2654

1EEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 42, NO. 10, OCTOBER 1994

Space-Alternating Generalized
Expectation-Maximization Algorithm

Jeffrey A. Fessler, Member, IEEE, and Alfred O. Hero, Member, IEEE

Abstract— The expectation-maximization (EM) method can
facilitate maximizing likelihood functions that arise in statis-
tical estimation problems, In the classical EM paradigm, one
iteratively maximizes the conditional log-likelihood of a single
unobservable complete data space, rather than maximizing the
intractable likelihood function for the measured or incomplete
data. EM algorithms update all parameters simultancously, which
has two drawbacks: 1) slow convergence, and 2} difficult maxi-
mization steps due to coupling when smoothness penalties are
used.

This paper describes the space-allernating generalized EM
(SAGE) method, which updates the parameters sequentially by
alternating between several small lidden-data spaces defined by
the algorithm designer. We prove that the seguence of estimates
monotenically increases the penalized-likelihood objective, we de-
rive asymptotic convergence rates, and we provide sufficient con-
ditions for monotone convergence in norm. Two signal processing
applications illustrate the method; estimation of superimposed
signals in Gaussian noise, and image reconstruction from Poisson
measurements. In both applications, our SAGE algorithms easily
accommodate smoothness penalties and converge faster than the
EM algorithms,

1. INTRODUCTION

N a variety of signal processing applications, direct calcula-

tions of maximum-likelihood (ML), maximum a posteriori
(MAP), or maximum penalized-likelihood parameter estimates
gre intractable due to the complexity of the likelihood func-
tions or to the coupling introduced by smoothness penalties
or priors. EM algorithms and generalized EM (GEM) algo-
rithms {1] have proven to be useful for iterative parameter
cstimationt in many such contexis, e.g., [2] and [3]. In the
classical formulation of an EM algorithm, one supplements
the observed measurements, or incomplete data, with a single
complete-data space whose relationship to the parameter space
facilitates estimation. An EM algorithm iteratively alternates
between an F-step, calculating the conditional expectation of
the complete-data log-likelihood, and an M-step, simultane-
ously maximizing that expectation with respect to all of the
unknown parameters. EM algorithms are most useful when
the M -step is easier than maximizing the original likelihood.
The simultaneous update used by a classical EM algerithm
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necessitates overly informative complete-data spaces, which in
turn lead to slow convergence. In this paper we show improved
convergence rates by updafing the parameters sequentially in
small groups.

The convergence rate of an EM algorithm is inversely
related to the Fisher information of its complete-data space [1],
and we have previously shown that less-informative complete-
data spaces lead to improved asymptotic convergence rates
[4]-[6]. Less informative complete-data spaces can also lead
to larger step sizes and greater likelihood inereases in the early
iterations [5]-[7]. Since the relationship between complete-data
space information and convergence is therefore more than
just an asymptotic phenomenon, we believe that one should
strive to minimize the information of the complete-data space.
However, in the classical EM formulation a less informative
complete data space can lead to an intractable maximization
step [1], [5], due to the simultancous update employed by EM
algorithms. (As an example, the least-informative admissible
“complete” data space would be the measurement space itself!)

To circumvent this tradeoff between convergence rate and
complexity, in this paper we extend the concepts in [4] and
[6] by proposing a new space-alternating generalized EM
(SAGE) method. This method is suited to problems where one
can sequentially update small groups of the elements of the
parameter vector. Rather than using one large complete-data
space, we associate with each group of parameiers a kidden-
data space (Definition 2 in Section II), which would be a
complete-data space in the sense of [1] if the other parame-
ters were known, We define a flexible admissibility criterion
that ensures that the algorithm monotonically increases the
penalized-likelihood objective. In the examples we describe
here and in [8], one can design the hidden-data space for each
parameter subset to be considerably less informative than the
natural single complete-data space. This reduction leads to
faster convergence.

Convergence rate is one of two motivations for the SAGE
method. In applications such as tomographic imaging and
image restoration, where the parameter space is very large, it
is often necessary or desirable to regularize using smoothness
penalties. Such penalties usually introduce couplings that ren-
der intractable the maximization steps of classical EM methods
[9]. Several approaches to this problem have been proposed,
many motivated by emission tomography, including GEM
algorithms {10]-[12], linearizations of the penalty function [9],
line searches [13], applying ad hkoc smoothing in liew of a
smoothness penalty [14], red-black orderings [15), and ma-
jorization of the penalty functional [18], [17]. These methods
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are all rooted in the classical EM method, and often they share
its slow convergence. In contrast, by using a separate hidden-
data space for each parameter, a SAGE algorithm intrinsically
decouples the parameter updates. Surprisingly, not only is the
maximization simplified, but the convergence rate is improved
as well. Two related approaches that also decouple the update
are the hybrid ICM-EM algorithm of Abdalla and Kay [18]
and the coordinate-wise Newton—Raphson method of Bouman
and Sauver [19], [20].

A variety of methods have been proposed for accelerat-
ing EM algorithms, most of which are based on standard
numerical tools such as Aitken’s acceleration [21), over-
relaxation {22], line-searches [23], Newton methods [24], [19],
and conjugate gradients [23], [25]. These methods, although
often effective, do not guarantee monotone increases in the
objective unless one explicitly computes the objective func-
tion. The SAGE method is based fundamentally on statistical
considerations, and monotonicity is guaranteed. The relative
importance of monotonicity and convergence rate will of
course be application-dependent.

When the EM algorithm was first introduced, discussants
questioned the term “algorithm” since the general method
does not prescribe specific computational steps for particular
applications [1]. The SAGE method is similarly general, if
not more so! Therefore, we devote much of this paper to
a detailed comparison of SAGE and classical EM for two
signal processing applications: estimation of superimposed
signals in Gaussian noise, and image reconstruction from
Poisson measurements. We have simplified the examples for
the purposes of illustration, while hopefuily retaining sufficient
complexity that the reader will gain insight into how to apply
SAGE to other problems,

The organization of this paper is as follows. Section II de-
fines the generalized concept of “hidden data space,” describes
the general form of the SAGE algorithm, and establishes
meonotonicity in objective. Sections 11 and IV describe the
applications. Appendix A discusses convergence of the al-
gorithm and a region of monotone convergence in norm.
Appendix B establishes that the region of monotone conver-
gence is nonempty for suitably regular problems. Appendix C
examines the relationship between convergence raie and Fisher
information of the hidden-data spaces.

II. THE SAGE ALGORITHM

A. Problem

Let the observation ¥ have the probability density! function
F(#; Oerue), Where fypy. 15 a parameter vector residing in subset
© of the p-dimensional space RF. Given a measurement
realization ¥ = y, our goal is to compute the maximum
penalized-likelihood estimate  of 0,.ye, defined by

ja
6= arg max o(8)

where

a
B(0) < log f(w:0) — P(0). (D
! For simplicity, we testricl our description to continuous random variables,
The method is easily extended to general distributions |4].
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Unforiunately, direct maximization of @ is often intractable
due to the complexity of f, the coupling in P, or both.
Thus, one must resort to iterative methods, and in many
problems it is natural to consider subsets of the elements of
the parameter vector §. (Updating in subsets also often leads
to remarkably fast convergence, e.g., [26]).) The following
definition formalizes this idea,

Definition 1: A set § is defined to be an index set if it i)
is nonempty, if) is 2 subset of the set {1,...,p}, and iii) has
no repeated entries, The set S denotes the complement of §
intersected with {1,...,p}.

Let the cardinality of S be m. Then, we use dg to denote
the m dimensional vector consisting of the m elements of 8
indexed by the members of 3. Similarly, define 8¢ to be the
p—m dimensional vector consisting of the remaining clements
of §. For example, if p = 5 and § = {1,3,4},then § = {2,5},
fs = [f1 03 64), and 8z = [f2 5], where ' denotes
matrix transpose. Note that when we use S as a superscript,
as in ¢ defined below, it serves as a reminder that the function
or matrix depends on the choice of S.

One more notational convention will be used hereafter.
Functions like ®(f) expect a p-dimensional vector argument,
but it is often convenient to split the argument @ into two
vectors: fig and 85, as defined above. Therefore, we define ex-
pressions such as the following to be equivalent: $(8s,83) =
@(0).

In a “grouped coordinate-ascent” method, one sequences
through different index sets § = §° and updates only the
elements s of § while holding the other parameters 5 fixed
[27]. At the ith iteration one would usually like to assign 85
to the argument that maximizes &(fs, Big) over 0g. However,
in applications such as the imaging problem described in
Section III, there is no analytical form for the maximum
of ®(fs,83) over 8s, even if the index set § contains only
one element. Onc could apply numerical line-search methods,
but these can be computationally demanding if evaluating
®(fs,05) — ©(8°) for several values of fs is expensive.

The basic idea behind the SAGE method is borrowed
directly from the EM method. By intreducing a “hidden-
data” space for 85 based on the statistical structure of the
likelihood, we replace the maximization of $(fs, %) over fs
with the maximization of another functional ¢5(8s; 8). If the
hidden-data space is chosen wisely, then one can maximize
the function ¢%(-; #%) analytically, cbviating the need for line
searches, Even if one cannot maximize ¢° analytically, one
can often choose hidden-data spaces such that it is eas_ier to
evaluate ¢5(-;67) — ¢5(9%;0%) than ‘d)(-,ﬁif‘;_) — (6%, 65%), so
line searches for maximizing ¢{-; &) would be cheaper than
line searches for maximizing @(-;6%). Just as for an EM
algorithm, the functionals ¢S5 are constructed to ensure that
increases in ¢° yield increases in @. Furthermore, we have
found empirically for tomography that by using a new hidden-
data space whose Fisher information is smal], the analytical
maximum of ¢5(-;6%) increases (-, #%), vearly as much as
maximizing ®(-, #%) itself. This is formalized in Appendix C,
where we prove that less informative hidden-data spaces lead
to faster asymptotic convergence rates. In suminary, the SAGE
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method uses the underlying statistical structure of the problem
to replace cumbersome or expensive numerical maximizations
with analytical or simpler maximizations.

B. Hidden-Data Space

To generate the functions ¢° for each index set S of interest,
we must identify an admissible hidden-data space defined in
the following sense:

Definition 2: A tandom vector X¥ with probability density
function f(x; @) is an admissible hidden-data space with respect
to 85 for f{y;8) if the joint density of X and Y satisfies

fly.z:8) = f(y | =05} f{z; 9) @

i.e., the conditional distribution f{y | x;83) must be independent
of 9. In other words, X ¥ must be a complete-data space (in the
sense of [1]) for fis given that fz is known.

A few remarks may clarify this definition’s relationship to

related methods.

» The complete-data space for the classical EM algorithm
et al. [1] 1s contained as a special case of Definition 2
by choosing S = {1,...,p} and requiring ¥ to be a
deterministic function of X' [4].

¢ Under the decomposition (2}, one can think of ¥ as the
output of a noisy channel that may depend on £ but not
on fs, as illustrated in Fig. 1.

* We use the term *“hidden” rather than “complete” to
describe X%, since in general X% will not be complete
for # in the original sense of Dempster ef al. [1]. Even
the agpregate of X7 over all of § will not in general be
an admissible complete-data space for 6.

*» The most significant generalization over the EM
complete-data that is embodied by (2) is that the
conditional distribution of ¥ on X5 is allowed to
depend on all of the other parameters 8z (Fig. 1).
In the superimposed signal application described in
Section IV, it is precisely this dependency that leads
to improved convergenceraies. It also allows significamly
more flexibility in the design of the distribution of X5,

¢ The cascade EM algorithm [28] is an alternative gener-
alization based on a hierarchy of nested complete-data
spaces. In principle, one could further generalize the
SAGE method by allowing hierarchies for each X5

C. Algorithm

An essential ingredient of any SAGE algorithm is the
following conditional expectation of the log-likelihood of X5:

Q°(0s;8) = Q%(05:85,95)
£ E{log f(X®165,05) | Y =410} B
= ff(w |V = y;0) log f(x: 85, 05)ds.
We combine this expectation with the penalty function:
¢5(05;9) £ Q5(0s;0) — P(05,85). @

Let 4% € © be an initial parameter estimate. A generic
SAGE algorithm produces a sequence of estimates {¢*}32,
via the following recursion:
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05

x5

9;

Fig. 1. Representing the observed data Yas the output of a possibly noisy
channel €' whose input is the hidden-data X5,

SAGE Algorithm
For i =0,1,... {
1) Choose an index set § = S°. ‘
2) Choose an admissible hidden-data space X 5 for B,
3) E-step: Compute ¢ (8g:;6%) using (4).

4) M-step:
65:! = argmax %' (85:;6%), (5)
si
itl _ gi
O™ =05 (6
5} Optional:* Repeat steps 3 and 4.
|5
where the maximization in (3} is over the set

O5(8%) = {65 : (951, 8%) € ©}. )

If one chooses the index sets and hidden data spaces appropri-
ately, then typically one can combine the E-step and M-step
via an analytical maximization into a recursion of the form
BiFY = 45" (6%). The examples in later sections illustrate this
important aspect of the SAGE method.

Note that if for some index set § one chooses X5 = Y,
then for that S one sees from (3) and (4) that ¢5(fs; 6} =
@(Bs,eg). Thus, grouped coordinate-ascent [27] is a special
case of the SAGE method, which one can use with index sets
§ for which ®(fs,6%) is easily maximized.

Rather than requiring a strict maximization in (5), one could
settle simply for local maxima [4], or for mere increases in ¢,
in apalogy with GEM algorithms [1]. These generalizations
provide the opportunity to further refine the tradeoff between
convergence rate and computation per iteration.

D. Choosing Index Sets

To implement a SAGE algoritim, one must choose a
sequence of index sets S%,i = 0,1,.... This choice is as
much art as science, and will depend on the structure and
relative complexities of the E- and M-steps for the problem.
To illustrate the tradeoffs, we focus on imaging problems, for
which there are at least four natural choices for the index sets:
1) the entire image, 2) individual pixels, i.e.

§% = {1 + (i modulo p)} (8

2Including the optional subiterations of the E- and M -steps yields a “greed-
ier” algorithm. In the few examples we have tried in image reconstruction, the
additional greediness was not beneficial, (This is consistent with the benefits of
under-relaxation for coordinate-ascent analyzed in [29].) In other applications
however, such subiterations may improve the convergence rate, and may be
compmedionally advantageous over linc-search methods that require analogous
subiterations applied directly to $.
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(this was used in the ICM-EM algorithm of [18]), 3) grouping
by rows or by columns, and 4) “red-black” type order-
ings. These four choices lead to different tradeoffs between
convergence rate and ability to parallelize. A *‘red-black™
grouping was used in a modified EM algorithm in [L5] to
address the M -step coupling intreduced by the smoothness
penalties. However, those authors recently concluded [16] that
a new simultaneous-update algorithm by De Pierro [17] is
preferable. Those methods use the same complete-data space
as in the conventional EM algorithm for image reconstruction
[3], so the convergence rate is sull slow. Since the E-step
for image reconstruction naturally decomposes into p separate
calculations (one for each element of §), it is natural to update
individual pixels (8). By using the less informative hidden-data
spaces described in Section I, we show in {8] and [30] that
the SAGE algorithm converges faster than the GEM algorithm
of Hebert and Leahy [10], which in turn is faster than the new
method of De Pierro [17). Thus, for image reconstruction, it
appears that (8) is best for seral computers.

As noted by the reviewers, for image restoration problems
with spatially-invariant systems, one can compute the E-
step of the conventional EM algorithm using fast Fourier
transforms (FFT’s). A SAGE algorithm with single-clement
index sets (8) would require direct convolutions. Depending
on the width and spectrum of the point-spread function, the
improved convergence rate of SAGE wusing (8) may be offset
by the use of direct convolution. A compromise would be
to group the pixels altemately by rows and by columns. This
would allow the use of 1-D FFT"s for the E-step, yet could still
retain some of the improved convergence rate. Nevertheless,
the SAGE method may be most beneficial in applications with
spatiaily-variant responses.

Regardless of how one chooses the index sets, we have
constructed ¢ to ensure that increases in ¢S lead to monotone
increases in P, as shown next.

E. Monotonicity

Let § and X respectively denote an index set and hidden
data space used in a SAGE algorithm. Under mild regularity
conditions [1], [4], one can apply Bayes’ theorem to (3) to
sec that

Q*050) = [ 1z 1Y = yiB)log f(wi65,T5)ds
= L{8s,05) + H5(8s:8) - W5(§) ¢))
where
L(85,85) 2 log f{y; 85.03),
H%(05;8) £ E{log f{(X° | Y = 1;05,05) | Y = 4;8}

(10
and due to (2)

wS(F) 2 ] (@ | Y = 3;,0)log f(y | 5:85)d.

Note that W* is independent of #g, so it does not affect
the maximization (3). Using these definitions and Jensen’s
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inequality [1], one can easily show that

H5(65:8) < H%(85;9), Vés, YV (1)

from which the following theorem follows directly.

Theorem I1: Llet & denote the sequence of estimates gener-
ated by a SAGE algorithm (5). Then 1) ®{§") is monotonically
nondecreasing, 2) if  maximizes @, then § is a fixed point of
the SAGE algorithm, and 3)

D) — () 2 45 (051;6) — 95(85: ).
Proof: From (4) and (9) it follows that

@(4s,05) — 9(9)
= ¢5(85;8) — H3(85;0) ~ (¢5(85:0) ~ H3(B5;6)).

Thus, if $5(f5;8) > ¢5(Fs;9), then 3(fs,85) > &(F) using
{11). The results then follow from the definition of the SAGE
algorithm. 0

Standard numerical methods require evaluation of
®(f+1) — ®(8%) to ensure monotonicity. That requirement
is obviated for SAGE methods by the monotonicity theorem
above.

F. Convergence

For a well-behaved objective @, the monotonicity property
ensures that the sequence {#*} will not diverge, but it does not
guarantee convergence even to a local maximum of . (Some
EM algorithms have fixed points that are not local maxima
[1], [31].) Therefore, in the appendices we provide additional
theorems that give sufficient conditions for convergence in
norm, and that characterize the asymptotic convergence rate.
To summarize briefly, these theorems show under suitable
regularity conditions that:

+ If a SAGE algorithm is initialized in a region suitably
close to a local maximum in the interior of ©, then
the sequence of estimates will converge monotonically in
norm to it. (This may not apply when the local maximum
lies on the boundary of ©, as often happens in the example
in Section IIL)

= For suitably regular objectives, the region of monotone
convergence in norm is guaranteed to be nonempty [43].

* The asymptotic convergence rate of a SAGE algorithm
will be improved if one chooses a less informative hidden-
data space.

This last point is subtle, but is perhaps one of the most
important conclusions of our analyses since it emphasizes
the need for careful design of the hidden-data spaces. Less
informative hidden-data spaces yield faster convergence, but
more informative hidden-data spaces may yield easier M-steps
(51, (8L [30].

III. EXAMPLE 1
LINEAR POISSON MEASUREMENTS

The EM method has been used for over a decade to compuie
ML estimates of radionuclide distibutions from tomographic
data, such as that measured by positron emission tomography
(PET) [3], [32]. In this section we present a brief review of the
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classical EM algorithm for this problem, and then introduce
two SAGE algorithms. The second SAGE algorithm is based
on a new hidden-data space, and converges faster than even
an accelerated EM algorithm. For simplicity we focus in this
paper on ML estimation; the penalized version is described in
[8] and [30].

Assume that a radionuclide distribution can be diseretized
into p pixels with emission rates A = [Ay,...,A;). Assume
that the emission source is viewed by N detectors, and let
Nyp denote the number of emissions from the kth pixel that
are detected by the nth detector. Assume the variates N,x
have independent Poisson distributions:

Nyx ~ Poisson{ani Az} (12)

where the a,; are nonnegative constants that characterize
the system [3]. The detectors record emissions from several
source tocations, so at best one would observe only the sums
S _1 Ny, rather than each Ny Background emissions, ran-
dom coincidences, and scatter contaminate the measurements,
so we observe

»
Yn = ENnk + R,
k=1

where {R,.} are independent Poisson variates

Ry, ~ Poisson{r,} (13)
with means {r,} assumed known for simplicity. Thus
b
Yo~ Poisson{zank)u; +rn } (14
k=1

Given realizations {y.} of {Y,}, the log-likelihood for this
problem is given by [3]):

N
log f(1:A) = Y (~Fa(A) + v log 7, (V)

n=1

where

r
TulX) = Cardi + 7o
k=1

We would like to compute the ML estimate X from .

To apply coordinate ascent directly to this likelihood, one
might try to update Ap by equating the derivative of the
likelihood to zero

N
Yn
0= —a, +E Gn —
T e = A T 7.0

as)

where a g = Zf:;l @nk- Unfortunately, this equation has no
analytical solution. A Iine-search method would require mul-
tiple evaluations of (15), which would be expensive—hence
the popularity of EM-type algorithms [3] that require no line
searches.

The complete-data space for the classical EM algorithm [3]
for this problem is the sct of unohservable random variates

X = {{NuHooy, {Ra - (16)
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For this complete-data space, the € function (3) becomes (see

(4) of 3]

N p
QMM A =3 " (~aards + Nug log(ankAe))

n=1k=1
where [3]
Nok = E{Nak | Y = 1,0} = Miankya/Fa (V).

Maximizing Q' (-; X¥) analytically leads to the algorithm which
follows.

ML-EM Algorithm for Poisson Data
for i = 0,1,... {

P
T, = Zﬂ-nk}\i'l‘?’m n=1,....N
k=1

for k=1,...,p{

N
€ = Z ankynlgn
n=1

M= Merfax (1N

}.

In words, the previous parameter estimate is used to compute
predicted measurements, those predictions are divided into the
measurements and backprojected to form multiplicative cor-
rection factors, and the estimates are simultaneously updated
using those correction factors. This EM algorithm converges
globally (31, [5], but slowly. The root-convergence factor is
very close to 1 (even if p = 1 [S]), since the complete-data
space is considerably more informative than the measurements
(51. [8]. [30].

We now derive two SAGE algorithms for this problem, both
of which use individual pixels for the index sets: §* = {k],
where k = 1 + (7 modulo p}. The most obvious hidden-data
for Xy is just

X5 = {Npi, R},

which is a subset of the classical complete-data space (16).
The Q" function for the kth parameter is:

N
st (Ag: ,\") = Z (—ank)'k + N‘nk 10g(ank)\k)) .

n=1

Maximizing Q5" (-; A¥) analytically yields the following algo-
rithm:
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ML-SAGE-1 Algorithm for Poissen Data

Initialize: §, =3 0 1@uAl+7n, m=1,...,N.
fori=0,1,...{
fork=1,...,p{

N
ek =Y ank¥n/Tn

n=1
/\;:H = )\};ek/a,k
X =054 b
To =+ 5 = A)ank,  Vrigas #0

(18)

This SAGE algorithm updates the parameters sequentially,
and immediately updates the predicted measurements 7,
within the inner loop, whereas the ML-EM algerithm waits
uniil all parameters have been updated. ML-SAGE-1 is the
unregularized special case of the ICM-EM algorithm of [181;
a local convergence result for ICM-EM was mentioned in
(18]

We found that ML-SAGE-1 converges somewhal faster than
ML-EM for weli-conditioned problems, but the difference is
minimal for poorly-conditioned problems. The reason is that
XS* isstll overly informative since the background events are
isolated from the parameter being updated (¢f (12) and (13))
[81, [30]. Therefore, we now introduce a new, less informative
hidden-data space that associates some of the uncertainty of the
background events R,, with the particular parameter Xy, as it is
updated [8], [30]. Whereas the ordinary complete-data space
has some intuitive relationship with the uaderlying image
formation physics, this new hidden-data space was developed
from a statistical perspective on the problem and its Fisher
information. First, define

ap = min, {rn /o)

and define unobservable independent Poisson variates

Zyk ~ Poisson{a,x(Ar -+ z1)}

Bk ~ Poissond r — aprze + Z @njhj (19)

J#k
and let the hidden-data space for Ag onfy be
X' = {Zﬂk!Bﬂk}§=1'
Then, clearly
Yo = Znr + B

has the appropriate distribution (14) for any particular k. We
have absorbed all of the background events into the terms Zpp
and B, which are associated with A, Thus, the aggrepate of
all p of the hidden-data spaces is rot an admissible hidden-
data space for the entire parameter vector A, Using a similar
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x10" Max[mum Likelihood
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Fig. 2. Comparison of log-likelihood increase log f(y; 8°) == log f(y; %)
versus iteration i for ML-EM, ML-LINU, and ML-SAGE-2 algorithms, for
image reconstruction from PET measurements with 9% random ceincidences.
ML-SAGE-2 clearly reaches the asymptote sooner.

derivation as in [3] {see [8] and [30] for details), one can show

N
st (Ag; X)) = Z(—ank(a\k + 2} + Zni log(anx (A + 2&))

n=1

where
Zok = E{Zar | Y =4 X} = (AL + 20)@ntn /T (V).

Maximizing Q5" (-; A1) analytically (subject to the nonnega-
tivity consiraint) yields the ML-SAGE-2 algorithm, which has
the same sequential structure as ME-SAGE-1, except that (18)
is replaced by:

,\i‘i'l = ma.x{()«i. + zk)ﬁk/a-k - zk”o}'

Provided z; # 0, which is always the case in PET since
random coincidences are pervasive, this remarkably small
modification yields significant improvements in convergence
rate.

The Fisher information for the classical complete-data space
with respect to A is diagonal with entries

ﬂ--k/;\k

provided the ML estimate } is positive. In contrast, the Fisher
information for the new hidden-data space is diagonal with
entries

@/ + 2)

which is clearly smaller since z > 0. The improved conver-
gence rate of ML-SAGE-2 is closely related to this difference.

To illustrate, Fig. 2 displays the likelihood ®(8%) versus
iteration for the ML-EM algorithm and for ML-SAGE-2
applied to a simulation of PET data. The image was an 80 x
110 discretization of a central slice of the digital 3-D Hoffman
brain phantom (2 mm pixel size). The sinogram size was 70
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radial bins (3 mm wide) by 100 angles. A 900 000-count noisy
projection was generated using (6-mm-wide) strip-integrals
for {anr} [29], including the effects of nonuniform head
attenuation and nonuniform detector efficiency. A uniform
field of random coincidences was added, reﬁcctm% a scan
with 9% of the total counts due to randoms (i.e., S Ta
0. lzn_l F,.(A)), a typical fraction for a PET study. Further
details can be found in [8] and [30], including comparisons
over a large range of r,’s. Also shown in Fig. 2 is the
LINU unbounded line-search acceleration algorithm described
by Kaufman [23]. The ML-SAGE-2 likelihood clearly in-
creases faster and reaches its asymptote sooner than both the
ML-EM and ML-LINU algorithms.? (ML-SAGE-2 was alsa
considerably easier to implement than the bent-line LINU
method.)

The convergence in norm given by Theorem 3 of Appendix
A is inapplicable 1o this Poisson example when the ML
estimate has components that are zero, ie., when the ML
estimate lies on the boundary of the nonnegative orthant [33].
See [30] for a global convergence proof for ML-SAGE-1 and
ML-SAGE-2 similar to the proofs in [3] and [17].

The reader may wonder whether one can also find a beiter
complete-data space for the classical EM algorithm. Because
the EM update is simultaneous, one must distribute the back-
ground events among aff pixels; therefore, the terms z are
reduced by a factor of roughly +/P [8], [30]. Since /p is in
the hundreds, the change in convergence rate is insignificant,
which is consistent with the small reduction in Fisher infor-
mation (8], [30]. Other simultaneous updates [17] similarly do
not imprave much [30). Apparently one benefits most from
this less informative hidden-data space by wsing a SAGE
mcthod with the parameters grouped into many small index
sets.

An alternative to SAGE is the coordinate-wise sequential
Newton-Raphson updates recently proposed by Bouman and
Sauer [19]. That method is not guaranteed to be monotonic,
but when i¢ converges it might do so somewhat faster than
SAGE since it is even greedier. One can obtain similar (but
monatonic) greediness by using multiple subiterations of the
E- and M-steps in the SAGE algorithm, as indicated by
Step 5 of the generic SAGE algorithm. However, for the few
cases we have tested, we have not observed any improvement
in convergence rates using multiple subiterations. Although
further investigation of the tradeoffs available is needed,
including comparisons with possibly superlinear methods such
as preconditioned conjugate gradient [23], [34], it appears that
the statistical perspective inherent to the SAGE method is a
useful addition to conventional numerical toals.

IV. EXAMPLE 2
LINEAR GAUSSIAN MEASUREMENTS

The Poisson problem has important practical applications,
but the nonlinearity of the algorithms complicates a formal

3Fast convergence is clearly desirable for regularized objective functions,
but we advise caution when using ‘“stopping fules” in conjunction with
coordinate-based algodthms for the unregularized case, sioce for such al-
gorithms the Aigh spatial frequencies converge faster than the low frequencies

[26].
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analysis of the convergence rates. In this section, we analyze
the problem of estimating superimposed linear signals in
Gaussian noise [2], [9]
Y=aib+--+opfy+te=Abf+¢ (20)
where A = {ay ... ap], and ¢ is additive zero-mean Gaussian
naise with covariance I1, i.e., e ~ A{0,1). For simplicity we
consider a quadratic pepalty P(6) = 1'P4, so the penalized-
Jikelihood objective function is
—-0(8) = —(y ~ A9y - Af) + G’PH
Such objective functions arise in many inverse problems
[91. We assume A has full column rank, P is symmetric
nonnegative definite, and the intersection of the null spaces
of P and A is empty, in which case the (unique) penalized-
likelihood estimate is
§=(ATI"'A + P) AT Yy, Qn
If A is large, or if positivity constraints on 4 are appropriate,
then (21) is impractical and iterative methods may be useful.
(One can also think of (20) as a lingarization of the more
interesting nonlinear problem [2].) We present the linear
version here since we can derive exact expressions for the
convergence rates. We first present admissible hidden-data
spaces for this problem, derive EM and SAGE algorithms,
and then prove that the SAGE algorithm converges faster.
Since the mean of Y is linear in #, the conventional
complete-data (2], [9] for the EM algorithm for this problem is
also linear in 6. Here, we restrict our attention to hidden-data
spaces X ¥ whose means are also linear in #, and for which
the conditional mean of ¥ given X¥ is linear in X5 and
fz. Considering a general index set S, the natural hidden-data
space for fg is

S ~ N(Bés + Bég, C)
Y| X5 =3~ N(Gz+ G5, W)
which is admissible provided the two normal distributions
are indepqndent and consistent with (20), ie., As = GB,
A; =GB+ G, and I = W + GCG'. The log-likelihood
for X5 is given by
log f(X%;0s,05) = s

_ %(xs Bos - BOL)C~1(XS ~ Bds - BoY)

= ¢z + (Bfs + BaLyc (XS - -(Bas +BoL ))

where ¢; and ¢ are independent of 5. By standard properties
of joint normal distributions

s = E{XS|Y =y ¢}

= Bf; + B0 + CG'TI "y — AF).
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The % function of (4) is thus

$°(0s;0%) = (Bos + BFL)'C? (YS - -;-(Bﬂs + Bag)),

5[] ]+
2|85 [P'2Ps | 6 2
which, maximized over 8z, yields the generic combined E-
and M-step

65t = (Fys + P17 [B'C™}(X° — Bok) — Pobi]
=85 + (Fxs + P1) ALy — A6
- (Fxs +Py)7 [P, Py)t* (22)

where Fxs = B'C~!B is the Fisher information of X for
fs.

A. EM Algorithm

The ordinary EM algorithm [2], [9] is based on the following
choices for the complete-data space: § = {1,...,p}, B =
diag{ar}, € = L ®IL G = (1,0 L), and B =
G = W = 0, where diag{-} denotes a diagonal or block-
diagonal mairix appropriately formed, 1, denotes the p vector
of ones, and @ is the Kronecker matrix product. Note that these
choices distribute a fraction 7 of the noise covariance II to
each signal vector ay. Thus, Fx = p diag{alI1 'a,}, which
being a diagonal matcix is easily inverted. However, since
§ = {l,...,p}, the penalized EM algorithm (22) requires
inversion of Fx + P, which could be just as difficult as
inverting A’TI"*A + P for a general P. Therefore, we
consider the case where P = diag{ P}, for which the EM
algorithm simultanecusly updates all parameters via

. 1 )
9;:1 = E(a'}cn_lak + Pkk/p)_laﬁl—[-‘l(y — AfY)
+ (@0 ek + Pex/p) i T ax b} (23)
for £ = 1,...,p.

B, SAGE Algorithm

Because of the additive form of (20), it is natural for the
SAGE algorithm to update each parameter & individually,
ie, §' = {k} where k = 1+ (i modulo p). In light of
the discussion in Appendix C, we would like the Fisher
information of the hidden-data space for 8y, to be small, so we
associate aff of the noise covariance with the signal vector ay

X5 ~ N(axby, T0)
Y=X"+3 a8,

#k
Thus, Fy e = af Il az, which is p times less informative
than the EM case, which associates only a fraction 1/p of the
noise covariance with each signal. (This provides a statistical
interpretation of the modified EM algorithms in [35] and [36].)
The above choice for the hidden-data space corresponds
wB=g C=ILB=W=0G=1IadG =
[61.-.@x_1@x41.-.ap), which, substituted into (22), yields

the following algorithm.

SAGE Algorithm for Superimposed Signals
Initialize: E=y—Af0
for ¢ =0,1,...
k =1+ (i modulo p), S ={k},
6'}.;'-1 = 9; - (aLH"lak + Pkk)'lpkgi
+ (afcII"lak + Pk;,)‘laicl'[é
£:= ¢+ (6i* — 0L)ay,
9:‘;+1:=9;"1 j:]“l"'?k-—llk-{-l,“‘ipl

}

where Py is the kth diagonal entry of P, and P is the
kth row of P. Note that unlike the EM algorithm, the SAGE
algorithm circumvents the need to invert P by performing a
sequential update, so a nondiagonal smoothness penalty ¥ is
entirely feasible.

C. Convergence

To establish convergence of the EM and SAGE algorithmus,
we use Definition 3 and Theorem 3 of Appendix A. A few
definitions are needed. Let H = A'TI"1A + P be the Hessian
for this problem, and decompose it by

H=Ly+Dyg+L'y (24)

where Dy is a diagonal mattix with the diagonal entries of
H, and Ly is a strictly lower triangular matrix. Similarly, let

F=AT'A=Lr+Dg+1L%,
Dy=Dr+Dp

where Dp = diag{P;} and F is the Fisher information for
Y with respect to 8.

Let ||z[] denote the standard Euclidian norm of a vector z,
and for a nonsingular matrix T define ||z||z = || Tz||, which
induces the matrix norm

| Az|T

Nzlir
In addition, let p{A} denote matrix spectral radius, the maxi-
mum maghitude eigenvalue of A.

SAGE Algorithm: From the SAGE algorithm given above,
one can show (cf. proof of Theorem 3) that

glitle _ § — M, --- M, - (gip _ é) (25)

lAlle = max "0 = | TATY,

where
M,=1I- ekH,:klek’H,
= BV (1 HY ey (Hiw) e/ HY2 ) HY?,
= T = ty(thte) 't5) T,
=T'PT
and where T = H'/2, the kth column of T is t¢, Py is the
orthogonal projection onto tg, and ey is the kih unit vector
of length p, Since an orthogonal projection is nonexpansive,

M|l < 1, which confirms condition 2 of Definition 3. To
confirm condition 3, rewrite the SAGE algorithm using (24) as

g+ — § = [~ (Dg + L) " H)(67 - )
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which is the Gauss-Siedel iteration (see p. 72 of [37]).
Condition 3 follows from p. 109 of [37] since

IT— (D + L) 'Hilr = My - M| < L.
EM Algorithm: Oage can use (21) and (23) to show that
G b =M. (¢ ~h)
for the EM algorithm, where (cf. (37))
M=I-(pDr +P)H.

Thus, the EM algerithm is closely related to the simultaneous
overrelaxation (JOR) iteration (p. 72 of {37]). To establish
that |M[lr < 1 for T = HY? using Theorem 4, we must
show that 8+ 8/ > H, where in this case 8 = pDyp + P.
Since H=Lr + Drp + L'p + P and P > 0, it suffices
to show that pDr > Ly + Dy + L’p, or equivalently that
pI>L+I+L, where L= D;'/’LrD;/2. Since ATI A
is positive definite by assumption, z'(L + I + f)m > 0 for
any nonzero z; therefore, using v = e; & e, we see that
T:; € (—1,1). Thus, for any nonzero z, P+ T+ e <
3k | o )? < pllz||? where the second inequality is a
special case of Hilder’s inequality. The result then follows.

We have thus established thai both the EM and SAGE
algorithm converge globally. The convergence is globally
monotonic in norm with respect to the norm T = HY?, ie.,
R4 is all of IRP,

D. Convergence Rates

To compare the root-convergence factors of EM and SAGE,
we focus on the case where P is diagonal, since otherwise the
EM algorithm is in general impractical. Therefore, from the
results above

pEv = p(I— (pDr + P) 7 H)
=p(I-((p-1)Dr+Dg) 'H) (26
psace = p(I— (Dy + Ly) ' H) (27

since P = Dp for diagonal P.

Theorem 2: For linear superimposed signals in Gaussian
noise with a diagonal penalty matrix, the SAGE algorithm
asymptotically converges faster than the EM algorithm, i.e.

PsacE < pEM < 1.

Proof: The right inequality follows from pry <
!

IMlr < 1. From (24), I = Ly + Dy + i? where
T 2

Ly = H12LyH~/? and Dy = H-Y/2DyH-1/2, Thus,
for any vector T
2Lz = o'Tyr = (|z))2 — 2’ Daz)/2. @8

Since I — G7'H is similar to the real symmetric marrix
I- G~Y2HG~Y2, the cigenvalucs of I — (Dg + Ly )~tH
are real. For v = psage € [0,1) there exists v # 0 such that

I-(Dyg+Lg) 'Hp = v

thus
[I i (T)_H +EH)_1}$ =z
where = HY2y, Rearranging and multiplying both sides
by =’
lell? = (1 - 1)/ (T + D)o
Combining with (28)
1+v

1—vw

2Dyz = (|22

By the invariance of eigenvalues under similarity transforms
pEM = p(I~ ((p ~ )Dp + Dy) " H)
= p(I-((p— 1)DF +Dy)~'/?H
x ((p - )Dr +Dgx)"/%)
_ IHY2((p — 1)Dr + Dg)~1/22||?
ll21f2

for any z (by definition of spectral radius). In particular, for
z = ({p — 1)Dp + Dg)/*H Vs

=1

pEM 2 1 — l«Il
i{(p — LDy + D)/ 2H-1/2g|2
v 1>
z[(p— 1H-1/2DH-/2 4+ D-_q]:c
oyl

m’ﬁy$

=t- (1+,,);(1_u) - (li)

>V = PSAGE

where the last inequality follows from v € [0, 1). O

The inequalities in this proof are rather loose, and often the
difference in convergence rate between EM and SAGE is more
dramatic than the proof might suggest. To illustrate, consider
the case where P = 0. Then returning to (25), for the EM
algorithm we have

1< 1&
M=—2Mk=T-1(—ZP¢ T.
pk:l pk=l

Since eigenvalues are invariant to similarity transforms, it
follows that root-convergence factors for the two algorithms
are given by the spectral radii

Y
PEM =P —Z'Pk ,
Pz
P
PSAGE = P(H 'Pf‘)
k=1

i.e., for the EM algorithm we have a convex combination of
orthogonal projections and for the' SAGE algorithm we have
the product of those projections. Thus, this SAGE algorithm
is closely related to the method of alternating projections [38],
[39]. In particular, if P = 0 and the columns of A are
orthogonal, then psage = 0 whereas ppy > 1 — 1/p, ie,
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Fig. 3. Comparison of root-convergence factors for conventional EM algo-
vithm and proposed SAGE algosithm versus complementary angle between
subspaces of superimposed signals. The SAGE algorithm has a significantly
improved convergence rate.

the SAGE algorithm converges in one iteration, while EM
converges very slowly,

When p = 2, using a Gram—Schmidi argument one can
show that €1 = [1 0} and t, = [ov/1— a?) where o =
le1 11~ Yag|/(lla1]l[[az]]) is the cosine of the complementary
angle between a; and as. Thus

— a? 0 2
PSAGE = p 0 0 =

1—af

1
pea = "(5 [—am

Fig. 3 illustrates that the root-convergence factor of SAGE
is significantly smaller than that of EM, which substantially
reduces the number of iterations required.

Not only is psage < pem, but also psace < P%M,
5o one SAGE iteration is better than two EM iterations, at
least when p = 2. Thus, even though the EM algorithm
appears to have the advantage that one can parallelize the
M-step using p processors that simultaneously update all
parameters, in this case the convergence rate of the parallel
algorithm is so much slower that a sequential update may
be preferable. This depends, of course, on how difficuli the
M-step is; in the nonlinear case discussed in [2], the M-
step is presumably fairly difficult, so parallelization may be
advantageous. Equations (26) and (27) help one examine these
types of tradeoffs.

44
1+a? =32t3

—QM]) _ ;

V. DISCUSSION

We have described a generalization of the classical EM
algorithm in which one alternates between several hidden-data
spaces rather than using just one, and updates only a subset of
the elements of the parameter vector each iteration, By updat-
ing the parameters sequentially, rather than simultaneously, we

demonstrated that SAGE algorithms yield faster convergence
than EM algorithms in two signal processing applications.

The particular SAGE algorithms that we presented in this
paper sacrifice one important characteristic of the EM algo-
tithm: they are less amenable to a parallel implementation
since they are coordinate-wise methods. However, the general
SAGE method is very flexible, and work is in progress on
more parallelizable algorithms using index sets S consisting of
several elements of 8 [30]. The benefits of parallelization must
be weighed against the convergence rates for each application,

It is probably no coincidence that the applications we put
forth are cnes in which the terminology “incomplete-data™ and
“complete-data” as intreduced in [1] are somewhat unnatural.
In most of the statistical applications discussed in {1], there
is a clearly identifiable portion of the data that is “missing,”
and hence one natural complete-data space. In contrast, there is
nothing really “incomplete’ about tomographic measurements;
the problem is simply that the log-likelihood is difficult to
maximize. The EM algorithm is thus just a computational
teol. (To further illustrate this point, note that in classical
missing data problems the estimates of the missing data may
be of some intrinsic interest, whereas the “complete-data” for
tomography is never explicitly computed and would be of little
usc anyway.) SAGE algorithms may be most useful in such
contexts.

We have emphasized that the SAGE algorithm improves
the asymptotic convergence rate. The actual convergence rate
will certainly depend on how close the initial estimate is
to a fixed-point. In tomography and image restoration, fast
linear algorithms can provide good initializers for penalized
liketihood estimation. A greedy algorithm like SAGE is likely
to be most beneficial in applications where such initializers
are available.

APPENDIX A
MONOTONE CONVERGENCE IN NORM

Because the SAGE “algorithm” is so general, a single
convergence theorem statement/proof cannot possibly cover
all cases of interest (see, for example, the variety of special
cases considered for the classical EM algorithm in [40].) Here
we adopt the Taylor expansion approach of [4] since it dircctly
illuminates the convergence rate properties and prescribes
a region of monotone convergence in norm. However, this
general approach has the drawback that it assumes the fixed
point lies in the interjor of ©@. This restriction is often not
a necessary condition, and at least for some applications
one can often find specific convergence results without the
restriction, e.g., [3] and [30]. Readers who are satisfied with the
agsurance of monotonicity of the objective ®(8*), as provided
by Theorem 1, may wish to simply skim this Appendix.

For simplicity, we discuss only the case where the index sets
8% are chosen cyclically with period K, i.e., 5° = §* where
k= 1+ (i modulo K). We also assume that [JX_ §* =
{1,...,p} so that each parameter is updated at least once per
cycle.

Before stating the convergence theorem, several definitions
are needed. Consider an index set S, and let m denote its
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cardinality. Bearing in mind our notational convention that
$5(8s:8) = ¢°(8s:03,05), we define the m x m matrices

(V¥04%)(85;8) = (Vo, Vo, $°)(0s:8s,85)
and

(V11%9%)(85:8) = (V3,
and the m x (p — m) matrix

(V*'%)(85:8) = (V5, Vo ¢ NBs:85,85)

08" Y0s: s, 65)

where V denotes the (row) gradient operator and V' its
transpose. Let 6 be a fixed point of the SAGE algorithm, and
define

U5 (6s;8)
1
- - / (V2045165 + (1 — D)t + (1 — )B)dt (29)
¢
VS(GSQE)
1
= f (V1045 (t8s + (1 — Ys; 88 + (1 — )D)dt  (30)
1]
and
rl
ws(as;§)=f (VI0185)(t0s + (1 — £)65; 0 + (1 — £)6)dt.
° @1
Let RS denote the p x p permutation matrix that reorders

the ¢lements of {5, 5} into {1,...,p}. Then define the p x p
composite matrix

M7 (85:8)
us —1[yS s
{p—m)xm
where I, denotes the n x n identity matrix.
In addition, define
85() = {65 € 9°(8) : $°(65:) > °(Fs; B)}-

With the above definitions, we can define the following
region of monotone convergence in norm to 8.

Definition 3: 'R, C © is a region of monotone convergence
in norm if there exists a nonsingular » x p matrix F such that
R4 is an open ball with respect to the norm || - [|r and

L. Fork=1,...,K, U (8s+;8) is invertible for all & € R

and for all Bsh € &5 (6’2 (see (7).
2 Fork=1,.. K JM" (8s;B)r < L forall ¥ € R+
and for all 93& € B5°(9),
K

3. There exists o < 1 such that for any 7,... ,6 € Ry
and 65+ € 85* (@), k=1,....K

M (G5x;8" ) --- M (851;8 )l < c. (33)

In general, T may depend on §, but we do not allow T

to vary with iteration. The hard work is to verify condition

3 (see Appendix B), but if one can do so, the reward is the
following theoremn.

Tkeorem 3: Assumei) 8 = 5% where k = 1+(i modulo K)
and |}, $* = {1,...,p}, ii) & is a fixed point of the SAGE
algorithm (5) in the mtenor of O, iii) for all # € ’R+ the
maximum over fgr of (&sk,B) is in the interior of ©5° @,
iv) " (O 8) is twice differentiable in both arguments vg € ©
and V5. € es* {6), and v) the region of monotone convergence
R, for a nom || - ||¢ is nonempty.

1. If 8° € R, then

167+ = Blir < (16" = 8l Vi
-and
(8415 ~ iz < af§ - fllx (34)

where o < 1 is defined by (33). Therefore, ||§'% — é|jr
converges monotogically to zero with at least linear rate,

2. The root-convergence factor [41] of the subsequence
{#i¥ 152, is given by the spectral radins

p(MS“ (Gsr;6) - M (Bor; é)) (35)

which is beunded above by o < 1.

Note that by the equivalence of matrix norms {p. 29 of [37]),
monotone convergence with respect to the norm | - |z implies
convergence with respect to any other norm, although probably
nonmonotonically. Since the index sets are chosen cyclically,
a “full iteration” consists of K updates; therefore, (34) bounds
the convergence rate of the subsequence {§°5}52,.

Proof: Consider the ith iteration and let § = §* where
k = 1+ (i modnlo K). Define

ds s
z= |8s|, 2= |ds
b3 3

= ¢5(0s;0). Let
d{z) = d(fs;0) = (V},6°)(2)

then by assumption iv) we can apply the Taylor formula with
remainder [42] to expand d(z) about Z

and let ¢5(z)

1
d(z) = d(2) + f (Vd)(tz+ (1 - £))dt (= — 3).
0
Since § is a fixed point of the SAGE algorithm, by assumption
iiiy and iv) d(z) = 0. Observe that by the definitions (29)-(31):
(Vd)(z) = [-U®(05;8) V5(85;8) W5 (05;0)].

By assumptions iii) and iv) d(fi%';8*) = O for the SAGE
algorithm (5), so

US" (457, 89) (0341 — Bsx) = VS (6341:07)(85 — e

Sk 1
+ WS (051, 6%)(8%, — 82.).
(36)
By property | (invertibility) of Definition 3
G —dgn = US (0467 VS (050085 — Bs4)

+ US (015651 WSS (651 09) (8%, — B5n)-
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From (6) the components of Bf.;.,‘ are just copied, so after
permuting using RS (32)
B+ § = MS (0 6%)(6° — 6) (37

where M5" was defined by (32). Therefore, since 8° € R
by property 2 of Definition 3

67— dllx < 116° - Bllx

and therefore, it follows by induction that §' € R,. A full
¢ycle consists of one update over each of the K index sets:
therefore, applying (37) K times

(9(i+1)1{ _ g) — Ms* {Ggil)ff;e(iﬂ)f(—l)x
LM (egffﬂ; 8:'!()(951\’ _ 9‘)_
Thus, by property 3 of Definition 3
I8EDK — Gle < off™ — Gl

and therefore, the subsequence {#"X}2, converges mono-
tonically in norm to & as i — oo with linear rate at most
.

By. continuity of the derivatives of @5« one can show [4]
that the root convergence factor of the subsequence §°% is
governed by the speciral radius

K, 2 - 1, -
p(M" (B5x;8)--- M (851 8)).

Since the spectral radius is bounded above by any matrix norm,
the root convergence factor is bounded above by a. O

APPENDIX B
Ry IS NONEMPTY

In this appendix, we show that the region of monotone
convergence in norm Ry is nonempty for suitably regular
problems, Thus, the conditions for Theorem 3 are reasonable,
and the superimposed signals examp]e in Section IV is a
concrete example.

First note that from (10) one can show that

(VIO HS)(8s;0) = (V™ HS)(fs; ),
(VIO H)(ds;:0) =0
(cf. (3.16) of [11). For an index set S, define
Fxs|, = —(V*°H%)(fs:0)
then from (10), one can see that the matrix Fx5|y is the
conditional Fisher information of X% for fg, given ¥ = y

and given all of the other parameters 3.
Define the Hessian of the objective at § by

H = -V28(f)
and the following snbmatrices of the Hessian
HY = —(Ve, V5, 2)(6)
B = — (v, 95, 9)(6).

(To simplify notation we leave implicit the dependence on §.)
Note that HS is the corvature of the objective ® with respect

o fg, and 52 is the coupling between f5 and 83 induced
by &. Combining the above definitions with (29)-(31)

US = H® + Fxs)y

VS = Fxspy

WS = —H55. £38)
If H is positive definite, then U? will be invertible; therefore,
by (32) -

Sy—~ixsS 5y—1 5
M5=R5[(U )0 Vs (U )I w ](RS)’.
Substituting in (38)

(RS)JMSRS
_ [(HS + Fxs]y)_lFxsly —(HS+F}§:5|),)_'1H5’S]
0

=1- [g]jl (HS + FxS|y)_1 [HSHS'S"]

=I- B] (HS + F,s),) ' [ O(RSYHRS.
Thus

s -1
H%MSH-—%___I_H%RS [(H +E;JXS|y) g](RS)’H"L‘
(3%

For simplicity, we now consider the case the index seis are
disjoint and are chosen cyclically in the natural order, ie.,

St = 8%, where k = (1 + i modulo K) and {S,...,8K} =
{1,...,p}. In that case, it follows from {39} that

MM =1- Dy +Dr+Lg)H @0)
where Dy is block-diagonal with Fs|y in the kth block, and
H=f;H+l§H+i’ 41)

where Dy is a block diagonal matrix containing the diagonal
blocks of H that correspond to the subsets %, and Ly is

the corresponding strictly lower block triangular matrix. We .

can thus establish that [[MS™ ... M5’ |jz < 1 by using the
following “splitting matrix” theorem (p. 79 of [37]).
Theorem 4: 1f H is positive definite and S is invertible, then

II-S'H|lr <1
for T = H? if
5+8 >H. 42

From (490), for a SAGE algorithm § = Dy + Dr + Ly, so
in light of (41), condition (42} of Theorem 4 is satisfied. Thus,
IV Mt < 1

Using the relationships derived above, one can establish the
following result [43].

Theorem 5: Let 6 be a fixed point of a SAGE algorithm, and
assume that & is strictly concave on an open set local to § (so
that H is positive definite). Then if @ and the functions ¢ are all
twice continuously differentiable near 4, there exists a nonempty
region of monotone convergence in norm R, satlsfymg the
conditions of Definition 3 for the norm induced by T = Hi.
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APPENDIX C
FISHER INFORMATION

From (35} we see that the root-convergence factor of a
SAGE algorithm is given by the spectral radius of a product
of matrices M%(; 8) of the form (32). For an EM algorithm,
this spectral radius increases towards 1 as the complete-
data becomes more informative, i.¢., as its Fisher information
increases [1], [4], [5]. In this section we demonstrate that a
similar relationship holds for the convergence rate of a SAGE
algorithm.

Defining

=H? . (¢ - §)
we see from (39) that for §¢ small
§i+1 ~

(I - H%RS [(HS + FOXS]y)_ g](RS)IH%)Sl. 43)

This last equation suggests that minimizing Fxs|y will im-
prove the rate.of convergence of ||6*(| to 0. To demonstrate
this more formally, let Dp, and D, be the block diagonal
aggregate of the Fisher information matrices for two SAGE

algorithms with D < D F,- Then one can use (40) with an
argument similar to the proof of Theorem 2 to show that

p(X— (Dy + Dp +Ly)1H)

< p(I- (Dg+Dp, + Ly) 'H). '

Thus, less informative hidden-data spaces lead to smaller
root-convergence factors and hence faster converging SAGE
algorithms. In particular, once one has chosen the index sets
5% the optimal hidden-data space from the point of view
of asympiotic convergence rate would simply be X5 = ¥,
since then Fxsy, = 0. But that choice will often lead to
an intractable M-step, The SAGE algorithm allows one to
choose hidden-data spaces whose Fisher information matrices
are much smaller than that of the usual complete data of an
EM algorithm.

Finally, note that from (43) we see that since H is deter-
mined by ®, once the index scts are chosen, the only design
issue left is to choose the hidden-data X5. This choice should
be made by considering the tradeoff between making Fxs)y
small but yet making the M-step tractable,
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