, when
the image functions are assumed to be Airy profiles (eq. 21), then the 2D FREM
85°F is /2 times the fundamental limit to the localization accuracy 6'°°. This is
in contrast to the simultaneous detection approach where the 2D FREM 62“" (as
well as 62“”781) ) depends on the distance and only in the limiting case when d
becomes infinitely large, §5™ = v/26!°¢ (Corollary 2). An immediate implication
of the above result is that, if there exists an efficient estimator of the distance for
the separate detection approach, then all distances can be determined with the
same level of accuracy when the image profiles are radially symmetric.

7 Simulations

In the previous sections we investigated the Fisher information matrix of the dis-
tance d and calculated the 2D FREM for different experimental approaches. An
important question then arises as to whether for a given experimental approach
there exists an unbiased estimator that can attain the corresponding 2D FREM.
In this section we address this question, where we use the Maximum Likelihood
(ML) estimator to determine the distance d from simulated data and compare
its performance (i.e. standard deviation) to the 2D FREM for the different ex-
perimental approaches. We consider all three approaches, i.e., the simultaneous
detection approach, the special case of the simultaneous detection approach when
one of the object locations are known, and the separate detection approach. We
generate the acquired data through Monte-Carlo simulations which are discussed
below. Here, we consider the data generation process for an ideal (non-pixelated)
detector, where the acquired data consists of the spatial coordinates of the de-
tected photons. We then use the maximum likelihood estimation algorithm on the
simulated data to estimate the location coordinates of the objects, and from this
we deduce the distance. Table 1 lists the standard deviations of the distance es-
timates for the different experimental approaches considered here. As we will see
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A. Simultaneous detection approach
Data | True value Mean Std. dev Resolution
set # | of distance distance of distance measure
estimates estimates 63“"
nm nm nm nm
1 10 10.22 5.87 5.89
2 20 20.01 4.14 4.23
3 50 49.99 2.67 2.65
4 100 99.99 2.14 2.12
5 200 200.06 1.97 1.93
6 500 500 1.64 1.68
B. Special case of the simultaneous detection approach
Data | True value Mean Std. dev Resolution
set # | of distance distance of distance measure
estimates estimates 63“"
nm nm nm nm
1 10 10.15 1.56 1.81
2 20 20.03 1.68 1.82
3 50 50.03 1.85 1.85
4 100 100.02 1.91 1.91
5 200 200.03 1.78 1.74
6 500 500.01 1.56 1.6
C. Separate detection approach
Data | True value Mean Std. dev Resolution
set # | of distance distance of distance measure
estimates estimates inim
nm nm nm nm
1 10 10.15 1.48 1.47
2 20 20.02 1.49 1.47
3 50 50.04 1.50 1.47
4 100 100.01 1.48 1.47
5 200 200.03 1.50 1.47
6 500 500.03 1.45 1.47

Table 1 Results of the maximum likelihood estimator of the distance for the different exper-
imental approaches considered here. Table A shows the results for the simultaneous detection
approach. Table B shows the results for the special case of the simultaneous detection ap-
proach, where one of the location coordinates is independently determined and is assumed to
be known. Table C shows the results of the separate detection approach. The numerical values
used to generate the data are identical to those used in Fig. 2. For all the data sets, the mean
and standard deviation are obtained from 2000 maximum likelihood estimates of the distance.

the ML estimator is unbiased and attains the 2D FREM for a range of distances
when the sample size is sufficiently large.

7.1 Data simulation

We consider the two objects to be identical point sources. We set the photon
detection rates of the two objects to be equal and constant, i.e. Ag1(7) := Ao,
T > to and Ago(7) := Apg, T > to and assume the image functions ¢; and go
to be identical Airy profiles given by eq. 21. We generate a sequence of images
{J0,1, 0,25 s T0,Nppaw }>» Where Nmaz denotes the total number of images. For k =
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1,..., Nmaz, the k" image is given by Jo.k = {T0.1,k» Jo,2,k}, Where

Joik = {(xll’kvy?k)?(x;’kfygk)v“"v(I%Iikvy%?k)}v i=1,2, k=1,..., Nmaxz,

(31)
denotes the signal from the ith object in the Kt image for k = 1,..., Npaa and
i = 1,2. In the above equation, N; ; denotes the number of detected photons from
the it object in the k** image fori = 1,2 and k = 1, ..., Njaz, and is a realization of
the Poisson random variable with mean Ao (t — to). The sequence {(z5¥, y&F):m =
1,..,N; 1)} denotes the spatial coordinates of the detected photons from the ith
object in the Kt image for i = 1,2 and k = 1, ..., Nmaz, and is a realization of N; ;.

random variables with density fy, ,; given by eq. 8, which is generated by using
a method described in Ober et al (2004b).

7.2 Maximum likelihood estimator

For a general parameter estimation problem, the maximum likelihood estimator
can be written as argmaxyIn(L£(0 | Z) where Z denotes the data and £(6 | -)
denotes the likelihood function. For the simultaneous detection approach, the ac-
quired data pertaining to the Kt image is given by Z = Jy . = {Jp, 1,6, J0,2,k}>
k=1,..., Nmaz where Jp; j, is defined in eq. 31 and 6 = 6. = (zo1, yo1, T02, Yo2) €
R*.

For the special case of the simultaneous detection approach when one of the
location coordinates are known, the acquired data consists of a pair of images
{Z1, 2Z2}. We assume Z; to be the image that contains the signal from object 1, i.e.,
Z1 = Jp, 1,5, and Z2 to be the image that contains the signal from both objects,
ie., 21 = {Jo, 1,k» Jo,,2,k}, Where J is defined in eq. 31, 6; = (xoi,Y0i) € R?,
i=1,2 and k = 1, ..., Nmas. Here, we carry out two independent ML estimations
on each image, i.e., argmaxy, In(£(61 | Z1) and argmaxy, In(L(62 | Z5,61), where
0; := (w04, yo;) € R2, i = 1,2. Note that while carrying out the maximum likelihood
estimation with the second image Z3, we set the value of 6; to be equal to 91, where
theta; denotes the maximum likelihood estimate of 61, which is determined from
the first image.

For the separate detection approach, the acquired data consists of a pair of
images {Z1, Z2} each of which contains the image of only one of the objects.
Here, we have Z1 = Jp, 1, and Z2 = Jy, 1,5, Where J is defined in eq. 31 for
0; = (zoi,y0i) € R? i =1,2 and k = 1,..., Nynaz. For this approach, we carry
out independent ML estimations on each image, i.e. argmaxy In(£(61 | Z1) and
argmaxy, In(L(62 | Z2), where 6; := (20, y0:) € R? i=1,2.

In all the three imaging scenarios, the ML estimates are determined com-
putationally by using a gradient based optimization algorithm (fminunc) in the
MATLAB programming language.

7.3 Comparison of ML estimator performance to the 2D FREM

Table 1 shows the results of the ML estimator for the different experimental ap-
proaches considered here. The table lists mean and standard deviation of the
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distance estimates as well as the 2D FREM of the distance. From the table we see
that for all the experimental approaches considered here, the mean value of the
distance estimates is very close to the true value suggesting that the ML estimator
is unbiased. Moreover, for a range of distances, the standard deviation of the dis-
tance is also consistently close to the 2D FREM thereby suggesting that the ML
estimator is capable of achieving the theoretically best possible accuracy provided
the sample size is sufficiently large. Note that the standard deviation of the ML
estimates for the separate detection approach is almost a constant for a range of
distances in agreement with the 2D FREM, which in turn shows that different
distances can be estimated with the same level of accuracy.

A comparison of the standard deviations of the distance estimates (as well
as the 2D FREMs) for the three approaches shows that for a range of distances
considered in Table 1, the separate detection approach provides the best accuracy
(i.e., the smallest 2D FREM/standard deviation) for determining the distance,
followed by the special case of the simultaneous detection approach, and then
followed by the simultaneous detection approach.
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A Appendix

Definition 6 A function q : R? - [0,00) is said to be an image function if the following
properties are satisfied (see (Ram et al, 2006b, pg 37)).

L [z 9@, y)dedy = 1,

2. % and %ﬁ/’y) exist for every (z,y) € R?,
3. Jg2 | 252 | dady < oo, fga | 29550

94(z,y) 94(z,y) 9q(z,y) 9q(=,y)
4. fRz q(zl’y) (%) drdy < oo, fRz m (quy> dxdy < oo, and fRz 1 qamy qayy dzdy
< oo.

y) ‘ dxdy < oo, and

x z,y)

Lemma 1 For 6 = (0f,04) € O, T > to and i = 1,2, let fg,,; and Ag; denote the photon
distribution profile and the photon detection rate of the ith object, respectively, and let Ag and

fo,r be given by eqs. 3 and 4, respectively. Let C denote the detector.
1. For 0 € © and T > to, if B(7)Ag,1(T) = Ag 2(7) for some B() > 0 that is independent of

0, then afg(;“) =0,0€0, 7>ty reC.

2. For 0 € © and T > to, if fo,r,1(r) = fo,r,2(r), 7 € C, then afg’TTA(T) =0,0€0, T2>t,
recC.

Proof 1. For § € ©, 7 > tg and i = 1,2, let €y ;(7) = Ag ;(7)/Ag(7). Consider the term

oA T T oA T T
Dcoa(r) | Dea(r) _ Aolr) D00 fg 1 (r) 2860 p(r) 2082 — 44 5(r) 280
964 B A2(r) A2(7)
oA T oA T T
A0(r) (P + LA ) = (A0 (1) + Ao (7)) 2555
A3(r)
oA 8Ag(T)
AG( )49 AQ(T) (’?g/\ -0 0eco > to (32)

A3(7)

where we have used the fact that Ag(7) := Ag 1(7) + Ag,2(7), T > to and 6 € O. Consider the
term

3f9,7(7“) 369 1(7') 0fg,r1(r)  Oeqa(r)
20, fo,r1(r)+eg1(T) 90, + 20,

an,T,Z (T)

, (33
204 (33)

Jo,r,2(r)+e€q,2(T)

where 6 € ©, 7 > tp and r € C. Substituting A1 in eq. 33 and using eq. 32, we have for 6 € O,
T>toand r € C

0fe,r(r) Oeg,1(1) | Oega(T)
— = fpra(r) ( + ) =0
00 00 5 00 5
2. Using A2 we have, € 1(7) = #(7_), 0 € © and T > to, and €g o(7) = %, 0 € © and
T > to. Since B(7) is independent of 6 for = > to, &gTﬁﬂ =0,0€0, 7>t)and i = 1,2.
Substituting this in eq. 33 the result follows. [}

Lemma 2 For 0. = (zo1,%01,%02,%02) € Oc, T > to and i = 1,2, let fg_ ,; be given by eq.
8. Let M > 0. Then for 6. € O and T > to, we have

1. Ofo,.ri(r) _ MOfGC,T,i(T), r=(z,y) € RQ, i=1,2.

x4 oz
Afo.,7,i(T) Afo.,7,i(T) _ 2 .
2. =lgni— = MT,T—(x,y)ER,z—l,Z

Proof 1. For 0. = (201, %02, Y01, Y02) € Oc and i = 1,2, define u; := %—xoi and v; := %—ym.
Then for i = 1,2, we have

afec,r,i(r) _ LE’QZ M~ Toi, M - ym) _ L qu(ui,vi) 8u1 _ 1 8ql(ul,vl)
Oxo;i M? Oxoi M?2 Ou; dzo; e Ou;
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1 9qi(37 — %ois 37 — Yoi) Oz vt 9q;i (37 — %0i> 37 — Yoi) _ _ManC,T,’L'(T)

- M2 Oz Ou; M?2 Oz Oz ’

for r = (z,y) € Rz, 0. € O and T > tg.
2. Proof is similar to that of result 1. [}

Lemma 3 For i = 1,2, let Q; be given by eq. 20, and A; and q; denote the photon de-

tection rate and the image function of the it" object, respectively. For i = 1,2, assume
that q; is radially symmetric with respect to the origin, i.e., there exists a q; such that

gi(z,y) = qi(\/22 + y?) for (z,y) € R? andi=1,2. Then fori=1,2,
1
Qi = 6loc

72 1ax2,
78,1

where 1axo denotes the 2 X 2 identity matriz and éi"sci, i =1,2, is given by eq. 23.

Proof By definition, g;, ¢ = 1, 2, is symmetric along the x and y axes with respect to the origin.
Using this, it can be shown that (see (Ram et al, 2006b, pg 39))

Q; = ( t.; Ai(T)dT) Diag { Ié2 @ (W)z dady /R2 qi(;’ . (%g‘qjy))zdzdy] ’

where diag denotes the diagonal matrix. Further, using the fact that ¢;, ¢ = 1,2, is radially
symmetric, we have

[Qil = (/t: Ai(T)dT) /R2 qi(; ) (W)Q dedy
(/ Ail(r) dT) /%/ ! (a(giT)%)Qrdrd¢
- (/to/l (r )dT)/O cos? () d¢/ qu (a(giT))Qrdr
_ ( t: Ai(T)dT) (/027r H%S(%))d(ﬁ) i = ( A Ai(T)dT) - ﬁ

TS,1

where 7 = 1,2, and k; is defined in eq. 23. Similarly, we can show that for i = 1,2, [Q;]22 =
1/(8l¢,)2. o

A.1 Proof of Theorem 1

Proof 1. Substituting for Ay and fp r in eq. 1, and using assumptions Al - A2 we get

o) (252)”

Loim (6) = //c 19 (r)ife,fm x

o) (252" 4 g o) (202)"

dfg (7 Afg +(r T
(A0 557 20577+ fo,1(r) 2557 ) drar

Ssim(0)

8fg ,(\T 9Ay(r) fo,(r) T
(ftto me( o8¢ ) (fe’f( ) “ob, T AT )7) deT)

. X 059+ (m\T 09,4 (r) 0/19(1-
Sy Je 5o (T8 ) (A8 + for () ) drdr

fg () a9\ T 3t (r) dAg(r
P Je womrtsmmr (A0 2657 + for (02582 ) (Aa() =G5 + for () 2587 ) drdr

(34)
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By definition, fg  is a probability density function, which satisfies the regularity conditions
that are necessary for the calculation of the Fisher information matrix (Kay (1993)). Hence
we have for § € © and T > to,

ofg,r (1) 0
/ 8f0‘7(r)dr _ Je gef dr) 99f Je fo.r(r)dr _ (@t _ (0) . (35)
c 00 fc Mdr aoA fc fo,x(r)dr %1 0

00 5

Using eq. 35, we have

Lan e = L = | [ - (ae) (i 2o 1 gy ) 22200 v

Ao(r) (0for(r)\" Ofor(r) , &
//ng(r( 96, ) A drdr = Rgim(0), 0€0O. (36)

Using eq. 35 and the fact that fC fo,-(r)dr =1 for § € © and 7 > tg, we have

v ot I . ang(r) (9/19(7') - dfe,r(r) r 944 (7) rdr
[Ism(e)]zzf/to/c T o) (Ae( )=+ fo.r (1) ) (Ae( )"0, Tl (M5 )d d

L () i [ ([ (252 ) S

v Mg (T)\ T 04g(7) t (0Ag(T)\T [ Ofo.r(r) o
w0 Ag(T)( 29, ) 29, dT+LO( 29, ) /c 20, drdt = Tsim(0), 0 € 6. (37)

Substituting eqgs. 36 and 37 in eq. 34, the result immediately follows.

2. Using assumptions Al and A3 it can be shown that (9fg ,(r)/004) = 0,7 € C, 0 € O,
T > to (see result 3 of Lemma 1 in Appendix). Substituting this and using assumption A3 in
egs. 5, 6 and 7, we obtain the desired result.

3. Using assumptions A1l and A4 it can be shown that (0fy -(r)/004) =0, 7 € C, 6§ € O,
T > to (see result 2 of Lemma 1 in Appendix). Further, by assumption A4 we have fy ,(r) =
fo,7,1(r)(eg,1(7) + €9,2(7)) = fo,7,1(r), r € C and T > tg. Substituting these results in egs. 5,
6 and 7, we obtain the desired result. [}

A.2 Proof of results 2 and 3 of Theorem 2

Proof 2. For 0. € ©:\0Y, define s; := (x01+202)/2, sy := (Yo1 +y02)/2 and ¢ = tan—1((yo2 —
dc<2:»sq>7 Yo1 i= Sy — d512n¢’ 202 1= S & dcosd)

Yo2 1= Sy + szné Substituting this in result 1 of the Theorem 2 and using the shift 1nvarlant

yo1)/(xzo2 — zo1)). Then we have zo1 := sz —

property of Lebesgue intergrals, we get for 6. € ©.\09,

t 1
Ssim (0c) 1= / / X
e to JR* A(T)q1(x + § cos b,y + § sing) + Aa(7)g2(z — § cos §,y — & sin¢)
9q1 (v+ % COS¢ y+ ¢ sin ¢) dq (x4 4 COMP y+ £ sin ¢) T
Ay (7) A1 (7)
dq1 (z+ ¢ cos ¢,y+2 sin ¢) dq1 (44 cos d>,y+d sin ¢)
M) Z] M) ay dzdydr.  (38)
( )Oqz(zf cosd) y72sm¢) ( )8q2 1375 cosq> y72bm¢) yar.
dq (z—f cos ¢,y—7 sin ¢) dq (cv—f cos d),y—f sin ¢)
Az(m) == Az(m) =2

oy
For (z,y) € R? 7 >t and 0. € 6.\679, let

9y

Qi (e,3y7) 1= M(Tar(a + 5 cos by + 5 sing), (39)
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_ d d .
Qy, (@3, 7) i= Aa(T)az(w — 5 cos by — 5 sin). (40)
For ¢ € (0,2m), define Ty : R? - R?
T u z cos ¢+ ysing
— = . .
Y v —xsin ¢ + y cos ¢
The transformation Ty, maps the coordinates of a point on the 2D plane when the coordinate
axes is rotated by an angle ¢. Let P* := (z &+ %cos b,y + %sin ¢). Then

st + [ cos¢ sing z+ dcose _ (xcosd+ysing+ ¢
Pri=Teb _(—sin¢cosq5)(y:|:§sin¢)_< —wsinq5+ycos¢2 ’ (41)

Using eq. 41, we have for 7 > tg and 0. € 6.\02,
. d d .
(@, 0 To)(@,y,7) = M (n)qr(Ty (@ + 5 cos b,y + o sin @) = A (7)ar (T (PT))

= Al(T)ql(P+) =Ai(7)q1(zcos ¢+ ysing + g, —zsing +ycos ), (z,y) € RQ, (42)

(QgC oTy)(x,y,7) = A2(7)q2(x cos ¢ + ysin ¢ — g,—zsinqb—i- ycosp), (x,y) € R2. (43)

Similarly, for 6. € ©:\09, 7 > to and ¢ € {z,y},

90, 9q1(T,(P*)) a1 (P*)
“oT =A e A A
< aC oTy | (z,y) 1(7) ac 1(7) aC
g1 (zcosp +ysing + £, —xsing + y cos
— ) q1(zcos¢ +ysing + 5 oty ¢)7 (.y) € R, (44)
e
0Q, 8ga(zcosp +ysing — £, —xsind + ycos ¢
O 0Ty ) (2y) = Aa(r) 22 2 L () e R
o¢ a¢
(45)
By definition, the determinant of the Jacobian of Ty is given by
Det[T] = Det [fgfj¢ jg;‘;ﬂ —1, $e(0,2n), (46)
and for (u,v) := Ty(z,y),
dudv = \Det[T(;Hdrdy = dxdy. (47)

Substituting egs. 42 - 47 in the expression for Sg;m (6c) given in eq. 38 and making use of the
change of variables Theorem (Rudin (1987)) we get,

9Q4, (z.y.7) 9Q4, (z.y.7) T
oz oz
. 1 9Qy4 (z.y.7) 9Qy (z.y.7)
Ssim(6 ):/ / _9y _9y dadydr
e to Rz Q(-;C (rvyv T) +Q6_C (rvyv T) aQ@ca(z’y’T) aQeca(z,y,‘r)
x x
Qg (zy,7) Qg (zy,7)
oy oy
0Q;. oQi \ "
T oz,
: . Q. | | o9, ,
= — | % 9y oTy | (= Det|T, |dzdyd
— — — @ 7y7T) € | | Trayat
‘/to ~/T¢(R2) Q;rc + Q,, a§9c agﬂc ¢
x x
9Q,. 9Q,.
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0QF (T, (PT)) 0Q3 (T, (P \ T
N ox N oz
. ) 9Q4 (Ty(PT)) 9Q4 (Ty(P1))
= _ 9y _ oy dzdydr
/to fee Qi (To(P1) + Qg (T(P7) | 290 TP | | 295, (Ta(P7)
x x
0Qy (Te(P7)) 9Q, (Ty(P7))
oy oy
0QF (PT) oQf (PH\ "
ox _ oz _
. ) 0y (PH) 0Qg (PH)
= = = Oy Oy dxdydr
/to /]R2 Qs (PH)+Q, (P7) 6%3(1’ ) aQeg(P )
T _ x
0Q, (P7) 0Q, (P7)
oy oy

1

- Jo e w

)a1(zcosd + ysing + &, —wsing + ycosd) + Az(1)qz(z cos d + ysing —

d s X
S, —xsin¢g + ycos )

dqq (z cos p+ysin d>+d —x sin ¢+vy cos @) dqq (x cos p+y sin ¢+d —x sin ¢4y cos ¢) T
Aw(7) 7% Aw(7) 7%
dqq (z cos p+ysin d>+d,7;c sin ¢+vy cos ¢) dqq (x cos p+y sin ¢+4,7zsin ¢+y cos ¢)
Aq(T) ay2 Ax(T) ay2
dxdydt
8go (z cos p+y sin p— %, —x sin ¢ty cos ¢) 8o (z cos p+y sin p— L, —x sin p+y cos ¢)
Az(7) o Az () CE3
8qa (w cos ¢4y sin p— <, —x sin ¢p+y cos ¢) 8qo (x cos p+y sin p— <, —x sin p+y cos ¢)
A2(T) ay2 A2(T) ay2
) 5} E
A (r) (Cow qmgtz v) — sin q1<u+2 u))
9q1 (u 9q1 (ut+ < v
Ay (T) (smd) LEL +2 +cos¢ ql(a-:2 )>
.+ 1
= 5 X
/tg /]R A (T)ar(u+ &, 0) + Az(7)az(u — §, ) daz(u—4%,v) q2(u—— v)
Az (1) ( cos ¢ T —sin¢
Aqo (u— 2 1 o _d
Az (T) (slnqb QQ(Zuz 2 4 coso QQ%uQ U))
, Day (ut 4 T
A (r) (Cow q1<u+2 D ing qw:;z u))
utd
dudvdr, 6. € O, (48)
2] 'u.——,v X 9gy(u—< v
Az (T) (cos¢ a2 ) _ sin ¢ qg(au 2 ))
a _4d, Aqo (u— 2 1
12 (s 622 o 2250
where u := xcos ¢ + ysin¢ and v := —xsin ¢ + y cos ¢. Further, for . € O\OY, T > to and
(z,y) € R27 we have
L oai(ut gy dqi(utdv)
Ar(T) (cos P—ga— —sing———5; A (T)@ql(u_,_%,v)
" cos¢p —sing 0O 0 ! ou
641(u+2 v) 941 (ut+§,v) gy (u+2 v
Ax(7) (smgb +cosé v sin¢g cos¢ 0 0 Al(T)iql(a-:z’ )
(COS¢6q2(u7— ,v) 7Sin¢8q2(ua;%,u)) 0 0 COS¢ —sing‘b Ay (T) 6q2(u ,v)
0 0 sin¢ cos¢ d
9gqz(u—3,v)
u—g dqg(u—2 v —= 2’
Az (T) (sm ¢>7q2( + cos ¢7q2(6v 2 )> Az (T) 5o
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Oa (ut 4§ v) A (7)gy L (
Ay (7)1 ivr Y 1(T)qy o z,y)
o2 — To1 —(Yo2 — Yo1) 0 0 17 ou
!’
9q1 (u+4<, A1 (T)qq , (z,
1 | Yoz —yo1 oz — zo1 0 0 Al("')qlqjaiuzv) 13,y (7 9)
_ - =D(0.) ’
d _ _ _ w_d A2 (T)qy , (%, y)
0 0 o2 — o1 —(Yo2 — Yo1) A2(7)W 2,z
0 0 Yo2 — Yo1  To2 — To1 AQ(T)Q;,y(I, )

u—2 v
A2(T)8q2(au2’ )

where D(0.) is defined in eq. 13, q; ot = 1,2, ¢ € {x,y} is given by eq. 16 and we have
used the fact that cos ¢ := (o2 — z01)/d and sin ¢ := (yo2 — yo1)/d. Substituting the above
expression in eq. 48, the result immediately follows.

3. To prove this result we need to show that the off-diagonal terms of C;;(6.) are zero, for
i,j =1,2 and 0. € O.\0Y. For 0. € ©,\02, T > tg and (z,y) € R?, let

d d
ngc (w7y7 T) = Al (T)ql (IE + 57 y)7 WQQC (LE, Y, T) = A2 (T)q2 (IE - 57y) (49)

Define Ty : R? x [to, 00) — R? x [to, 00), (z,y,T) — (x,—y, 7). Since g1 and g2 are symmetric
along the y axis with respect to y = 0, we have ngc (z,y,7) = (ngc o Ty)(z,,y,7) and

WezC (z,y,7) = (W(_)QC oTy)(z,,y,T) for O € ©:\OY, (z,y) € R? and 7 > to. This implies that
for 6. € 6.\67, (z,y) € R? and 7 > to, we have

d d
Upe (@,9,7) = M(Dar(e = 5,9) £ A2(1)aa (e + 5,9) = Uy o Ty) @y, 1), (50)
OW} (x,y,7) oW}
gcar = a;c OTY (I,y,T), 1= 1727 (51)
oW} (x,y, T OW
"C(;y w7 —( aygc oTy> (z,y,7), i=1,2. (52)

Consider the term [C11(6c)]12, where C11(6c) is given by eq. 15. Using egs. 50, 51 and 52 we
have
1

[Cratfellaz = / Je: M@t &y 1 Ax(Paa(e — L)

ot d oy d
(m(T)L( a; 2’”) (m(ﬂi&“( a; 2*’)) dodydr

t 1 1 oW} (z,y, 7
= e W) 0 50T gy
to /R Uy (

Ty, 7) Ox dy

/t/ - Mo o1 ( ) Mo o ( )dwdyd
= — o z,Y, o x,y, x
to JR® (U o Ty )(w,y,7) \ 0z v PO ey 0T s raRaer

' L W5, Wo ) dzdyd
_—/m/]Rz ﬁ o oy )oY (z,y, T)dzdydr

t 1 oW} (z,y,7) OW (z,y,7)
= c c dxdydr = —[C 65 , 65 c Qc 927
/to /R2 Uy (,y,7) oz By wdydr = —[C11(6e)]12 \

where we have used the change of variables theorem in the final step. From the above equation
it follows that [C11(6c)]12 = [C11(0c)]21 =0, 6. € 96\92. Similarly, by using egs. 50, 51 and
52, we can show that [012(00)]12 = [012(00)}21 =0, and [022(00)]12 = [022(00)]21 = 0 for
6. € 96\98. From this the result follows. [}
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Lemma 4 For 0. = (z01,Y01, 202, Y02) € Oc, let Ki2(0:) be given by eq. 12 and fori=1,2
let Q; be given by eq. 20. Then for 0. € O, and i,j = 1,2, we have

[Ki12(0c)]i5 < 4/[Q1)i:[Qaly5 < oo

Proof Define Ay = x02 — xo1 and Ay = yo2 — yo1. Applying the Cauchy-Schwarz inequality
to the term [K12(0¢)]11 and using the fact that Aq, A2, q1,g2 > 0, we have for . € O,

It Ay (1) Aa(7)
[r2(0)l11 = / Je 6 @) + (el — ey —Ay) «

9q1(z,y) Og2(z — A,y — A
ox ox

= </t: /]R2 A1(T)q1(z,y) +A/1122,;1;2((72 v (8%(‘55;7 y) ) ’ d:cdyd7'> ’ x
(/aj /]R2 A (T)q1 (=, y) +A/1127('3_/)1q22(2 — Agy— Ay) (8q2(z - g;’y —~ Ay))2 d:cdydr) ’
< (/t: AQ(T)dT)% </]R2 ql(i,y) (W)Q d:cdyd7'> ’ x
(/t: Al(T)dT) : </]R2 qa(z — Ai,y —A) (aqm — Aa;’ A Ay))2 dxdy) '

B </t: A /]RZ a1 (:t, y) (aqlzgi’ . )2 dmdy) : %

¢ 1 aq?(x7y) 2 % _
R A ) o

where we have used the shift invariant property of Lebesgue integrals in the penultimate step,
and we have used the properties of image functions (see definition 6) in the last step. Similarly,
we can prove the other results. [}

v) dxdydr

A.3 Proof of Theorem 3

Proof Consider the term Ki1(6c) given in eq. 12. By definition, the integral expression of
K11(6c) is measurable for every . € ©. Define Ay := xg2 — 01 and Ay := yo2 — yo1. Using
the shift invariant property of Lebesgue integrals, and the fact that ¢;(z,y) > 0 and A;(7) >0

fori=1,2, (x,y) € R? and 7 > tg, we have for §. € O,
t A2 T
K11 (6.) ;:/ / , 1(7) o
to JR® A1(T)ar(z,y) + A2(T)q2(z — Az, y — Ay)

<<9q1(w,y)>2 9q1(z,y) 991 (=,y)
oz 0.

T oy
dxdydr
9q1 (z,y) 991 (z,y) <<9q1(w,y)>2
ox oy Jy
(aql(z,y)>2 991 (z,) g1 (z,y)
/t / A% (T) ox ox Jy
< R dedydr = Q1.
— 2
to JR® M(T)ar(2,9) 9q1 (z,y) 991 (z,y) <<9q1(w,y)>2
ox oy Jy

(53)
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By definition of the image function (see Definition 6), we have for (; = = and (2 = v,
1 941 (=,y) 9q ( ,y)

fR2 PREET) 1%1 5 dzdy < oo for i,5 = 1,2. This implies that K11(0.) is domi-

nated by the expression glven in eq. 53 for every 6. € ©.. By definition of the image function

are continuous for every x € R. Hence the integrand of

™ a1 (@,y)
(see Definition 6), g1(z,y) and =¥

K11(0.) is continuous for every x € RR. Hence by using the Theorem on changing integration
and limits for Lebesgue integrals (see (Apostol, 1974, pg 281)), we have

t AQ( )
lim Kiq1(6¢ lim / / X
eoh oo K11 0) = I [ IR I (0,9) + Ao(m)as(z — Ay — Ay)

a1 (z,)\2 941 (x,y) 91 (z,y)
ox ox oy

dxdydr

841 (z,y) 8q1 (z,y) 9q1 (z,9) )2
ox Jy oy

(%(w) )2 941 (=,y) 941 (z,y)
oz oz dy

) A3 (7)
:/ /2 lim
tg JR® w02—=00 A1 (7)q1(z,y) + A2(7)q2(z — Az, y — Ay) | 0gy (2,9) 041 (x.1) 9qy (z,9) ) 2
R dy ( 9y )
(aql(z,y))Q 9q1 (x,y) da1 (z.y)
t 1 oz oz oy
:/ Al(T)dT/ s — dzdy = Q1,
to R* a1(2:9) | og o) 001 (e)  (Bar(ea) )2
ox dy oy

where we have used assumption A1l in the next to last step. Similarly, we can show that
limg g, —oo K22(0c) = Q2. For the term Ki2(6.), by definition, the integrand is measurable.
Further by definition of the image function, the integrand of Ki2(6.) is continuous for every
x € R. From Lemma 4 (see Appendix) we know that the entries of K12(f.) are dominated
by integral expressions that are independent of . € ©. and are bounded. Hence using the
above results pertaining to K12(0.) and assumptions A1 and A2, we apply the Theorem on
changing integration and limits for Lebesgue integrals (see (Apostol, 1974, pg 281)) to obtain

lim Kio(f) = / / . lim A1 () A (T) o
T2 — 00 to JR? wo2—00 A1(T)q1(x,y) + A2(T)g2(x — Az, y — Ay)

9q1 (z,y) 092(x—Asx,y—Ay) 8q1(x,y) 992(x— Az, y—Ay)
oz oz oz oy

dxdydr

9q1(z,y) 092(z—Az,y—Ay) 9qi(z,y) 9q2(z—Az,y—Ay)
dy oz dy oy

9q1(z,y) o 991(z,y)
18r 0 18r 0

/ / 7) A2 (T) dxdydr = 0.
R? Al(T ql(x y)+0 da1(z,y) g 9a1(@.y)
oy oy

A.4 Proof of Theorem 4

Proof 1. The image detection processes G1 and G2, which describe the first and second images,
respectively, are assumed to be statistically independent of each other. Hence the general
expression for the Fisher information matrix can be written as

Ssim,sp(ec) = Ssim,sp,l(gc) + Ssim,sp,2(00)7 ec S 967

where Sgim,sp,1 and Sgim, sp,2 denote the Fisher information matrices corresponding to the
image detection processes G and Ga, respectively. In the present case, we assume without loss
of generality that (zo1,y01) to be the location coordinates that is determined from the first
image. Then it immediately follows that Sgim, sp,1(0c) = Q1 for 6. € O, where Q1 denotes

dxdydt
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the Fisher information matrix for the localization accuracy problem corresponding to object 1
and is given by eq. 20.

To derive an expression for Sgim,sp,2(0c), we make use of the fact that for the second
image the location coordinates (zo1,y01) of object 1 can be assumed to be known a priori,
since it is already determined from the first image. Hence for the second image only the location
coordinates (zo2,yo2) of the second object are the unknown parameters. Hence from this it
immediately follows that the expression for Sgim, sp,2(6c) will be identical to K22(6.) which is
a component of the Fisher information matrix Sgim (6c) for the problem of estimating 6. when
the location coordinates of both objects are unknown (Theorem 2).

2. To show that Sgim,sp(fc) is invertible, we require that Ql_1 and K2_21 (6c) exist for every
0. € ©.. We prove the result by contradiction. Define Ay := xo1 — zo2 and Ay = yo1 — yo2.
For 0. € ©., consider the term

_ [t A3(7)
Kaz(8e) = /to /R2 A (T)q1(x — zo1,y — yo1) + A2(7)g2(x — zo2,y — yoz)

(642(1*102&7%2))2 daz(z—=p2,y—y02) 992(z—02,y—y02)
T Ox dy
: dxdydt
g2 (z—z02,y—y02) 992(x—x02,¥y—y02) 9az(z—x02,y—y02) |2 v
dx oy oy

9az(z,y) aqg(r y) 9a3(z,y)
't A2
= / / 2 2(7) o ) Oy dxdydTt
to JR® Ai(T)qu (2 — A,y — Ay) + Aa2(7)q2(2, ) | 222(w) Japle.y) (8‘12(” y))
! oz oy dy

<8q2(r U)) 8{126(1,.1/) 8{128(11.1/)

_ B y

/ / hoe (@, 7) 8<12(z y) 8<12(£ v) (Bq%(mwy)y dzdydr, (54)
Y

where for 6. € O,

A3(7)
A1 (T)q1(z — Az, y — Ay) + Az(T)ga(z, )’

Assume that there exists an image function g2 such that the Fisher information matrix Ka2(6.)
is singular for 6. € ©.. Hence by eq. 54, it immediately follow that

Det[Ka2(0:)] = /;; /]Rz ho. (z,y,T) (w>2drdy/t; /v}R2 ho, (z,y,T) (W)Q dxdy

2

8(12(96 y) 0g2(z, y)
ho. (@, y, T ———dzdy =0, 60.€06..
/to /R2 ? )" on oy

(‘T7y) € R27 T 2 to.

h@g (I, Y, T) =

T2
Note that the above expression pertains to the limiting case of equality of the Cauchy-Schwarz
inequality applied to the term T>. Hence by applying the condition for equality, we have for
k#0
9q2(x,y) _, 0a2(,y)
ox oy
The above equation is analogous to the classical one-dimensional transport equation whose
solutions are given by ((Strauss, 1992, pg 6-7))

=0, (z,y) R (55)

oy =Fa+), @y R

where F' is defined on R. As g2 is an image function satisfying the regularity conditions, we
know that g2 is continuous on R?. Hence it follows that F is also continuous on R. Further,

q2(z,y) >0, (z,y) € R? and hence F(x) >0, 2 € R. This implies that there exists a constant
K > 0 and a finite interval Z = (a,b) C R such that F(z) > K, x € Z. Making use of the fact
that fRz q2(z,y)dxdy = 1 (since g2 is an image function) and substituting for g2 in terms of
F', we have

1= /R2 g2(z, y)dzdy = /]R2 F(x+ %)dwdy = /]R (/R F(xz+ %)dm) dy
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:/R (/IF(er%)der/I\RF(H%)dm) dy
Z/}R </IKdm+/I\RF(r+%)dm> dy
:K(b—a)/Rdy-i-/R </I\RF(:C+ z)dz> dy

= 0Q,

which is a contradiction. Hence Ka2(6.) is invertible for 6. € ©.. Similarly we can show that
Q; is also invertible. From this the result follows. ]



