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Abstract The optical microscope is a powerful instrument for observing cellular events.
Recently, the increased use of microscopy in quantitative biological research, including sin-
gle molecule microscopy, has generated significant interest in determining the performance
limits of an optical microscope. Here, we formulate this problem in the context of a parame-
ter estimation approach in which the acquired imaging data is modeled as a spatio-temporal
stochastic process. We derive formulations of the Fisher information matrix for models that
allow both stationary and moving objects. The effects of background signal, detector size,
pixelation and noise sources are also considered. Further, formulations are given that allow
the study of defocused objects. Applications are discussed for the special case of the esti-
mation of the location of objects, especially single molecules. Specific emphasis is placed
on the derivation of conditions that guarantee block diagonal or diagonal Fisher information
matrices.
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Introduction

The optical microscope has been an invaluable tool in cell biological research (Michalet
et al., 2003). In the more recent past, advances in photodetector technology, high speed data
acquisition and fluorescent labeling techniques have significantly enhanced the capabilities
of this instrument. Presently, optical microscopes perform tasks ranging from long term
(hours time scale) three dimensional imaging of live cells to fast imaging (milliseconds time
scale) of molecular interactions within a cellular environment even at the single molecule
level (see e.g., Weiss, 1999; Moerner & Fromm, 2003; Ober, Martinez, Lai, Zhou & Ward,
2004).

In several biological applications such as single molecule studies, the data acquired
through an optical microscope requires extensive quantitative analysis (e.g., see Saxton &
Jacobson, 1997). In order to carry out such studies, it is important for an experimenter to
know the capabilities of the instrument. This not only provides insight into determining the
feasibility of a particular experiment, but it also helps in designing an optimal experimental
setup.

In this paper we present results to calculate performance limits that quantify the capabili-
ties of an optical microscope. Due to the random nature of the acquired data, we use the tools
of statistical estimation theory (see e.g., Kay, 1993) to determine the performance limits. We
also show how experimental factors such as background noise, detector size, detector shape
etc., affect the performance of an optical microscope. The present results are applicable to sev-
eral microscopic techniques such as fluorescence microscopy, brightfield/transmitted-light
microscopy, etc.

Parameter estimation problems play an important role in single molecule microscopy.
Examples relate to determining the location of single molecules (Ober, Ram, & Ward, 2004),
the determination of the photon detection rate, the estimation of the level of defocus etc
(Ram, Ward, & Ober, 2005). Common to all these problems is that it is helpful for the exper-
imenter to have an analytical method to assess with which accuracy the various parameters
can be estimated. The approach that we take is based on calculating the Fisher information
matrix/Cramer Rao lower bound for the corresponding estimation problems. In Ober, Ram
et al., (2004) we have analyzed the localization problem for in focus stationary single mole-
cules using the methodology that is used here. In the current paper we significantly expand
on the scope of the approach and address more general parameter estimation problems that
include the localization problem but are not limited to it. Importantly from the point of view
of applications we also consider time-varying problems, such as when the imaged object is
not stationary. We also investigate under which conditions the Fisher information matrix is
diagonal and determine in detail the influence of the detector size on the accuracy with which
a parameter can be estimated.

It should be pointed out that there have been several reports that addressed specific prob-
lems such as the localization accuracy of point sources for a particular estimation technique
(see e.g., Bobroff, 1986). In Winick (1986) the Cramer Rao lower bound was calculated for
a position estimation problem in the special case where the image of the object is given by a
Gaussian function and the detector is pixelated.

The organization of the paper is as follows. In the Section General stochastic framework
we present the statistical description of the acquired data. In the Section Performance limits
and Fisher information matrix we derive general expressions for the Fisher information
matrix relating to the parameter estimation problem. In the Section Image function we derive
expressions for the Fisher information matrix that are of relevance when the optical system is
spatially shift invariant and an image function can be assumed to exist. In the Section Effects
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of reduced detector size we show how the detector size affects the performance of an optical
microscope. Throughout the paper we provide examples to illustrate our results with specific
profiles that describe the image of a point source.

General stochastic framework

A basic optical microscope setup consists of an object located in the object space, a lens
system and a detector in the image space that captures the image of the object (see Fig. 1).
For example, the object could be an individual point source (e.g., a fluorescent single mol-
ecule or a fluorescent nano-particle), a collection of two or more point sources, or a flu-
orescently labelled cellular organelle. Here, we are primarily interested in experiments in
which the detector detects photons from the object of interest for a fixed acquisition time.
Since the photon detection process is inherently a random phenomenon (see e.g., Saleh, 1978),
the recorded image of the object is stochastic in nature.

We assume that the acquired data consists of the spatial coordinates of the arrival loca-
tion of the detected photons on the detector and the time points at which the photons are
detected. In a typical quantitative experiment, some attributes of the object such as the loca-
tion, distance of separation from other objects, orientation, size etc., are determined from the
acquired data by using a specific estimation procedure. The accuracy of the estimates can be
determined by calculating the standard deviation of the estimates of this attribute assuming
repeated experiments.

In any estimation problem, it is important to know whether the specific estimation tech-
nique used to estimate the desired attribute indeed comes close to the best possible accu-
racy. This can be determined by calculating the Fisher information matrix (Zacks, 1971;

—=———— Object space — Image space ——— -

| Detector

....Opficallens system
(Objective lens + Tube lens)

Detector plane

Fig. 1 The schematic shows the main components of an optical microscope based imaging setup. Here, an
object located in the object space is imaged by an optical lens system and the image of the object is captured
by the detector that is located in the image space. The location of the object in the object space is denoted by

(%0, ¥0, 20)
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Kay, 1993) for the underlying random process that characterizes the acquired data. Accord-
ing to the Cramer-Rao inequality (Zacks, 1971; Kay, 1993), the (co)variance (matrix) of any
unbiased estimator @ of an unknown vector parameter 6 is bounded from below by the inverse
of the Fisher information matrix 1(0), i.e.,

Cov(d) = 17'(0).

Since we have defined the accuracy of an estimator in terms of its standard deviation, the
square root of the inverse Fisher information matrix provides a lower bound to the best pos-
sible accuracy. It is important to note that the Fisher information matrix is independent of
the estimation procedure used to estimate the parameter 8 and only depends on the statistical
nature of the acquired data. For instance, if the desired attribute is the location of an ob-
ject, then the above equation implies that for any (asymptotically) unbiased estimator of the
location, the accuracy of its location estimates can never be smaller than the square root of
the inverse Fisher information matrix. Therefore, the square root of the inverse Fisher infor-
mation matrix provides a limit to the accuracy with which the location of the object can be
determined. Generalizing this, in an optical microscope the performance limit in determining
a specific attribute of an object is defined as the square root of the inverse Fisher information
matrix calculated for that attribute.

Due to its stochastic nature, the acquired data is modeled as a space-time random process
(see e.g., Snyder & Miller, 1991) which we refer to as the image detection process G. The
temporal part of G describes the time points of the detected photons and is modeled as a
temporal Poisson process with intensity function Ag. The spatial part of G describes the
spatial coordinates of the arrival location of the detected photons and is modeled as a fam-
ily of mutually independent random variables {U. },>, with probability densities { fy ¢ }r>1,
defined on the detector C, where 7 denotes the time point of a detected photon. The time
dependence of the random variables {U:},>; denotes the fact that the spatial distribution
of the detected photons can change with time. For example, this is the case when photons
from a moving object are detected. In some applications the spatial part of G is indepen-
dent of 7 and in that case the random variables are independent and identically distributed.
In all cases, we assume that the spatial and temporal parts of G are mutually independent
of each other. We note that the probability density fy r satisfies certain regularity condi-
tions that are necessary for the calculation of the Fisher information matrix (see Zacks,
1971).

Definition 1 Let C denote a detector, i.e., an open subset of R? with non-zero Lebesgue
measure. Let ® denote the parameter space that is an open subset of R” and let #p € R.
For 6 € ®©, an image detection process G(Ag, { fo,7}c>1,, C) is defined as a spatio-temporal
process whose temporal part describes the time points of the photons detected on the detector
C and the spatial part describes the spatial coordinates of the arrival location of the photons
detected on the detector C.

The temporal part is modeled as a Poisson process {Z(7); T > fo} with intensity Ag,
called the photon detection rate, such that

(C1) Ag(7) is piecewise continuously differentiable with respect to 6 for each t > 1.

(C2) Ag(7) is piecewise continuous with respect to T for each 6 € ©.
Let Fo be the set of probability densities fp on C parameterized by 6 that satisfy the
following regularity conditions

(C3) 0fp(r)/a0; existsforr e C,i =1,...,nand 0 € ©.
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(C4) fc |0fp(r)/06;ldr < cofori =1,...,nand 0 € ©.

1 9 a
(C5) The integral fo(r) 3o (r) dr exists and is finite for i, j = 1,...,n and

c fo(r) 96;  00;
0eB.

The spatial part of the image detection process is modeled as a family of mutually indepen-
dent random variables {U;}.>;, that is assumed to be independent of {Z(7); T > #o}. The
corresponding family of probability densities { fo - }r>4, & Fe is called the photon distri-
bution profile, if U, with probability density fp . describes the spatial distribution of the
location of the point of detection of a photon on the detector C that is detected at time t,
T = 1.

We next derive an expression for the Fisher information matrix of the image detection

process G.

Theorem 2 Let G(Ag, { fo,r}r>1, C) be an image detection process. Then for 6 € © the
Fisher information matrix 1(0) of G corresponding to the time interval [to, t] is given by

16) :/f 1 (aAg(r))T(aAg(r))dT
w Aoty \ 06 30
N /’ / Ao (T) (afe,f(r))T (afe,f(r)) drde
0 Jc Jor(r) 20 00

_ / / ! (B[Aeu)fe,f(rn)T(a[A9<r>f9,r(r>])drdf
cJiy Ao(T)fo,(r) a0 90 ’

Proof This result is a generalization of the Fisher information matrix for a spatio-temporal
random process whose temporal component is a Poisson process and the spatial component is
independent of the time points (see Snyder & Miller, 1991, p. 213). Due to space limitations
the proof of this generalization is omitted, but can be found in Ram (in preparation). O

In deriving the above result we made no specific assumptions about the geometry of the
imaging setup or the analytical expression for the photon distribution profile fy. Hence the
above theorem provides a general result to calculate the Fisher information matrix for a wide
range of situations. Note that the two-term expression of I(9) shows explicitly the dependence
of I(6) on the temporal and spatial components of the image detection process.

We next consider the superposition of two image detection processes. In many concrete
situations the detected photons originate from different sources. For example, the detected
photons can result from a background component in addition to those detected from the
object of interest. In an incoherent imaging setup, such as in fluorescence microscopy, the
photon detection process that describes the collection of all the detected photons is then
the superposition of the object and the background image detection process.

Theorem 3 Let Gl(A}, {fglj}fzto, C) and G*(A3, {fgzt}fzto, C) be two independent
image detection processes. Then the superposition process is an image detection process
G(Ag, { fo.c}r=1y, C) whose photon detection rate Ag is given by

Ap(0) = Ag(®) + AF(D), T =10, O €O, M
and the photon distribution profile { fo ¢ }t>1, is given by
for(M) =€y fl (N + e f5.(r), reC, 0e®, T>1, )

where €} () = AL(1)/ A0 (x), €2(v) = A2(1)/Ap(x), 0 € O, T > 1.
@ Springer
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Proof This result is analogous to the result of the superposition of Poisson processes (see
e.g., Snyder & Miller, 1991). For a detailed proof please see Ram (in preparation). d

Performance limits and Fisher information matrix

Using the results derived in the previous section, we next obtain expressions of the Fisher
information matrix for a parameter estimation problem in which the parameter vector 6 :=
(61, 6,4, 04) is decomposed into three components, where 6; denotes the location component,
0, denotes an auxiliary component and 6, denotes the rate component. The location com-
ponent 6; typically consists of the x and y coordinates of the object location. The auxiliary
component 6, if present, may consist of other relevant parameters such as the z coordinate
of the object location. In single molecule microscopy it is often reasonable to assume that
the photon detection rate is a constant, i.e., Ag(t) = Ag, T > fo and that the intensity level
Ao needs to be estimated. In this case 64 would consist of the parameter Ag. For example, in
tracking problems for vesicles, due to photobleaching effects the photon detection rate can
often be modeled as Ag(t) = Agexp(—(t —1t9)kp), T > to. In this case 64 would consist of
the parameters Ag and k.

In the following theorem, we consider two independent image detection processes G'
and G2. The image detection process G' is such that its photon detection rate Aé only
depends on the rate component 64, and its photon distribution profile f91,7: only depends on
the location component 6; and the auxiliary component 6,. The image detection process G2
is such that its photon detection rate A% and photon distribution profile f? are independent
of 0. For example, G' can model the detected photons from the object of interest, whereas
G2 might model a background component.

Theorem 4 Let G'(A}. {f} }e=1. C) and G*(A%, {f2}e=1y. C) be two independent image
detection processes such that G* is independent of 0, 0 € ©. Let G be the superposition of
G and G*. Assume that

(A1) for 6 = (61,64,04) € @ and T > 10,3f, (r)/064 = 0.r € C, IA}(7)/36; = 0,
AL (r)/96, = 0.

Then for 0 € O the Fisher information matrix of G corresponding to the time interval [ty, t]
is given by

1,0) L.a(0) 1,40
10) = | 17,0) L.a®) 1.40) |, 3)
17,0 17 ,(0) 14.460)

where, for0 € ® and o, B € {¢, a},

L 5(60) = / ,/ [45 (D)1 0\ () drde @)
“ o Je AN f) )+ A2@) 2\ 96 26p ’
T 4(0) == / t/ Ap() f5, () a1 .Y (0ah@ drdr (5)
T o Je Ab@ 1L 0+ 220 f2) | 96 96 ’

¢ 1 2 T 1
14.4(0) ;=// 1 l(fg”(r)) (M(’(f)) 945(7) drdr. (6)
w0 Je Ag(D) fy () + A2(0) f2(r) \ 964 964
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Proof By Theorem 3, for the image detection process G(Ag, { fo.r}r>1,C), Ao(T) =
Ag(@) + A%(v) and fo o (r) = €4(0) fy (r) + €5(0) f2(r) forr € C, 0 € O, T = 1,
where €} () := A} (1) /(A}(x) + A%(7)) and €] (1) := A% (1)/(A} (1) + A*(1)), T > 1o,
6 € ©. Thus we have Ag(7) fo.-(r) = (Aj(T) + AX (1)) (€4 (D) f (1) + €5 () f2(r)) =
AY(@) f) (1) + A%(2) f2(r). r € C,0 € O, T = 1y. Substituting this in Theorem 2, using
condition (A1) and the fact that A2 and fT2 are independent of 6, we get

1) = / / 1 (3[A9<r)f9,f(r)])T(a[Ae(r)fe,I(m) e
cJiy Ao(T) fo,(r) a0 30

i ol .\ ]

aho (252)
_/t/ : A RO
=y Je AN £+ 2@ 120 ”( )T

K (“’Qéi”)

[A ) fg,(> Ale )af9,<) 5 ()BA ”)]drdr, 0eco.
From the above equation the result immediately follows. O

In many practical situations it is important to know whether the Fisher information matrix
1(0) is diagonal, as the diagonality of I(9) has several implications. For example, it is well
known that under certain conditions the maximum likelihood estimator of a vector parameter
6 is asymptotically Gaussian distributed with asymptotic mean 6 and covariance I~ (8) (see
e.g., Zacks, 1971). Here, if I(9) is diagonal, this implies that the components of the maximum
likelihood estimate of 6 are asymptotically independent. Note that if an efficient estimator
of 6 exists (i.e., an unbiased estimator whose covariance matrix is equal to I71), 0 € ©),
then a diagonal I(9) ensures that the estimates of € are uncorrelated.

In general, for 6 = (6, ...,6,) € O, if I(0) is diagonal, then this implies that the limit
of the accuracy of the unbiased estimates of 6;, i = 1, ..., n, does not depend on the other
unknown parameters in 6. For an unbiased estimator of the object location, this means that
the limit of the localization accuracy of the x coordinate of the location is the same whether
or not the y and z coordinates of the location are known.

We next investigate the conditions under which the Fisher information matrix given in
Theorem 4 is block diagonal. As will be shown, for the parameter vector 8 = (6, 6,, 64), it
turns out that I(6) is block diagonal when the detector C and the photon distribution profiles
felqr and f? satisfy certain symmetry conditions. Furthermore, for some special cases of 6,
I(6) becomes fully diagonal (see Corollary 9). We next define a symmetric detector and a
symmetric function.

Definition 5

1. A detector C is said to be symmetric if there exists a point (cy, cy) € R2, known as
the center of C, such that for every (x,y) € C, 2cx — x,y) € C, (x,2¢y — y) € C and
(2cy —x,2¢cy —y) €C.

2. Let C be a symmetric detector with center (cy, cy). A function f: C — R is said to
be symmetric (antisymmetric) along the x axis with respect to c, if for every (x,y) € C,
fx,y) = fQecx —x,y) (f(x,y) = —fQ2cxy — x,y)). If fis symmetric along both the
x and y axes with respect to ¢, and cy respectively, then f is said to be symmetric with respect
to the center of C.
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In the following theorem we assume the location component 6; to be 6, = (61, 6>).
Further, we assume that (3f, . (r)/861) = —9.(0f, ,(r)/0x) and (3f, ,(r)/362) = =V,
(8f01,r(r)/3y), r=(x,y) €C, 6 € O, 1 > ty, where ¥, and ¥, are constants that are
independent of (x, y) € C. This assumption is satisfied if the photon distribution profile fel, .
is a function of (x /¥y — 61, /¥y — 62), where (x, y) € C (see Section Image function).

Theorem 6 Let G'(A}. {f} }r=1p.C), GH(A? {f2}r24.C) and G be image detection
processes as given in Theorem 4. Assume that

(A1) for6 = (01,60,,04) € ©,0, = (01,02), 0, = (63,...,60k) and Op = (Ok+1,...,6,),
fy (r)/304 =0, r € C, T = 19, 0A4(7)/36, = 0, T = 19 and 0 Ay(7)/36, = 0,
T =l

(A2) 3f; L (1)/861 = =0, (3f) (r)/0x), Bf ), (r) /867 = =Dy (3f} (1) /By). 7 = (x.y) €
C,0 €®,t >ty where ¥, and ¥y are constants that are independent of x and y,

(A3) the detector C is symmetric, and

(A4) fgl,r and fr2 are symmetric with respect to the center of the detector C for 0 € © and
T = 1.

1. Then for 6 € O the Fisher information matrix of G corresponding to the time interval
[to, t] is given by

L,0) L.,0) 0
1) = I,T,M(G) I,.00) 1,,40) |,
0 17,0 Ly.A®)

where for 6 € ©, 1,,0) and 1,,(0) are given by Eq. 4, 1, A(0) is given by
Eq.5,14,4(0) is given by Eq. 6 and

I:(0) := Diag[z‘}2 /I/ [4(D)] 3fy . (r) ?
, : x 1 JC Aé(f)fel’f(r)+A2(t)fr2(r) 9x ,

' 12 afl 2
2 / / 1 l[Ag(r)] o (1) drdt], o
w0 Je Ag(D) fy () + A2(T) f2(r) dy

where Diag denotes the diagonal matrix.

2. In addition to conditions (A1-A4), assume that

(A5) all the elements of the vector d fgl’r(r) /06,, r € C, are symmetric with respect to the
center of the detector C for 0 € ® and t > 1.

Then for 6 € © the Fisher information matrix of G corresponding to the time interval [to, t]
is given by

L) 0 0
1(0) = 0 T.4(0) 1,40) |,
0 1,0) 140

where all the non-zero entries of 1(0) are given in result 1.
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3. In addition to conditions (A1-AS), assume that
(A6) the photon detection rate ofg2 is zero, i.e., A2() =0, T > 1o.

Then for 0 € O the Fisher information matrix of G corresponding to the time interval [tg, t]
is given by

L;6) O 0
1) = 0 L.0) O ; (8)
0 0 Ix,4(0)

where for 6 € ©,

2
Ay [0
o) ﬂ?fzé Je fgli(rr)( r ) drdr 0 o
M . 0 192 t Aé(f) 3f61,1(r) g drd ’
y fto fC fal.r(r) dy rdr
CroAb@ (afL Y oft o
Ia,a(e)z// lg(t) Jox Jox drdr, (10)
o JC fg,r(r) 06, 06,
T
| A} oAl
IA,A(9)=/ : 0(®) 0 4. (11)
0 Ab) | 904 304
Proof

1. Using condition (A1) and the fact that A% and ft2 are independent of 6, we can show that
the general expression for the Fisher information matrix is given by Theorem 4 (see Eq. 3).
Consider the matrix I; ;(0) that is given by Eq. 4. Using condition (A2) we immediately
obtain the integral expressions of [I; ;(6)]11 and [I; ;(6)]22 that are given in Eq. 7. To obtain
the desired result, we need to show that the off-diagonal terms of I; ;(8) (i.e., [I;;(0)]12 and
[I;,:(6)]21) and all the terms of I; 4 (0) G.e., [I;, A (@)];j,1 = 1,2, j =k+1, ..., n) are zero.

Let (cy, cy) denote the center of the detector C and define Tx: C — R2, (x,y)
(2¢x — x,y). By condition (A4), f; .(x,y) = (f}, o Tx)(x,y), (x,y) € C, 6 € © and
T > t9. Using the chain rule of differentiation we get

g (x.y)  Bl(fy . o T)x, M 8fy ey —x,9) 8(2¢, —x)
0x o 0x o 0x 0x

9 1
= —< o OTX) (x, y), (12)

0x

where (x,y) € C,0 € ® and T > t¢. Similarly, by using condition (A4) we can show that
ford € ® and T > 19,

afl (x, AfL o Tx)(x, af)
fo.c06¥) Oy 0 T, )] :( i OTX)(x’y)’ oy ec. 03
ady dy ay

A fo (e, y) + AR [ y) = (A0 fy o + A2 (D fD) 0 Tx) (x.y),  (x,y) €C.
(14)
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Consider the term [I(0)];; that is given by Eq. 4. Hence using this result, condition (A2)
and Eqgs. 12-14, we get for 6 € O,

! (A} (O] dfo.c(r) 0fp.c(r)
I _ , ,
X112 /to /c Aé(r)f(}’r(r) Y ETR TR %6, drdr

t 1 2 g fl , g fl ,
_ vh%// 1 1 [A)(D)] Jo.(x,¥) 0 fy . (x y)dxdydr
nlc Ag(D) fy  (x, V) +A2(0) fA(x,y) O dy

' (4@ of) . af) .
~0y T 0T o Ty ) (x, y) dxdyd
}/m/c((Ag(r)fg‘,TJrA%)fg ax oy )X (x,y) dxdydr

— 90 /t/ [4) @1 x
e Je AN fL L y) + A2 2, y)

0f . (e, y) f  (x, y)
ax ay

where we have used the Theorem on change of variables (see Rudin, 1987, pp. 153-155) in
the final step. Similarly we can show that [I; ;(0)]21 = —[1;;/(0)]21, 6 € ©. Thus we have
[I:0)]12 =L (@)]21 =0,0 € O.

If Ty: C — RZ, (x,y) = (x,2cy — y), then similar to Egs. 12 and 14, we can show that
for6 € ® and t > 1,

ofs (. y)  OI(f), o TY)(x, ]
dy - dy

dxdydr = —[I;;(0)]12, (15)

9 1
= —( ?’r ° Ty)(x,y), x,y)eC, t=t, 0€0O, (16)
y

AYO [ y) + A2 f2(x, y) = (A0 fi o + A2 fH o Ty) (x, ), (x,y) €C.
(17)

Hence by using Eqgs. 12, 14, 16 and 17 and condition (A2), we can show that [I; 4(8)];; =
—M;,A@)])ij, fori =1,2, j=k+1,...,nand 0 € &. Hence I; 1 (#) = 0,60 € ©. From
this the result follows.

2. By condition (AS), for ¢ € {X, Y}, 8f91’r(x, y)/06, = 8[(]”01,r o Tr)(x,y)]/00, =
((0f) ;/96a) 0 T;)(x, y), (x,y) € C,0 € @ and T > 19, where Tx and Ty are defined
above. Hence using this result, Egs. 12-14, Egs. 16—17, condition (A2) and by taking an
approach similar to that of Eq. 15, we can show that [I; ,(0)];; = —[I;,«(@)];j, i = 1,2,
Jj=3,...,k, 60 € ®. From this it follows that I; ,(8) = 0,0 € ©@. Substituting this in result
1 of this Theorem the result follows immediately.

3. Substituting for A2 in Eq. 7 we immediately obtain the expression for I, ;(0) that is given
by Eq. 9. Consider the term I, (@) that is given by Eq. 5 (see Theorem 4). Since f;, L 18
a density function that satisfies conditions (C3-C5) of Definition 1, fc (8_)‘91. L(r)/30) =0,

0 € ® and T > 1y (Zacks, 1971 pp. 182-183). Using this result and substituting for A2, we
get

t afl T
I, 4(0) 2/ ( . fe’T(r)) dr 946 (%) dr =0, 0e€6.
to

00, 00,
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Finally, consider the term I4 4 (6) that is given by Eq. 6. Substituting for A? and using the
fact that fc f917 L()dr=1,7 > 19,60 € ©, we obtain the desired expression that is given in
Eq. 11. O

Remark 7 Note that when condition (A6) is satisfied, the photon detection rate and the
photon distribution profile of G are equal to that of G'. In this case, the condition that
(see condition (A4)) f,2 is symmetric with respect to the center of the detector is no longer
required.

From the above theorem we see that the number of symmetry conditions imposed on the
partial derivatives of fel, ; (e, d f(}’ .(r)/36; and 9 fel, . (r)/36,) determines the number of
off-diagonal terms that are zero in the Fisher information matrix I(6). Note that the photon
detection rate A? also plays a crucial role in making I(9) block diagonal. Consider a special
case, where the parameter vector & = (6;, 64) only consists of the location 6; and the rate 6 4
components. In this case the Fisher information matrix given in result 1 of the above theorem
is block diagonal, even when the photon detection rate Az(r) # 0, T > 1. Finally, we note
that in result 3 of the above theorem if the auxiliary component 8, and the rate component
04 are scalars, then I(0) is diagonal.

Image function

In the previous sections we made no assumptions about the specific functional form of the
photon distribution profile. In an optical microscope, the image of an object can often be
considered to be invariant with respect to shifts in the object location (Goodman, 1996).
Hence the photon distribution profile f(}’r can be expressed as a scaled and shifted version
of the image of the object. For example, in the case of a moving object, f(}’I can be written
as f  (x,y) = #qge (35 — X0, 3 —Yoz), (x, ) € R%, 0 € ©, T > 19, where gg, denotes
an image function, M > 0 denotes the lateral magnification and (xo,r, yo,r) denotes the time
dependent x — y location of the object. An image function gy, describes the image of a fixed
object on the detector plane at unit lateral magnification when the object is located along
the z axis in the object space (see Fig. 1). Here, 6, is a vector that parameterizes the image
function. For example, 6, could be the z position of the object and/or the angles that specify
the 3D orientation of the object. In some applications the 6, parameterization is not required
and in such cases the image function is denoted as ¢g. Since fel,z is a probability density
function that satisfies conditions (C3—C5) of Definition 1, to express fel,f in terms of g, we
impose appropriate conditions on the image function that are given below.

Definition 8 Let ©®, C R™ be a parameter space. For 0, = (0,1, . .., Oe.m) € O,, we define
qe,: R2 — [0, 00) to be an image function if the following properties are satisfied.

1. [p2qo,(x,y)dxdy =1,
o 949, (x.y) aqeea(;r,y) and aq?;e(x,y)

Fra =~ exist for every (x, y) € RZ,

i

aqe, () | ' 340, (x. 340, (x,
3. Jge %’ dxdy < 00, [zo % dxdy < oo and [, ’W’ dxdy < oo,
and
4 f 1 996, (x,y) 9g6,(x,y) dxd f 1 990, (x,y) 9qg, (x,y) dxdy and f 1
© IR g5,y T 0% ) Vo JR? Gooiy) T 00k 96es Y R? Go, (x.)
3%5“9()‘,’}') 3q§%(xfy) dx dy exist and are finite, where ¢, = x, & = y, k,I = 1,2 and
e,i 0Ue, j
i j=1,....m.
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The image function gy, and its derivative (g, /90,,;) are said to be symmetric if, for 6, € &,,

G0, (x, ¥) = qo,(—x, y) = g, (x, —y) and 240 _ Baee D) _ Daie(Xy) | pegpeciively,

for (x,y) € R2.

In several applications the image of the object can be considered to be invariant with
respect to time, for example, when the object is not moving during the acquisition of its
image. In such cases, the expression for the photon distribution profile will be independent
of time. In the following Corollary we derive a general expression for the Fisher information
matrix for such applications. Here, the parameter vector is set to be 6 = (6;,6,,604) € O,
where 6; = (xg, yo) denotes the x-y location of the object and 4 = Ag is a scalar param-
eter that characterizes the photon detection rate Aé. We assume that the photon distribution
profile fel’r is given in terms of a symmetric image function. We also assume the detector
to be infinite, i.e., C = R2. An infinite detector provides the best case scenario, where all
the photons that reach the detector plane are detected by the detector (see Fig. 1). Hence
the square root of the inverse Fisher information matrix for an infinite detector provides the
fundamental limit to the accuracy with which the components of the parameter vector 6 can
be determined. We then consider a special case, where 6; and 64 are as given above and
the auxiliary component 6, = €y is a scalar. For this special case we show that the Fisher
information matrix is diagonal. Finally, we assume the photon distribution profile fely , tobe
independent of 6, and the parameter vector to be 8 = (6;, 64) with 6; and 64 as given above.

Corollary9 Let ® C R" be a parameter space. Let G!(A), { fel’ ezt R?) and
G* (A%, { f2}1219, R?) be two independent image detection processes such that G2 is indepen-
dent of 6. Let G be the superposition of GY and G2. For 0 = (6}, 0,4, 60,4) € ©,let6; = (xo, Y0)
and 04 = Ao, where xg, yo and A are scalar parameters. Assume that for 6 € O,

(A1) 9A}(1)/36, = 0,3 A}(x)/30, = 0 and A%(z) = O for T > 1o,
(A2) there exists a symmetric image function gg, such that for M > 0, the photon distribution
profile fgl’r is given by

X

1 y
1 _ 2
fo(x,¥) = 272 %6 (M X0, 4 yo), (x,y) R, T =1,

(A3) all the elements of the vector (9¢g, (x, y)/90,) are symmetric, (x, y) € R2.

1. Then for 6 € @ the Fisher information matrix of G corresponding to the time interval
[to, t] is given by

L6 O 0
1(0) = 0 I,q0) O )
0 0 14,400

where

t 1 3 0\
1,/(6) = Diag / Aé(r)dr/ ( 96, (x y)) dx dy,
0 R2 q0,(x, y) dx

t 1 9 0\
/ A},(r)dr/ ( 96, X y)) dxdy|, 6eo,
1 R2 q0,(X, y) dy

where Diag denotes the diagonal matrix.
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! 1 3 0\ o ,
L. (6) =/ Aé(f)dr/ ( g6, (x y)) q6, (x y)dxdy’ 6co.
0 R2 46, (X, y)

a0, 96,

2
f1 foaAy()

14,4(0) :/ Al(r)( ” dr, 6eco.
10 9 0

2.1If 6, = € is scalar, then for 6 = (xq, Yo, €0, Ap) € © the Fisher information matrix of G
corresponding to the time interval [#g, ¢] is given by

t 1 3 O\
1(6) = Diag / A;(r)dr/ ( Geo X y)) dxdy,
) R2 qeo(x’ y) ax
t 1 a , 2
/ Ag(r)dr/ ( Geo X y)) dxdy,
o R2 4 (-xv )7) ay
t 1 3 O\
/Ag)(r)dz/ ( G y)) dxdy,
0 R2 qey (X, ¥) deg

2
to1 (o4
/ 1 A2l I ) (18)
0] AQ(T) 8A0

where Diag denotes the diagonal matrix.

3.1If 0 = (x0, yo, Aog) € O, then the Fisher information matrix of G corresponding to the
time interval [7g, ¢] is given by

t 41 1 39 (x,))? ,
Sy AB@AT fz gy (24652) "dxdy 0 0
t oAl 1 (390)?
106) = 0 flo Ap(D)dt [p2 q(x,)')(qu}) dxdy 0
1 aAé(ﬂ 2
0 0 Jo Aé(r)( 340 ) dr

19

Proof
1. Let M > 0. By conditions (A1) and (A2), afel’r(r)/BGA =0, 8A2}(r)/301 = 0 and
3Aé (r)/30, = O forr € R2,0 € @ and T > 1. Further, from condition (A2) we can
verify that df,) . (r)/dxo = —M(f, ,(r)/dx) and df, . (r)/dyo = —M(3f .(r)/dy) for
r=(x,y) € R%,0 € ®andt > to. Since (M xo, Myg) € Rz,forevery (x,y) € R2,(2Mx0—
X,y) € R2, (x, 2Myy —y) € R? and (2Mxg — x, 2Myg —y) € R2. Hence R? is symmetric
with respect to the point (M xg, Myg) (see Definition 5). From conditions (A2 — A3) we can
easily verify that fgl, . (x, y) and all the elements of the vector 9 fGI, (X, /00, = (1/M 2) (9ga,
(x/M — x9,y/M — yo)/06,) are symmetric with respect to the point (Mxg, Myp), where
(x,y) € R, 0 € ® and T > 19. Finally we note that by condition (A1), A%(t) =0, T > 1.
Thus from the above and from Remark 7, we see that the photon distribution profile and
the photon detection rate of G! and G satisfy all of the conditions of result 3 of Theorem 6.
Hence for the present case, the Fisher information matrix I(6) is block diagonal (see Eq. 8).
From Eq. 9 we see that I; ;(6) is diagonal and we evaluate its diagonal terms [I; ;(0)]11 and
[I;,;(6)]22. Substituting for Aé and fel’ . in the integral expression of [I; ;(6)]11, we get
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t Al 0 1 2
wo@n =w [ [ L0 Jor N 4
1 JR? fe,r(”) dx
t
1
= M2/ Al(r)dr/
o ¢ R2 ﬁqe‘, (35 — x0. 3% — )

2
1 d L — X0, & —
X( 49, (M 0> M YO)) dxdy

M? ox
t Al 3 1\*
=/ A;(r)dr/ 0 (™) ( ‘”“(“’v)—) (Mdu)(Mdv)
0 r2 g6, (1, V) ou M
(u-:i—x u:l—y)
. M 0, . M 0

1 1 dge, (x, )\
:/ Aé(r)dr/ ( 90, (% y)) dxdy, 0 €0O.
) R2 40, (X, y) ax

Similarly, we can show that

t 1 9 , 2
0.0(6)]n = / Al(oyde / ( 96, (x ”) dxdy,
0 R2 46, (X, y) dy

t P 1 T 5 1
Ia,a(e) :/ Aé(f) dr 1 ( fG,r(r)) fg’.[(l") dr
1

0 r2 f )\ 96 304
! 1 9 N\ ,

:/ Aé(r)dr/ ( 90, (X y)) LCASID
0 R2 46, (X, Y) Gl 30a

IAA(O):/I 1 (04)(r) TaA;(r)dT:/f 1 (04)(r) 2dt’
’ o Ap(m) | 904 304 w AL\ 940

where 0 € ©®, and 1, ,(0) and I4 4 (0) are given by Eqs. 10 and 11 respectively. From this
the result follows.
2.1f 6, = € is scalar, then for 6 € ©,

t 1 3qe,(x, M)\ 9ga, (x,
1,..(0) :/ Aé(r)dr/ ( g6, (x y)) qo,(x,y) dxdy
10 R2 46, (X, y) 90, 36,

: 1 3, (X, )\
:/ Aé(t)dr/ ( Geo (X y)) dxdy.
0 R2 ey (X, ¥) deo

Substituting this in result 1 of this Corollary we obtain the desired result.
3. The result immediately follows from result 2 of this Corollary. ]

From the above Corollary we see that the Fisher information matrix I(#) is independent
of (x0, yo) and only depends on the image function and its partial derivatives. Moreover, 1(0)
is diagonal when 6 = (xq, Yo, €9, Ao) and & = (xp, yo, Ap). Note that if €9 = zg denotes the
z coordinate of the object location, then I(6) that is given in result 2 of the above Corollary
can be used to calculate the three dimensional fundamental limit of the localization accuracy
of the object. In Ober, Ram et al., (2004), we recently reported integral expressions for I(0)
that are analogous to Egs. 18 and 19, where the parameter vector was set to be 0 = (xg, yo),
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Ap was assumed to be known and I(6) was a 2 x 2 diagonal matrix. We note that Eqgs. 18 and
19 are generalizations of our earlier result and show that the diagonality of I(#) is preserved
even when additional parameters such as €p and A are assumed to be unknown.

Example-1

We now illustrate the results derived in this section by considering specific image func-
tions that describe the image of a fixed point source. According to optical diffraction theory,
when a point source is in focus with respect to the detector, the intensity distribution of the
image of the point source is described by the Airy profile (Born & Wolf, 1999, pp. 440).
The 2D Gaussian profile, on the other hand, has been widely used to approximate the Airy
profile, for example, in the analysis of data from single molecule fluorescence experiments
(Kubitscheck, Kiickmann, Kues, & Peter, 2000; Santos & Young, 2000; Thompson, Larson, &
Webb, 2002). In the following Corollary, the parameter vector is set to be 8 = (xo, Yo, Ao) €
©® and the photon distribution profile f(},r is assumed to be given in terms of an image func-
tion g. The photon detection rate is assumed to be a constant, i.e., Aé (t) = Ag, T = t9. For
each image function, we derive a simple formula for the fundamental limit of the localization
accuracy /[I71(0)111 (v/II71(8)122) of xo (yo) and for the fundamental limit of the accuracy
VII71(0)]33 of Ag. We note that the following results are extensions of the results reported
in Ober, Ram et al., (2004).

Corollary 10 Let @ C R? be a parameter space. Let G!, G? and G be image detection pro-
cesses that are given in Corollary 9. For 6 = (x¢, yo, Ap) € ® and T > 19, let A%(7) =0,
Aé(r) = Ag and for M > 0, assume that there exist a symmetric image function ¢ such

that f (x, y) = (1/M*)q(x/M — x0, y/M = yo), (x,y) € R%.
1. Airy profile: If, for n,, A > 0, g is given by

27'[110 m)

ﬂ(x +y?)

q(x,y) = . (x,y) eR?, (20)

then for & = (xq, yo, Ag) € © the Fisher information matrix of G corresponding to the time
interval [#g, ] is given by

(2nng)2;2\o<t—zo) 0 0
2
I(Q) = 0 (27[””)){2100_[0) 0
11
0 0 T

Further, the fundamental limit of the localization accuracy 8 (8 ) of xo (yo) and the fun-
damental limit of the accuracy 8 4, Of Ao are given by

A Ao
82d = 82d =, 82d = . 21
0 2mng/ Aot — o) 4o (t —to) el

2. 2D Gaussian profile: If, for o > 0, g is given by

1 x2+y?
q(x,y) ::mexp(— P ) (x,y) € R, (22)
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then for 6 = (x¢, yo, Ag) € ©® the Fisher information matrix of G corresponding to the time
interval [7g, t] is given by
A —
ot - 10) 0 0

o
16) = 0 Ao g
— I
0 0 G

Further, the fundamental limit of the localization accuracy 85, (85, ) of xo (yo) and the

fundamental limit of the accuracy 8% of Ag are given by

0 0 0 Ag
8(gau — (S(gau — < . Séau — ) (23)
o Aot —10) Ao (t —10)

Proof

1. It can be verified that the Airy profile is a symmetric image function. By definition,
for 6 = (x0.v0, Ag) € ® and T > 19, A*(r) = 0, JA} g(t)/dx0 = A} 0(T)/dyo = 0,
a fe [(1)/0Ag=0,r € R2, and fe , 1s expressed as a shlfted and scaled version of g. Hence
for the present case result 3 of Corollary 9 holds and the Fisher information matrix I(0) is
diagonal (see Eq. 19). Using Eq. 19 we can easily show that [I1(0)]33 = (t — #9)/Ap- Let
o := 2mny /. Using the identity (3/0x) [x ™" J,(x)] = —x " Ju41(x), x € R (see Watson,
1958, pp. 18) with n = 1, we can show that

0 JHayx?+yY) _ e Ji(a/x2 + y2) Jray/x2 + y?)
0 x2+4y2 B VxZ+y? x2+y?

, (x,y) €R?, ¢ € fx, yh

(24)

Hence by using this result and the integral identity fo J; 2(1) /t)dt = 1/(2n) (Watson, 1958,
pp. 405) with n = 2, we can show that [I(0)]1; = [1(0)]2s = Qmng)*Ag(t — 19) /A2 (see
also Ober, Ram et al., 2004).
2. We can easily verify that the 2D Gaussian profile is a symmetric image function. Fur-
ther, we can show that for the present situation the Fisher information matrix is diagonal
and is given by Eq. 19 (see proof of result 1). Substituting for Aé and ¢ in Eq. 19 we get
[1(0)]33 = (t — ty)/Ag, and it can be shown that [1(0)]11 = [1(0)]22 = Ap(t — to)/(r2 (see
Ober, Ram et al., 2004).

In both cases, the fundamental limit of the localization accuracy of xg (yp) and the funda-
mental limit of the accuracy of Aq are obtained by inverting the Fisher information matrix
and taking the square root of the corresponding leading diagonal elements. O

The Airy profile depends on the term « that is given by « = 27 n, /A, where n, denotes
the numerical aperture of the objective lens and A denotes the wavelength of the detected
photons. For a given experimental configuration, the numerical values of n, and A are known
and hence « is known. On the other hand, the 2D Gaussian profile depends on the term o
that needs to be empirically determined from calibration experiments (see Kubitscheck et al.,
2000; Thompson et al., 2002).

It can be shown that the maximum likelihood estimator of the photon detection rate Ag
is given by /io = Niot/(t — to), where N;,; denotes the total number of detected photons
and ¢ — ty denotes the acquisition time (see e.g., Snyder & Miller, 1991 pp. 74-75), and the
standard deviation of /io is given by /Ao/(t — tp). From the above results, we see that for
both the Airy profile and the 2D Gaussian profile, the performance limit to determining the
parameter A is given by </ Ao /(¢ — ty), which is equal to the standard deviation of /io. Thus
for the above scenario, the maximum likelihood estimator of the photon detection rate is an
efficient estimator.
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Effects of reduced detector size

In the previous section we derived the Fisher information matrix for the 2D Gaussian profile
and the Airy profile, where it is assumed that the detector occupies the full detector plane,
i.e., C = R%. These models imply that photons impact the detector plane not only close to the
center of the image profile, but also far away from the center of the image. This is, however,
not a practical assumption since detectors have a finite size. In addition, when analyzing
microscopy images typically only small regions of interest are used. This raises the question
of how the detector size or the region of interest influences the performance limits.

In the following proposition we show how an image detection process G(Ag, { fo,}r>1y, C)
has to be adjusted when instead of the detector C, the photons are detected on a reduced part
' of C, i.e., on an open subset crd of C.

Proposition 11 Let G(Ag, { fo,}r>10, C) be an image detection process and let Ccrd C Cbe
open. For 0 € ® and v > ty, let ap = fcrfl fo.z(r)dr. The time points and the spatial
coordinates of the arrival location of the photons detected on the reduced detector C'® are
described by an image detection process G'¢ whose photon detection rate Agd and photon
distribution profile fgr’dr are given by

A (D) =g Ag(r), T>1), 0€O,

1
f35 () =

for(r), rec? 6eo, t>n.
gt

Proof By definition of the image detection process G, the time points of the detected photons
on the detector C are modeled as a Poisson process with intensity function Ag. It then follows
that the time points of the detected photons on the detector C"¢ form a Poisson process with
intensity function og,; Ag, T > 1y, 6 € © (Papoulis & Pillai, 2002 pp. 381).

Let A C C™. Let U, denote the random variable that describes the arrival location of a
photon that is detected on the detector ¢ at time 7, T > to. Then the probability that the
arrival location of the detected photon is in the set A given that the arrival location is in the
detector C"? is given by

P(Ur e AN (U, €C")]  PU; € Al

PlU;, e A| U, eC] =

P[U; € C™] ~ P[U; eC]
_ JaSormW@r) [y o (r)m(dr)
Jera fo.c(rym(dr) ® '

where m denotes the Lebesgue measure in R?. Since the above equation holds for every
AcCCand t > 1y, the term P[U; € A | Uy € C"¥]is absolutely continuous with respect
to m. Hence there exists a probability density function f; i such that

1

o9

540y = —for(r), rec 0e0, t>n.
Since, by definition fp ; satisfies conditions (C3—C5) of Definition 1, it can be verified that
feri also satisfies these conditions. O

We refer to the image detection process G"“ as the reduced version of G corresponding
to the detector C"¢. We next derive a general expression for the Fisher information matrix of
G". We also derive a formula to calculate the loss of information when a detector of reduced
size is used.
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Theorem 12 Let G(Ag, { fo,}r>1, C) be an image detection process and G be the red-
uced version of G corresponding to the detector C'%, where C™ C C. For 0 € ©, let 1(9)
denote the Fisher information matrix of G corresponding to the time interval [to, t]. Then
for0 € O,

1. the Fisher information matrix of G™ corresponding to the time interval [tg, t] is given by

I (0):/'/ 1 (3[A0(T)fe,r(r)]) ( Ae(f)fer(r)])d
e o Jerd Ao(0) for (r) 20

; 1 B[Ae(f)fe f<r>])T
2.A100) :=1(0) — L4(0) =
) @) a(0) /I()/C\C’d Ao (T) fo.-(r) ( "
(a[Ae(f)fer(r)])

drd

3.10) = Lq(0).

Proof

1.Forf € @ and t > g, letap . = fcrd fo.z(r) dr. For the image detection process g, by
Proposition 11 the photon detection rate A/ d(‘r) = ay,; Ag(7) and the photon distribution
profile f (1) = (1/ag 1) fo,c (r) forr € C’d 0 € ©, T > ty. Substituting for A”’ and fg”i
in Theorem 2 the result immediately follows. ’
2. The result immediately follows by using the expressions for the Fisher information matrix
of G and G" that are given in Theorem 2 and in part 1 of this Theorem, respectively.

3. The integrand in the integral expression of AI(#) given in result 2 of this theorem is non-
negative. This implies that AI(#) is positive semidefinite for & € @ and from this the result
follows. d

From result 1 of the above theorem we see that the expression for the Fisher information
matrix of G"? is analogous to that of G (see Theorem 2) with the only difference being that
the region of integration of the spatial integral is now the reduced detector ™.

Upper and lower bounds to the performance limits

In Example-1 the integral expressions of the Fisher information matrix I(6) for an infinite
detector reduced to simple formulae. However, in a practical situation the calculation of I(0)
can become cumbersome, for example, due to the shape of the finite sized detector C. Hence
determining the limit of the accuracy /[I=1(6)];; for the components of § can become diffi-
cult. We next address this concern by deriving integral expressions for matrices I,,(9) and
I;(9) that provide an upper and lower bound to the Fisher information matrix I(6), respec-
tively, i.e., I,(0) > I(0) > I;(0). Note that if I;(6) is invertible, then it can be shown that

\/ [Il_1 (0)];; and \/ L, ! (0)];; provide an upper and lower bound to /[I=1(6)];;, respectively,

Le., /[L @) < VTN @i < /[L7'(O))is»i = 1,...,n. This is of particular relevance

since in a number of situations the upper and lower bounds are diagonal matrices whose
diagonal entries can be analytically calculated. We will show that this is the case for the 2D
Gaussian profile and the Airy profile if the ‘bounding detectors’ are circular with center at the
center of the image profile. The integral expression for I, (8) (I; (0)) is derived in such a way
that its integrand is identical to that of I(6) and its spatial integral is evaluated over a circular
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region B (1) (B, (I)) known as the upper (lower) circular bounding detector that is centered
at a point r. € C with radius u (/). The circular bounding detectors are defined below.

Definition 13 Let C be a detector and r. = (¢ ,x, F¢,y) € C. For p > 0, let B, (p) := {(x, y)
| (x — rc,x)2 + (- rcqy)2 < p%, (x,y) € R?} denote a circular region centered at r,
with radius p and let B, (c0) = R2. We define By, (u) and B, (I) to be the upper and
lower circular bounding detectors of C, respectively, if [ = sup{p | B, (p) S C} and
u = inf{p | C S B, (p)).

Earlier in this section we discussed the relationship between an image detection process
described on a large, possibly infinite, detector and a more realistic smaller detector (see
Proposition 11). In the derivation of the upper and lower bounds for the Fisher information
matrix it will be useful to have the notion of an ‘extended’ version of an image detection
process. We refer to any image detection process G¢ as an extended version of G if G is the
reduced version of G°.

Theorem 14 Let ® C R" be a parameter space and let G be an image detection process that
is defined over the detector C. Assume that G¢(A§, {f(;Z Y10, C°) is an extended version of G.
Forr. € C, let B, (I) and B, (u) denote the circular bounding detectors of C. Let 1(6) be the
Fisher information matrix of G corresponding to the time interval [ty, t]. If C € B, (u) < C¢,
then

LL®) =106) >1,), 6co, (25)
where for B € {u, £}

! AAC(T) F2-(MINT [3[AS(T) S (r
16 :=/to /Bmu% Aé(f)lfee,f(r) ( - B)Qfe’r( )]) ( - 3)9fGJ( )]) drde. 20
2. Further, if 1;(0) is invertible, then
'O <0 O <[ O, i=1,....,n, 6€0. 27)

Proof

1. Since G¢ is an extended extension of G, it follows that G is the reduced version of G¢
and the expression for the Fisher information matrix I(#) of G corresponding to the time
interval [, t] is given by result 1 of Theorem 12. Note that B, (8) is open and B, (8) € C°,
B € {u,l}. Hence from Proposition 11 it follows that the detected photons on the circular
bounding detector B, (1) (B,.(I)) can be modeled as an image detection process Q{ld G/ dy,
which is the reduced version of G corresponding to B, (1) (B, (/)). If the Fisher information
matrix of g;d (g{ d) corresponding to the time interval [7, ¢] is denoted as I,,(6) (I;(#)), then
from result 1 of Theorem 12 we obtain the desired integral expression that is given by Eq. 26.
Further, since B,.(I) € C € B, (u), from result 3 of Theorem 12 it can be deduced that
L,©) = 1(0) > L;(0),0 € ©.

2. If I;(0) is invertible for & € @, then by result 1 of this Theorem I(9) and I, (6) are also
invertible. It then follows that I, Loy <1740) < Ifl (6) (Zhang, 1999, pp. 169) and from
this the result follows. a

The above result provides a general formula to calculate the upper and lower bound
to the (inverse) Fisher information matrix I(6). We next consider a special case in which
the extended version G¢ is defined over R2. Here, the parameter vector is given by 8 =
(x0, Y0, Ao) € O, the photon distribution profile f;,r of G¢ is assumed to be given in terms
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of a symmetric image function ¢ and the photon detection rate Aj of G¢ is independent of
xo and yg for @ € ®. We assume that the circular bounding detectors of C are centered at the
point r. := (Mxo, Myo) € C, where M > 0 denotes the lateral magnification. For this case,
we show that the matrices I;(0) and I, () are diagonal.

Corollary 15 Let @ C R3 be a parameter space and let G be an image detection pro-
cess that is defined over the detector C. Let M > 0. Assume that G°(AJ, { f5  }r>s> R?)
is an extended version of g and that there exist a symmetric image function q such that
f£.0) = 5124 (37 — %0, 37 — Yo) forr = (x, y) € R%, 60 = (x0, yo. Ag) € O and T > 1.
Assume that d Ag(7)/dxg = dA5(t)/dyo = OforT > fyand 6 € ©. Let 6 € ©, assume
that r. := (Mxo, Myo) € C, and let By, (1) and B;, (1) denote the circular bounding detectors
of C. Then

1. L,(®) = 1(0) > L;(0). (28)
where
MW;,,(V)
Ag(1) 8f9§x(r) S, ()AL fEL() DAL
T Jo,t Jo,t _Jor ) 7) ]
16) = / / e [ e g Y S0 0060 T g,
T fg v 5.4 (o)
Ag(‘t) 3/\0
(29)
* X,y 2
Jo AT fi ) 7 (452) dxdy 0 0
1\ 2
I00) = 0 f,; Ag(r)dr fBu(%) 711(;,},) (aqg.’})) dxdy 0
¢\ 2
0 o A;,l(r) (3;‘3‘(0)) d7 [, 4%, y)dxdy
(30)

with Bo(B/M) = {(x, ) | Vx> +y? < f} and B € {u, I}.
2. Further, if I;(0) is invertible, then

L@ < 'Ol < ;7' @), i=1,2,3. (31
Proof Let 0 € ©. Equations 28 and 31 immediately follow by noting that B, () € C C
By.(u) € R? and that the results of Theorem 14 hold for the present case. In rest of this
proof we derive the integral expressions for I(6) and I4(@) that are given in Egs. 29 and 30,
respectively.

By assumption, 3 Ag(7)/dxo = 9 Ag(t)/dyo = dfy . (r)/dAg = 0 and it can be shown
that afy (r)/dxo = —M(dfy . (r)/dx) and ofy (r)/dyo = —M(dfy (r)/dy), for r =
(x,y) € R? and 7 > 1. Using these results and substituting for Ag and f;’r in result 1
of Theorem 12, we obtain the expression for I(f) that is given in Eq. 29. By definition,
for B € {u,1}, By, (B) = {(x,y) | V(x/M —x0)> + (y/M — y0)* < B/M}, (x,y) € R?}.
Substituting for f . and Aj in Eq. 26, we have for 8 € {u, [},

afg . (r)
porm [ [t
g B.® A f5 () | 450 aiaé‘)(r)
f@,r( ) 320
Afy . (r) aff . (r)

x [Af;(r) AL pe () 2050 } drde
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t
1
= A4 (1)
M2/ 0 B.(B) (i_ Y _ )
\Prq i anM Yo

_ ) X y - - , (x . y y ) - T
‘ — — X0, — — - — X0, 7, — )0
Yy (3 =03 =) i \m M
X dx y ; (i_xaxl_ )
X _Maq(ﬁ_xo’ﬁ —)’0) M Ny ~ 0y =0 dxdydr
qy X y dy
e — X0, 3 — Y0) DA (x (f_ Y )
q (37 — 60 Yo) ) Nz ~ %0 37 720) sacr)
Ay(T) ad0 | L AT(r) 340
dq(u,v) 0
it
Lo, 1 dq i, v) v
=— [ Ay() M —
M ) Bo(%) Q(”v U) v 8y
qu,v) 345(7)
TAS(r) 4o
dq(u, v) ou "
M X
aq?bltl V) Bv Y A
x (Mdu)(Mdv)dr M
av 8y vVi=-— — Yo
_ qu,) 345(D) M
Ag(‘r) dAo
9g(x,y)
9q(x.y)
/ Ag(T) oy
Bo(— )q(x Y) _q(x,y) Ay (1)
Ag(t) Ao
9g(x,y) 9g(x,y) _ g(x,y) 945(t)
x [ 2 D0l _gien 2980 | gdyde. (32)

Since the image function ¢ is symmetric, it can be shown that dg (x, y)/dx = —dq(—x, y)/0x
and dg(x, y)/dy = dq(—x, y)/dy for (x, y) € R? (see Eqs. 12 — 13). Thus we have

: 1 9g(x,y) dg(x,y)
1506 = [Ig(0 = Af d dxd
[Tg(0)]12 = g (0)]21 /t o(®) T/Boq;) q(x,y)  dx dy

d 1 9g(—x,y) 0q(—x,
:—/ Ag (1) dr/ q(-x.y) 0q(~x y)dxd
) Bo(%) CI(—X,)’) dx ay

' 1 dq(u, y) du dq(u,
=—/ AS(f)df/ 90 ) 09 ) Giydy (= —x)
fo Bo(fy q(u,y)  du  dx 0y

! 1 9q(u,y) dq(u, y)
= — Aé d dud

/zo o(®) T/Bo(,{;) qu,y) Ou dy
=—[L@]2 = -], B e{u,l}

Hence [Ig(0)]12 = g(®)]21 = 0, B € {u,!}. Similarly, we can show that [Ig(0)]13 =
[Ig(0)]31 = 0, B € {u, I}. Further, by using the symmetry property of g we can also show
that 3¢ (x, y)/dy = —dq(—x, y)/dy for (x, y) € R? (see Eq. 16). From this it follows that
[Mg(@)]23 = Hg(@)]32 = 0, B € {u, }. Substituting these in Eq. 32 the result follows. O
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For the localization accuracy problem the upper and lower bounds of the limit of the
localization accuracy of (xp, yo) are referred to as the localization accuracy bounds.

Example-2

We now illustrate the results derived in this section by considering specific image func-
tions that describe the image of a point source. Here, the parameter vector is set to be
6 = (xo0, Y0, Ao) € © and the photon distribution profile fj _ is assumed to be given in
terms of a symmetric image function . Further, the photon detection rate is assumed to be
a constant, i.e., Ag () = Ao, T > tp. For each image function, we derive the expression for
the Fisher information matrix I(¢) corresponding to the detector C and also derive the upper
and lower bound for v/[I=1(0)];;,i = 1, 2, 3, which denotes the limit of the accuracy of the
components of 6.

Corollary 16 Let ©® C R3 be a parameter space and let G be an image detection pro-
cess that is defined over the detector C. Let M > 0. Assume that G°(AJ, { f5 }r>s> R2)
is an extended version of G and that there exists a symmetric image function 7q such that
f£.0) = 5124 (37 — x0. 37 — Yo) for r = (x,y) € R%, 0 = (x0, yo. Ag) € O and T > 1.
Assume that Ag(t) = Agfort > fpand6 € ©@.Letd € @, assumethatr. := (Mxg, Myo) €
C, and let B, (I) and B, (1) denote the circular bounding detectors of C.

1. Airy profile: If q is given by Eq. 20, then the Fisher information matrix of G corresponding
to the time interval [7g, ¢] is given by

1
10) = Ao(t — 1) [ oo Q] Q) 0
¢ Jitallr—re

llr—rell?

where a = 27rn, /(AM), ||r — rel| := /(x — Mxg)? + (y — Myp)? and

2aM(y—Myp)
llr—rel?

Ji(allr —rell) [ 2aM (x—Mxq)

J(allr —re
o L Rl = el

Qy(r) == 1 M]

Da(allr —rell) Ao Nr—rll

Moreover, if u and [ are as defined above, then

A/ (2mng/Ao(t = 1)) < JITOn
J1— (3 aw) + 207 (au) + I3 aw))
A/ (2mng/Ao(t = 19))

B L i=12, (33)
J1— (3D + 273l + J3aD)

Ao/t —10) < VI @) < Ao/t —1o)

: (34)
J1— (B aw) + I (aw) J1— (3D + I3 ab)

where J,, denotes the nth order Bessel function of the first kind, n = 0, 1, 2.

2. 2D Gaussian profile: If g is given by Eq. 22, then the Fisher information matrix of G
corresponding to the time interval [#g, ¢] is given by
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2 (Mo )?

_lr=rel2 H2
e 2(MJ)

1) = Ao(t — 19) ol (roy(r)dr,

where o > 0, ||r — re|| := v/ (x — Mx0)2 + (y — Myo)? and
Q (r) N 1 ei% (x— MXO) O=Myy) 1
0 - 27‘[(MO')2 Mo2 Mo Ao |°

If u and [ are as defined above, then

o/ Aoli—10) < VI[I7YO));
S G (104 (0

j A, (35)

- 2
/1 - ) (144 )Y)
Ao/t —10) < VI )]s < VAo/(t —10)

| — e 2Gis)? l—e_%(ﬁ)Z.

(36)

Proof We can show that the Airy profile and the 2D Gaussian profile satisfy the properties
of a symmetric image function. Let § € ©. It can be verified that for the present case the
results of Corollary 15 hold. Then the expressions for the Fisher information matrix 1(6)
immediately follow by substituting the corresponding image function in Eq. 29. Further, we
can also verify that I~ (9) exists for each image function. In rest of this proof we derive the
expressions for the upper and lower bounds of 1(9).

1. Let o := 2mny/A. Substituting for A7 and ¢ in the integral expression of [Ig(0)]1;
(g (6)]22) that is given in Eq. 30, we have for 8 € {u, I},

1 J2 (o /x2 + y2)
15(0 I50)]n = [ Aod 1 dxd
g @11 = [Ip(@)]22 = / 0 T/BO(M) NS |:ax( G2y )} y

Tl hy?)
402 JF(a/x2 + y2)

= — Aot —10) B
T (CoI/i<pm) (2 +y?2)?
B
4 2 2 I J2 o
=2 Ao —to)/ cos? ¢>d¢>/ Jr@p) 4
T 0 0 P

ap J2
=402 Aot — zo)/ %w) dw = 40% Ag(t — tg)
0

oo 12 oo 72
X(/ de_/ Jz<w>dw)
0 w ap w

1= (J3@p) +2J(@B) + J3 (ap))
22/((2na)? Ao(t — 10))
where x = pcos ¢, y = psin ¢, a = /M, the partial derivative of g with respect to x

is given in Eq. 24, and the integral expressions in the final step are evaluated by using the
integral identities [~ (JZ2(1)/1) dt = (1/2n) (Watson, 1958, pp. 405) and n [ °(J(1)/1)
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dt = (1/2)J3 )+ JZ () +- -+ J2_ () +(1/2)J}(x) (Bowman, 1968, pp. 95) with n = 2
and x € R. Similarly, for 8 € {u, l} we have

1 [t Ji (/x> +y? )4
Hg@))3=— [ ——dr )
T Jiy Ao Bo(£) x24y?
) /”ﬁ Rw) 1-0 (aﬂ)+112(a/3))
Ao/(t—t0)
Using result 2 of Corollary 15 the result follows.

dxdy = ( to) 2” / Ji@p) (ap)

2. Substituting for A§ and ¢ in the integral expression of [I5(6)]11 ([I(6)]22) that is given
in Eq. 30, we have for 8 € {u, [},

150 150 Aod 2 (1 -ZYY e
= = 20
g @)1 = [Ig(0)]22 = / 0 T/BO( 57 e z:‘ (ax (27‘[02e )) xdy
2no?
_ Aot —19) ﬁe—x%‘l dxdy _ Ao(t —10) /2” d(p/Mﬁa p%e_pz
2no? Jpy() o? o2 2ro

B
Aot — 1 Mo 2
_ M/ ple= T 2p dp
402 0

~3 (= ()
Ao(t—to)/f‘f e ( ) (H—Z(M”))

“2dw = 5
o*/(Ao(t — 1))

)

X+v
_ —
[Iﬂ(0)133—2m / v /B om 3 dxdy

B

t—t e 2 t—t Mo 2
= ( 0) dqb pe_pT dp = ( 0) 2,oe_p7 dp

A2 Jy 0 240 Jo

2 _1( LY

-1 [(F) 1= 3 (i)

= e 2dw = —"—"-——"""H-.
240 Jo Ao/(t = 10)
Using result 2 of Corollary 15 we obtain the desired result. |

From the above Corollary we see that for both image functions, the localization accuracy
bounds for x¢ (yp) and the bounds for the limit of the accuracy of Ag reduce to simple
formulae. Note that the above results for the upper and lower bounds hold only if the point
(Mxo, Myyp) is located on the detector ¢ In most experimental situations this condition is
satisfied.

We now discuss the results derived in Corollary 16 by considering a finite-sized square
detector. Figure 2a (Figure 2b) shows the behavior of the limit of the localization accuracy
VII1(0)]11 for xo for a square detector corresponding to the Airy profile (2D Gaussian
profile) as a function of detector size. A reduced detector detects relatively lower number
of photons than an infinite detector. Hence the limit of the localization accuracy for the
reduced detector is greater (worse) than the fundamental limit of the localization accuracy
that is calculated for the infinite detector (see Corollary 10). As the detector size increases,
more photons are detected by the reduced detector and the limit of the localization accu-
racy approaches the fundamental limit. Figure 2a (Figure 2b) also shows the behavior of
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Fig. 2 (a) shows the behavior of the limit of the localization accuracy of xq (yg) for a square detector cor-
responding to the Airy profile (e) as a function of detector size and (b) shows the same for the 2D Gaussian
profile (e). (c) shows the behavior of the limit of the accuracy of A for a square detector corresponding to
the Airy profile (e) as a function of detector size and (d) shows the same for the 2D Gaussian profile (e). In
all the panels the corresponding fundamental limit of the accuracy (—) and the upper (¢) and lower () bound
to the limit of the accuracy for the square detector are shown. For a square detector with side length s, the
position of the point source on the detector is set to be r. = (s/2, 5/2), the radius of the lower circular bound-
ing detector By, (1) is [ = s/2 and the radius of the upper circular bounding detector By (u) isu = s/ /2. For
the Airy profile, the numerical aperture is set to be n, = 1.4 and the wavelength of the detected photons is
set to be A = 0.52 um. The parameter o corresponding to the Gaussian profile is set to be ¢ = 0.083 ;xm and
is determined by fitting a 2D Gaussian profile to an Airy profile (n, = 1.4, A = 0.52 um) through the least
squares criterion. For all the plots, Ag = 10* photons/sec, the acquisition time is set to be # = 50 msec (with
to = 0) and the magnification is set to be M = 100

the localization accuracy bounds given by Eq. 33 (Eq. 35) for a square detector correspond-
ing to the Airy profile. Here, we see that the localization accuracy bounds provide a tight
bound, as they are consistently close to the limit of the localization accuracy for the square
detector.

Note that the behavior of the limit of the localization accuracy for a square detector also
depends on the functional form of the image function. In the case of the 2D Gaussian profile
(see Figure 2b), the limit of the localization accuracy for a square detector with side length
80 um is close to the fundamental limit of the localization accuracy. However, this is not
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the case for the Airy profile (see Figure 2a), where even for a square detector with side
length 140 pm, the limit of the localization accuracy does not come close to the fundamental
limit. In a practical application such as single molecule data analysis, the above observation
provides guidelines for choosing the optimal size of the region of interest on the acquired
image. Moreover, it also shows the importance of using the correct image function, as this
influences the behavior of the limit of the localization accuracy.

Figure 2c (Figure 2d) shows the variation of the limit of the accuracy +/[1~!(0)]33 of Ag
for a square detector corresponding to the Airy profile (2D Gaussian profile) as a function of
detector size. Analogous to the behavior of the limit of the localization accuracy, the limit of
the accuracy of A approaches the fundamental limit of the accuracy of Ag (= / Ao/t — ty),
see Egs. 21 and 23) as the detector size increases. Moreover, the behavior of the limit of the
accuracy of A also depends on the functional form of the image function. Figure 2¢ (Figure
2d) also shows the behavior of the upper and lower bounds to the limit of the accuracy of Ag
that is given by Eq. 34 (Eq. 36) for a square detector corresponding to the Airy profile (2D
Gaussian profile). Similar to the localization accuracy bounds (Figure 2a and 2b), we see that
the upper and lower bounds for the limit of the accuracy of Ag provide a tight bound.

Effects of pixelation

In all our results so far the detector C is such that the acquired data consist of the time points
and the spatial coordinates of the detected photons. However, in the presence of pixelation
the acquired data consist of the number of detected photons at each pixel. We next show
how this data can be described in terms of the photon distribution profile and the photon
detection rate of an image detection process. Here, we follow an approach that was intro-
duced in Ober, Ram et al., (2004) to address the localization problem. This approach will be
generalized and applied to the general parameter estimation problem that is discussed in this
paper. Let G (Aé, { fgl,r}rzto’ C) denote an image detection process that models the detected
photons from the object of interest. The pixelated version of the detector C is defined as a
collection {Cy, ..., CNp} of open, disjoint subsets of R? such that U,l{\l’l C;r = C, where
N, denotes the total number of pixels. For k = 1,..., N, and t > fy, assume that ny
photons are detected in the pixel Cj during the time interval [7, ¢]. Let K denote the total
number of detected photons from the object of interest, i.e., Z,ivi | 'k = K. Then it can be
shown thatfork = 1, ..., Ny, ni is independently Poisson distributed with mean g (k, t) =
fl(t) ka Aé (7) fe{r (r)drdr, 6 € ©. Similarly, the number of detected photons at the kth pixel
during the time interval [#g, #] from a background component g2(A2, { ff}rz,o, C) is inde-
pendently Poisson distributed with mean 8(k, 1) = ft; ka A%(7) ff (r)drdr, 6 € ®. Hence
the acquired data in the time interval [#o, #] from a pixelated detector can be described by a
collection {Zg,1, ..., Zy n,} of random variables given by

Tox =Sox+Br, 06€0, k=1,...,Np.

Using the standard expression for the Fisher information matrix of a Poisson distribution
(snyder & Miller 1991), the Fisher information matrix for {Zy 1, ..., Zp, Np} corresponding
to the time interval 79, ¢] is given by

Np

_ ! due k. 1) \" ok, 1)
Iw)‘émk,mmk,z)( ) o 7
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In a pixelated detector the acquired image contains measurement noise, which, for exam-
ple, arises due to the readout process (Snyder, Helstrom, Lanterman, & White, 1995). At
each pixel this can be modeled as a Gaussian random variable W} with mean n; and variance

w wk=1,..., Np. The acquired image is then given by Zg y = Sp  + Br + Wi, 0 € O,
k=1,..., N p- To derive the Fisher information matrix for the present case, we first note
that Zy x is a sum of a Poisson and independent Gaussian random variable, and its probability
density function is given by (see Snyder et al., 1995)

1 & gk, e ve &) _1(z=lom)?
pG,k(Z) = [ 9( )]' e 2( Tw.k ) N ZGR, k=1,...,Np,
V2roy k=5 I

where vg(k, 1) := pg(k,t) + Bk, t),k=1,...,N,. If {ny, ..., an} denotes the acquired

data, then the log likelihood function is given by £(0 | ny, ..., ny,) = Z,]:’:”l In[pok (ni)]1,
0 € © and the partial derivative of the log-likelihood function with respect to 6 is given
by

aL@ | ny, ..
a0

) Z [aw(k D (o i) — 1)] 6o, (38)

where

z=l—
3o Iwp k)]~ leme®D 4 e‘%( akyj")
=1 (—=n! 2mou

Po.k(2)
It can be shown that E[ggx(nx)] = 1for® € ® and k = 1, ..., N,,. Further, it can be
verified that the random variables {Zy 1, ..., Zp, N,,} are mutually independent. Using these

results and Eq. 38, the Fisher information matrix for {Zy 1, ..., Zp, N,,} corresponding to
the time interval 79, ¢] is given by

. AL® | ny, ..., nN,) T3C® | ny,..., nN,)
( a6 ) a0

g (k, a s
|:Z > ( ot I)) Ma(’; & (%0 (1) 50 m () — Lok (k) — Go.m (nm) + 1)}
k=1m=1

Cox(2) = , 0€O, k=1,....N,, z€R.

1(6)

Np ,
(due(k t)) g (k, 1)
k=1

Lo (E1g o1 = 1)

Np T
g (k, 1) dpg(m,t)
+k#m§k - ( 939 ) 930 (EL£9,k (M) ELLo,m (im)] — 1)

Z (amk z))T dug, 1)
- 90

_ =y
X, [—1,—vg (k.1) —5
(Zf’il bt 021—13! : ﬁg,,lg 2( ok )
. w,k
dz —1 0e®

./R 16,k (2)

(39
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The above expressions are valid for general intensities ug (k, 1) (v (k, 1)),k =1,..., Np,
t > to. These intensities depend on the photon distribution profiles fy r, T > fo, through the
above identities. The approach is therefore generally applicable to a large class of photon
distributions profiles/image functions. Note that in the above expressions no assumptions
are made about the size or shape of the pixels. In Winick (1986) an expression was derived
that is essentially a special case of Eq. 37, i.e. for a two-dimensional estimation problem of
the location parameters for a Gaussian photon distribution profile in a stationary imaging
scenario for square pixels in the absence of Gaussian noise.

Example-3

In this section we present a numerical comparison of the standard deviation of the maxi-
mum likelihood estimator and the performance limit for the problem of estimating the 2D
location of a stationary point source. All calculations are carried out in the Matlab pro-
gramming language (Coleman, Branch, & Grace, 2000). The image function of the point
source is described by the Airy profile given in Eq. 20. The parameter vector 6 is given by
0 = (xo0, yo) and it is assumed that the photon detection rate of the point source is a con-
stant and is known, i.e., Aé(‘t’) = A(l), 0 € ©, t > ty. The data consists of a sequence of
50 images of the point source that are simulated for a finite-sized detector in the presence
of noise sources. Maximum likelihood estimation is carried out by using a gradient based
search algorithm (Coleman, Branch, & Grace, 1999). Table 1 lists the standard deviations
of the maximum likelihood estimates of the 2D location that are calculated for three differ-
ent imaging conditions. The performance limit is calculated by using the expression for the
Fisher information matrix given in Eq. 39. From the table we see that for all the data sets,
the standard deviation of the maximum likelihood estimator comes close to the performance
limit. For example, in data set 1 the performance limit predicts an accuracy not smaller than
£5.01 nm to determine the x( and the yy coordinates of the point source. The corresponding
standard deviations of the maximum likelihood estimator for the xo and the yy coordinates
are £5.4nm and £5.19 nm, respectively. Note that due to the finite number of location esti-
mates, the standard deviations can be greater or smaller than the performance limit. With
the increase in the number of location estimates, further agreement can be expected between
the standard deviations and the performance limit. We note that the simulations presented
here supplement the results given in Ober, Ram et al., (2004), where the performance of
the maximum likelihood estimator has been compared with the performance limit for other
imaging conditions.
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