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Abstract

We consider the problem of Partially Observed Markov Decision Processes with a
non-classical information structure. Under a particular constraint on the informa-
tion structure, optimal decision policies can be found via a dynamic programming
approach. We also consider state space systems with linear dynamics and quadratic
cost objectives, and provide sufficient conditions on the information structure under
which optimal control policies can be found analytically.

1 Introduction

In the study of decentralized stochastic control, the search for analytical, optimal
control policies is, more often than not, an intractable problem. Within the group of
feasible problems, only a handful of solutions have yet been found. However, the goal
for most control engineers is to find linear control policies which are either optimal or
suboptimal. The Partially Observed Markov Decision Process (POMDP), and more
specifically, the classical LQG case (Linear dynamics, Quadratic cost, Gaussian
noise) with full information are perhaps the most universally known systems which
have been shown to be tractable.

It has been shown that the ability to find optimal analytical solutions is signif-
icantly affected by the information structure of the system [8]. Much research has
been done to classify certain non-classical information structures for which optimal
feedback controllers can be efficiently solved [4, 6]. In this paper, we attempt to
augment this set of tractable information structures to include those information
structures satisfying a particular constraint.

In this paper, we first consider a specific information structure, shown to
produce linear optimal solutions in the LQ case [7, 9], and extend the dynamic



programming approach to find optimal solutions of the POMDP formulation of the
problem. We go on to provide sufficient conditions on an information structure
under which any LQ system can be analytically solved via dynamic programming.
Lastly, while [7] and [9] showed the existence of optimal controllers in the LQ
case, it wasn’t until [3] that the computational complexity of such controllers was
considered. We finish our analysis by showing that an assumption made on the
maximal delay of information propagation allows us to bound the storage required
for performing estimation.

2 Notation and System Model

We will employ, where possible, the notation used in [2, 1] as follows. In the re-
mainder of this paper, we use subscripts to denote the time index. Thus, z; denotes
the state of the system at time ¢. We denote the sequence of variables zq, z1,...,T;
by xo.:. We also define Ajy...; as the product of the variables corresponding to times
0,...,¢t; that is Ag... = AgA1...A;. For a set X, we interpret X" as the n-fold
Cartesian product of the set, so that X™ = X x ... x X n-times, where X° = (.
Also, for any finite set Y, we denote 2¥ as the set of all subsets of Y. Lastly, we
denote Z™T as the set of non-negative integers.

A Markov decision process provides a model for sequential decision making
in a stochastic environment. The decisions, or control actions, made at each time
step affect the future evolution of the system. The goal of the decision maker is to
choose actions such that the system trajectory optimizes some objective function
over a finite horizon N.

For the purposes of this paper, we consider decisions made at discrete times
t €{0,...,N}. At each time ¢, the system occupies a state, and we denote the set
of all states by X'. Similarly, at each time step, the decision maker chooses an action
from the set of all possible actions, denoted /. In the partially observed Markov
decision process (POMDP), these decisions are based on an imperfect knowledge of
the system state, and the set of all possible observations as seen by the observer is
denoted ).

First, for a finite set X let My be the set of distributions on X’; that is, the
set of functions f : & — [0,1] such that ) _, f(z) = 1. Our formal definition of a
POMDP is as follows.

Definition 1. A partially observed Markov decision process (POMDP) is a tuple
(A, C,g) where

1. A is a sequence Ay, A1,...,An, with Ag € My, and for t > 1, we have
A X X X xU — [0,1], such that A(-,z,a) € Mx forallz€ X, a €lU.

2. C is a sequence Cy,C,...,Cn_1, with Cy : Y x X — [0,1], such that
Co(-,2) € My for all z € X and fort > 1, we have Cy : Y x X1 xU — [0,1],
such that Cy(+,z,a) € My for all z € X**t a e U.

3. g is a sequence go,g1,---,gn, With g : X xU — R.



For the purposes of this paper, we are interested in controllers which make
decisions based on some subset of the current and previous observation and decision
variables. To this end, we define the information structure of a POMDP.

Definition 2. For each t € 7%, define the set of integers Z; = {0,1,...,t}. The
information structure of a POMDP is defined by (Y,U), where

1. Y is a sequence Yy, Y1, ..., such that Y; € 2%¢.

2. U is a sequence Uy, Uy, ..., such that U € 2%t-1,

We can use this definition of the information structure to denote the informa-
tion available to the controller at time ¢ by

where y; € Y and u; € U for all i, j € Z*. We also define i; to be a realization of
Nt by i = {’U.)i,(lj ‘ 1€ Yrt,j S Ut}

The above information structure determines what observations and previous
decisions are available to the decision maker at time . Note that in the classical,
full information case, we have Y; = Z; and U; = Z;_; for all t € Z*. We can now
define the POMDP policy which determines the actions to be taken at each time
step.

Definition 3. A POMDP policy is a sequence K = (Ko, K1,...,Kn_1), where
K - U x YVl ylUl — [0,1] for all t € Zt such that K(-, z,a) € My for all
z € YWl a e ylVel,

Now, for any POMDP (A, C,g) and policy K, we define the state stochastic
process xg.n, the observation process yo.n_1, and the action process ug.ny_1 by

Prob(xo.t = 20:¢, Yo:t = Wo:t, ot = ao:t) = Ao(20)Co(wo, 20)
¢ ¢ ¢

< [T Ak e 21, ax1) T] Cr(wr, 200k, an—1) [ Kila, {wi, a5 | i € Vi, j € Up})
k=1 k=1 k=0
(2)

Lastly, for a given POMDP, the goal of our decision makers is to choose the
policy K which minimizes the cost function over the finite horizon N, given by

J(Kon-1)=FE <Z_ ge(e,ur) + gN(mN)> (3)

t=0

2.1 Temporal Skyline Information

We can now define our information structure of interest in this paper.
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Definition 4. We call the information structure in (1) a temporal skyline infor-
mation structure (TS) if

Y,1CY; (4)
Ut - Zt_l (5)
is satisfied for allt € Z7.

We also define, for each Y;, the complementary set Y;J- = Z; \'Y;. In other
words, the TS structure can be viewed as a partially nested structure [4], where the
decision maker at time ¢ knows at least all of the information that the decision maker
at time ¢t — 1 knew. We note the distinction, though, between TS structures and
information structures which are simple delays. In particular, there is no queuing
of information in a TS structure which is typical of most delay systems.

3 POMDP Optimization

We are interested in finding a control policy K which minimizes the cost in (3) for
a given POMDP with a TS information structure. To lighten notation we define,
for each t = 0,1,..., N — 1, the function P, = A...;:Co...:, with Py = AyPn_1.
Then, the joint probability Prob(zo.t, wo.t, ag.:) from (2) can be written succinctly
as PyKy.... Also, for a POMDP with a TS information structure, we define the
function D; by

Di(ir) =Y P,

Z()I,
Yt

where the summation over Y- means that we sum over the variables {w; | i € Y;*}.
We now define the following functions in a recursive manner.

Definition 5. Given a POMDP (A,C,g) with a TS information structure (Y,U),
we define the value function Vi recursively as follows. Let

1
V; _1,iNo1) = ———————— P,
N(an—1,iN—-1) Dn1Gin_1) ZOZ;V gn(2n) PN (6)
e,
and for 0 <t < N — 1, we define

Vi(ir) = min ——— Y (g + Vis1) Py (7)

o t(Zt) 20:t+1

vt

Definition 6. Given a POMDP (A, C,g) with a TS information structure (Y,U),
we define the cost-to-go Q¢ for all0 <t < N —1 to be

Qi(a, i) = Z (9t + Vit1) Pia (8)

Z0:t+1
i
Yt

1
Dy (i)



Hence, we see that @); is the expected future cost from time ¢ onwards, con-
ditioned on the information i; available to the decision maker at time ¢ and the
decision ay.

Having established the structure of this system in the previous section, we can
now state the first result of this paper.

Theorem 7. Given a POMDP (A,C,g), with a TS information structure (Y,U),
let the functions Qo,...,Qn—1 be defined as in (8). Then the policy K is optimal
if for each t, K¢ is a minimizer for

min Z Ki(at,it)Q¢(ar, ir)
t
at
Moreover, there exists a deterministic optimal K; given by

Ki(as,is) = {1 ay = pug(it) (9)

0 otherwise
where Q (e (i¢), i) < Qi(as,i¢) for all iy.

Proof. We give an outline of the proof of Theorem 7 by explicit computation of
the dynamic programming algorithm. To begin, we can express the optimal total
cost as
Jopt(Ko:n—1) = Kmin Z (90(20,a0) + ...+ gn(2n)) PnKo..N—1
0:N—-1 20:N

ao:N—1
WO: N —1

Using the TS structure of the Y; and (6), we decompose the cost as

N-1
Jopt (K) = Hlln Z Ko..n—2 Z Kn_1 Z <Z gt+VN> Pn  (10)

0 N-—-1
aON 2 aN—1 Z(jiN t=0

Yn_2 Yn-1\Yn_2 Yy_1
where again we abbreviate summations over observation variables {w; | i € Y;} by
summation over Y;. This decomposition in (10) is the property which allows us to

proceed in the standard POMDP dynamic programming approach. Noting that the
denominator of Q; is independent of a; in (8), our cost becomes

Jopt (K) = mlﬂ ZKON2ZPN1 th+ZKN 1@N-1

Ko:N-1
ag:N -2 Z0:N—1 aN—1

VN2 Yi_s
Making use of a standard result from dynamic programming, this expression is
equivalent to

Jopt(K) = min Y Kon-2 »_ Py th-f'mln > En1Qn-

Ko:N-2
ag:N -2 20:N -1 an_1

YN—2 Yi_s



As a result, an optimal, deterministic policy for Ky_; is obtained by minimizing
Yan., KN-1Qn—1 as in (9). Using (7), our optimal cost can now be expressed in
a form similar to its initial form.

Jopt(K)= min >~ Kona Y, (go+.--+gn-2+Vn-1)Py

Ko:n—2
. a0:N—2 205--3ZN—1

YN_2 Yi_,

Using induction, and applying the above argument at each iteration, we arrive
at the value function iteration in (7), where at each step in the iteration an optimal,
deterministic K; is found by minimizing Zat K;:Qy. [ |

4 LQG Optimization

The LQG formulation is a special case of the POMDP. However, as it is a very
common formulation for problems, either by design or by linearization of complex
dynamical systems, we shall analyze the specific approach taken in this case.

Let A € R*™*™ B e R"™™ and C € RP*™. The setup is the standard LQG
formulation:

Ti4+1 = Al’t + B’U,t =+ wy
yr = Cxy + vy
Tog ~ N(i‘o,Zo) Wi NN(07ZU,) Vg ~ N(O,Ev)

where xq, wy, vy are IID Gaussian random variables. This of course is a POMDP on
the infinite state space R™. Our goal is to choose control policies ; : ; — R™ for

t=0,...,N —1 to minimize the following standard finite-horizon, quadratic cost
function.
N—1
J(yon—1) = / (Z x] Qr; +ul Ru; + x]TVQfa?N> Prob(u) dp. (11)
i=0

where @, Qf € R™™ are symmetric, positive semidefinite and R € R™*™ is sym-
metric, positive definite, and p = (zo.t, Yo:t—1, Uo:t—1)-

When optimizing the control policy for the cost in (11), we must deal with the
probability distribution of the state x; conditioned on the information 7, available
to the decision maker at each time step t. In a manner equivalent to our work in
section 2, we can break up the joint pdf of all states, observations, and decisions
using conditional probabilities and the IID nature of the noise. Hence, we rewrite
the large joint pdf as a series of smaller conditional probability distributions, as
follows.

Prob (zo:¢, Y0:t—1, t0:t—1) = Ao...tCo...t—1Ko...0—1
where we have the conditional probability distributions defined in section 2.

A; (xivxifla Uifl) = Prob ($¢|$i—1aui71) = fN(xi — Ax;_1 — Bu;—1, Ew)
Ci (yi, i) = Prob (yi|x;) = fn(yi — Cwi, X))
K; (ui,mi—1) = Prob (u;|n;—1)



Both A; and C; simply represent the Gaussian pdfs for w; and v;, respectively, where
fn(u, X) denotes the normal distribution function for N(u,X). K; now represents
the decision policies, expressed as a conditional pdf, though we restrict our policies
to be deterministic.

Having previously shown in section 3 that a dynamic programming approach
can be applied to POMDPs with a TS structure, it comes as no surprise that we can
construct a dynamic programming algorithm for the LQG system with TS structure.
However, in doing so, we arrive at one of the main results of this paper.

We first define the familiar Riccati recursion for discrete time systems.

Definition 8. We define the matrices Py, . .., Py in the following recursive fashion.
Let Py = Qy, and for all1 <t < N, let

Py =Q+ATP,A— A"P,B(R+B"P,B) ' BTPA (12)

Further define the real numbers sg,...,sy as follows. Let sy = 0, and for all
1 <t<N, let sg_1 = 84 + trace(P,X,,) + trace((Q + ATPA — P_1)%; ).

Using these definitions, the following result provides a sufficient condition on
the information structure of a LQG problem which allows us to find an optimal
control policy.

Theorem 9. Given a LQG system with any information structure (Y,U), suppose
there exists matrices Xo, ..., Sn—1 such that, for allt € {0,1,...,N — 1}, and for

all mo, ... ,MN—1,
cov (zi|ne) = Xy (13)
Then, the policy v = (Yo,...,Yn—1) defined by
1 R
Ye(ne) = — (R+ B"Piy1B) B'Pry1Ady(my)

is optimal, where T¢(ny) = E (z¢|nt), and Py is given by (12).

Proof. We can show that the conditions of Theorem 9 are sufficient to find an
optimal policy by explicit computation of the dynamic programming algorithm.

Firstly we use the probability distribution of the state transition to write xn
in terms of x_1 and uny_1, as follows:

en ]t [Q+ATQ;A  ATQ:B | [zn-
| G o [ T e )
x Prob(u) dp + trace(Q rXy,)

where we’ve defined, for convenience

t
M, = Z xiTQ:ci + uiTRui

=0



for each 0 <t < N — 1. Like before, Prob(u) is simply a placeholder for the joint
probability distribution of all states, observations, and actions. Next, we substitute
in the decision policy for vy _1 and use a perturbation hI'(ny—_1) on the policy, with
h sufficiently small, to optimize the cost over that decision.

T
TN_1 St Si2 TN-1
J(Yon—2.n—1 + hT) = [ [ My_
(Yo:N—2,YN—-1 + hT) /< N-2+ |:’)/N—1+hrj| [SlTQ ng} {’YN—I‘FhF])
x Prob(u) dp + trace(Q s3,,)
= J(’Y)+2h/FT (SlTﬁN—l +SQ2’YN—1) Prob(zn—1,15-1) dey-1dny-1+0(h?)
(14)
where

_[Q+ATQFA ATQsB

Sll 512
[ } o [ BTQfA R+BTQfB}

SL, Sas

Since yn—_1(nny—1) and I'(ny—_1) are not functions of zy_1, we can perform the
integration over xy_; in the first order perturbation term of (14) to show

J(Yo:N—2,YN-1 + R (nn-1))
=J(y) + 2h/rT (/ (STxn—1+ Soayn—1) Prob(zn_1|ny_1) dle)
x Prob(ny_1) dnn—-1 + O(h?)
= J(y)+ 2h/rT (SLE (zn—1|nn-1) + Sa2yn—1) Prob(ny_1) dny—1 + O(h?)
(15)

Setting the first order perturbation of the cost in (15) to zero, we see that an optimal
policy for yn_1 is given by
N1 = —S55 STLE (zn 1N -1)
-1
= — (R+B"QsB) " BTQAE (ax1lnv—1)

=Fy_1Zn_1

where Zy_1 is the belief state of the system. Note, we haven’t made any assumptions

on the structure of Yy _1 or Uy_1 up to this point. This result for yy_1 is a product

of the LQ formulation of the basic problem and holds for any information structure.
Now, substitute vy _1 back into the cost function.

J = /MN,Q Prob(p) du + trace(QsX.)

T

TN_1 Si1 Si2 TN_1
- 1| Prob(zx_1,mv_1) ) dax_1dnn
+/(L‘jz\r—lﬂlfj\/—l] [S1T2 522} |:FN—137N—1:| rob(N -1, 1)) NN



Take the expectation of x_; conditioned on ny_; in the last term.
J = /MN_2 Prob(p) du + trace(QsX.)

+ /(iﬁflPN,lch,l + trace(SuEN,l)) Prob(ny-1) dnn-1
where
Py_1 =511+ S12oFN_1+ FN_ 1Sy + Fy_1 S22 Fn_y
=Q+ATQ;A— ATQ;B (R+ B"Q;B) " BTQsA

satisfies the Riccati recursion in (12). We then make use of the identity E (xTD;v) =
2T D3 + trace(D cov(x)) to give

J = /MN_2 Prob(u) du + trace(QsX.,)

+/ (x%_lPN_lxN_1+trace ((511 - PN—l)EN—l)) PI‘Ob(IN_l,nN_l) dxn_1dnn_1

Now, we must make our first restriction on the information structure. By
assumption, the covariance matrix, ¥ y_1, is independent of ny_;. Hence, it can
be taken out of the integration as we proceed to the next iteration. As a result, we
have returned to the same form in which we started this iteration.

N-2

J = / (Z xZTQxT + uiTRui + z%_lPN_lqu) Prob(u) dp + sy—1

i=0
where sy_1 is as specified in Definition 8.

Thus, by induction, by applying the above arguments at each iteration, we

see that the controller gains can be determined by the following dynamic program:

F,=—(R+B"P,1B)” BTP A
Ye(ne) = Fede(ne)
with P; defined in (12). Moreover, the optimal cost is J = sg. |

Interestingly, this is the same dynamic program as the classical full informa-
tion case. The difference in the resulting controllers is purely a result of the state
estimation Z; being conditioned on less information than the classical case. Also, it
is important to note that the control system has separated into a simple controller
gain and an estimator, and that the policy is linear in the state estimate.

Using the conditional probability notation defined above, the state conditional
probability distributions can be expressed by the following fractional series of pdfs.

> Ap.sCoit Kot

Z0:t—1

Prob(z¢,ne) vt
Prob(1;) Z Ap..tCo..t Koo

$0J:f
Y,

Prob(z|n:) =




When the system has a T'S information structure, we can simplify (16), using
the following lemma.

Lemma 10. Given a LQG system with a TS information structure, there exists ma-
trices Yo, ..., Xn—1 such that, for allt € {0,1,..., N —1}, and for all ng,...,nn-1
we have cov (x¢|n) = L.

Proof. An immediate consequence of (4) is that Y;* NY; =@ foralli <t. As a
result, since the policies Ko, -- , K;_1 are independent of Y,-, they can be pulled
out of the summations in (16) and canceled, leaving the following expression for the
conditional probability distribution.

1

Prob (z¢|n;) = —— P, (17)

P 2=,
YJ_

Hence, we have eliminated the K; from the conditional probability distribution. It

is clear from the definitions of P, and D; that (17) is a convolution of the Gaus-

sian distributions Ag,...,A; and Cy,...,Cy, normalized by the denominator Dj.

Since each A; and C; are normal distributions with fixed covariances, the resulting
convolution in (17) is a Gaussian distribution, whose covariance ¥, is also fixed. =

Corollary 11. Given a LQG system with a TS information structure, an optimal
policy can be found by the algorithm of Theorem 9.

It is important to note that Corollary 11 guarantees that the TS structure
considered previously, and as a result any delayed system with perfect memory, can
be solved via the dynamic programming approach constructed in Theorem 9.

5 Estimator

As noted above, the control process is separable in the TS case, and linear in the
state estimate. In the full information POMDP problem, we have the well-known
Kalman filter estimator with the following recursive form.

Definition 12. Given a POMDP (A, C, g) with a full information structure, define
the following probability distribution functions.

Z Ar1Cr1pi—1jt-1

P & P =
010 = = — te =
Z FPo Z At+1ct+1pt—1\t—1
T

Tt,Tt41

fort>1 (18)

In the framework of our above discussion, this nice form for the full information
Kalman filter is a consequence of the fact that Y- = () at every time step ¢. This
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can be easily seen when we take a closer look at the state conditional probability
distribution used in (17). In our more general case however, it’s possible that we
are not updating our estimate with recent observations, but with old observations
that were not previously available. In such a case, we cannot achieve the nice
relationship between py; and p;_1;_;. Instead, we make another restriction, that
all observations become available after some specified time. In order to formalize
this, we specify the following assumption.

Assumption 13. There exists an interval k, such that for all t € Z7, we have
1 €Y, foralli <t-—k.

Theorem 14. Given a POMDP (A, C,g) with a TS information structure (Y,U)
which satisfies Assumption 13, the probability distribution of the belief state q;; =
Prob(x:|n:) can be computed, for all t > k by

E At k1t Ctpr 1t De—kft—k
Tt—k:it—1

vt
E Atkarl---ttherrl--Atpt—k\t—k

LTt—k:t
€
Yy

qt|t =

using the recursion on py, defined in (18).

Proof. This result follows directly from the definitions of g, in (17) and p;_j¢—p
in (18). -

In the LQG framework, p;_;— is a Gaussian pdf, which can be completely
specified by its mean and covariance. As a result, we can bound the storage size
required to compute g;;. Whereas remembering every y; would require unlimited
memory in the steady state, we have reduced the memory required to simply being,
at worst, the size of k observations and decisions plus the mean and covariance of
Pt—k|t—k-

6 Conclusions

We showed that for a partially observed Markov decision process with a non-classical
temporal skyline information structure that optimal decision policies could be found
via a dynamic programming approach. The key here was the subset constraint for
observations available to the controller at successive time steps. In the LQ frame-
work we provided sufficient conditions for an information structure under which a
dynamic programming solution could be constructed to analytically find optimal
decision policies. It is worth noting here that we have demonstrated only one possi-
ble method for finding these optimal policies. As with the classical full information
structure, there exist other approaches for finding optimal policies, such as spectral
factorization or augmentation of the state space. Lastly, we also showed that a
simple maximal delay constraint on the information structure allowed us to bound
the computation required to perform the state estimation at each time step.
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