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Abstract—In this paper, we investigate discrete-time
decision-making problems in uncertain systems with par-
tially observed states. We consider a non-stochastic model,
where uncontrolled disturbances acting on the system take
values in bounded sets with unknown distributions. We
present a general framework for decision-making in such
problems by using the notion of the information state and
approximate information state, and introduce conditions to
identify an uncertain variable that can be used to compute
an optimal strategy through a dynamic program (DP). Next,
we relax these conditions and define approximate informa-
tion states that can be learned from output data without
knowledge of system dynamics. We use approximate in-
formation states to formulate a DP that yields a strategy
with a bounded performance loss. Finally, we illustrate
the application of our results in control and reinforcement
learning using humerical examples.

Index Terms—Uncertain systems, worst-case control,
approximate dynamic programming, robust reinforcement
learning

[. INTRODUCTION

Decision-making under incomplete information is a funda-
mental problem in modern engineering applications involving
cyber-physical systems [1], e.g., connected and automated
vehicles [2] and social media platforms [3]. In such ap-
plications, an agent must sequentially select control inputs
to a dynamic system using only partial observations while
accounting for uncontrolled disturbances that interfere with
the system’s evolution. The most common modeling paradigm
for such decision-making problems is the stochastic approach,
where all disturbances to the system are considered as random
variables with known distributions, and the agent selects a
decision-making strategy to minimize the expected incurred
cost [4]. Stochastic models have been utilized for problems
in both control theory [5]-[11] and reinforcement learning
[12]-[16]. A strategy derived using the stochastic approach
performs optimally on average across numerous operations
of the system. However, this performance degrades with any
mismatch between the distributions assumed in modeling and
the frequency of realizations encountered in implementation
[17]. Furthermore, many safety-critical applications require
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guarantees on the agent’s performance during each operation
[18], making expected cost an inadequate measure.

The non-stochastic approach is an alternate modeling
paradigm for safety-critical systems, where all disturbances
are considered to belong to known sets with unknown distribu-
tions. The agent aims to select a decision-making strategy that
minimizes the worst-case incurred cost across a time horizon
[19]. Because this approach focuses on robustness against
worst-case disturbances, the resulting strategy yields more
conservative decisions than the stochastic approach and yields
guarantees for each system operation. Thus, this approach has
been applied to adversarial settings, e.g., cyber-security [20] or
cyber-physical systems [21], and failure-critical settings, e.g.,
water reservoirs [22] or power systems [23].

In this paper, we propose a framework for non-stochastic
decision-making using only partial observations in a dynamic
system. When the system’s dynamics are known to the agent,
this problem falls under the purview of control theory [24].
However, many applications involve decision-making with
incomplete knowledge of the dynamics as, e.g., mixed traffic
driving [25] and human-robot coordination [26], [27], or
decision-making without a reliable state-space model, e.g.,
healthcare [28]. These restrictions yield a reinforcement learn-
ing problem [29], [30]. To account for both cases, we formu-
late our problem using only output variables without assuming
a known state-space model. In our exposition, we present
rigorous definitions for the notions of information states
and approximate information states. Using these notions, a
surrogate state-space model can be constructed from output
variables. This surrogate model can be used to formulate a
control problem with full-state observation, whose solution
yields a strategy of the original problem. In reinforcement
learning problems, the surrogate model can be learned from
output data. Given a surrogate model, the agent can derive a
strategy using standard techniques [31].

A. Related Work

1) Control theory: There have been numerous research
efforts in control theory to study dynamic decision-making
problems given the system dynamics. For both stochastic
and non-stochastic models, an agent can derive an optimal
decision-making strategy offline using a dynamic program-
ming (DP) decomposition [32]. For systems with perfectly
observed states, the agent’s optimal action at each instance of
time is simply a function of the state. Using this property in a
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DP facilitates the efficient computation of an optimal control
strategy [33], [34]. In contrast, for partially observed systems,
any optimal action is a function of the agent’s entire memory
of past observations and actions, which grows in size with
time [35]. Subsequently, the domain of the optimal strategy
grows with time, and the DP for the problem requires a large
number of computations [36]. This concern is alleviated using
an information state instead of the memory [37].

The most commonly used information state in stochastic
control is the belief state, i.e., a distribution on the state
space conditioned on the agent’s memory [38], [39]. A general
notion of information states for stochastic control was recently
defined in [40]. For non-stochastic control problems, the DP
decomposition has been simplified using two well-known
information states: (1) the conditional range, which is the
set of feasible states at any time consistent with the agent’s
memory [41] and can be used in both terminal cost [42]-
[45] and instantaneous cost problems [46]-[48]; and (2) the
maximum cost-to-come, which is the maximum accrued cost
functional [49] used in additive cost problems [S0]-[52].

A general notion of an information state for non-stochastic
terminal cost problems was presented in [53]. Information
states have also been derived for risk-sensitive formulations
[54] and distributionally robust formulations [55]. A related
notion of symbolic abstractions has been developed in non-
stochastic settings by drawing upon system approximation
using bisimulation [56]. Typically, symbolic abstractions dis-
cretize the state and action spaces of continuous systems
[57]. Such abstractions and their worst-case performance were
studied for perfectly observed control problems in [58], [59].

The advantage of using information states (or other state
abstractions) is that they result in a smaller approximate space.
Thus, they generally yield a more efficient DP decomposition
than the entire memory. However, in problems with large state
spaces, utilizing information states may still not be practical
[60], [61], creating a need for principled approximations.

2) Reinforcement learning: The literature on reinforcement
learning is concerned with decision-making when the agent
does not have prior knowledge of the system’s dynamics [62].
For systems with perfectly observed states, these problems
have been addressed using a variety of approaches [63]. In
the stochastic formulation, both model-based [64], [65] and
model-free approaches [66] have been utilized. In the non-
stochastic formulation, the worst-case reinforcement learning
problem was formulated and analyzed in [67]. Worst-case Q-
learning was proposed for reinforcement learning problems in
[68]-[70] and extended to problems with output feedback and
known dynamics in [71]. Actor-critic methods [72] and model-
based off-policy learning approaches [73] have also been de-
veloped for robust control. Alternate approaches using online
adaptive algorithms were proposed in [74], [75]. However, in
general, reinforcement learning with partial observations re-
mains challenging, especially for non-stochastic formulations.

For stochastic formulations, the notion of approximate infor-
mation states was presented in [76] to address the challenges
of control and learning with partial observations. Approximate
information states can improve the computational tractabil-
ity of control problems at the cost of a bounded loss in

performance. In reinforcement learning, they can be learned
from output data to facilitate standard learning algorithms.
Their performance has been empirically validated in robotics
[77] and healthcare [78]. No general theory of approximate
information states exists yet for non-stochastic formulations.

B. Contributions and Organization

In this paper, we develop a non-stochastic theory of approx-
imate information states for both instantaneous and terminal
cost problems to facilitate control and reinforcement learning
using partial observations. Our contributions are: (1) the intro-
duction of a general notion of information states (Definition
1) and an optimal DP decomposition for worst-case control
(Theorem 1); (2) the introduction of approximate information
states (Definition 2) that can either be constructed or learned
from output data (Subsection IV-D); (3) the formulation of an
approximate DP (Theorem 3) to compute a control strategy
with a bounded optimality gap (Theorem 4); and (4) the
exposition of examples (Subsection IV-C) with corresponding
theoretical guarantees (Theorems 5 - 6). We also illustrate our
results using numerical examples (Subsection V).

Note that while our theory shares conceptual similarities
to that for stochastic problems in [76], our focus on non-
stochastic problems necessitates the use of a distinct formu-
lation with uncertain variables [79]. Our results bound the
worst-case approximation loss rather than the expected loss.
Our mathematical approach in the non-stochastic framework
differs from [76] and results in novel theoretical results,
including the Lipschitz continuity of the approximate value
functions in Theorem 2, novel properties of the Hausdorff
metric in Appendix B to prove Theorem 4, and novel worst-
case performance bounds on approximate DPs using state-
quantization in Subsection IV-C. We reported preliminary
results for terminal-cost control problems in [53]. This paper
extends the preliminary work as follows: (1) we consider
worst-case instantaneous cost problems which subsume termi-
nal cost problems; (2) we allow all variables to take values
in continuous spaces; (3) we derive explicit bounds using
state-discretization in both perfectly and partially observed
systems; and (4) we illustrate the application of our results
to a reinforcement learning problem.

The remainder of the paper proceeds as follows. In Section
II, we present our problem formulation. In Section III, we
define the notion of information states and prove the opti-
mality of the corresponding DP decomposition. In Section
IV, we present the notion of approximate information states,
a resulting approximate DP, and theoretical bounds on the
approximation loss. In Section V, we present a numerical
example to illustrate the application of our results. In Section
VI, we draw concluding remarks and discuss future work.

II. MODELING FRAMEWORK
A. Preliminaries

1) Uncertain Variables: In this paper, we utilize the
mathematical framework for uncertain variables from [79].
An uncertain variable is a non-stochastic analogue of a random
variable with set-valued uncertainty. For a sample space 2 and
a set X, an uncertain variable is a mapping X : Q@ — X.
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For any w € (), it has the realization X (w) = x € X. The
marginal range of X is the set [[X]] :={X (w) | w € Q}. For
two uncertain variables X € X and Y € ), their joint range is
[X,Y]]:={(X(w),Y(w)) | w € }. For a given realization y
of Y, the conditional range of X is [[X|y]] :={X(w) | Y (w)
=y, w € Q} and, generally, [[X|Y]] := Uyeyy[X]y]]-

2) Hausdorff Distance: Consider that the X,) are
nonempty subsets of a metric space (S,7), where 7(-,-) is
the metric. Then, the Hausdorff distance between X and ) is

H(X,Y) = max{ sup inf n(z,y),sup inf n(a:,y)}. (1)
TEX yeY yeY z€X
When the two sets X', ) are bounded, the Hausdorff distance
in (1) constitutes a pseudo-metric, i.e., H(X,)) = 0 if and
only if closure(X) = closure()’) [80, Appendix]. When both
X,Y are compact, the Hausdorff distance is a metric, i.e.,
H(X,Y) =0 if and only if X =) [81, Chapter 1.12].

3) L-invertible Functions: Consider a function f : X — ).
For any y € ), the pre-image of the function is f~1(y) =
{# € X | f(z) = y}. Then, the function f is called L-
invertible if there exists a constant L ;-1 €R>¢ such that

HO N, W) <Lyt y?), Wiyt €Y. ()

For uncertain variables X € X and Y € Y such that Y =
f(X), the pre-image of f given a realization y € [[Y]] is
[X|y]], i€, f~1(y) = [[X|y]]. Thus, if f is L-invertible, we
equivalently state that for all y',y* € [[Y]] and Lxy = Lj-1:

H(([X Iy [X19%N) < Ly - n(y'sy°). 3

4) Notation: Uncertain variables will be denoted by up-
percase letters and their realizations by lower-case letters.
Variables and functions with a bar on them, such as V(-),
pertain to information states, and those with a hat on them,
such as V(), pertain to approximate information states.

B. Problem Formulation

We consider an agent that seeks to control an uncertain
system over T € N discrete time steps. At each time ¢ =
0,...,T, the agent receives an observation from the system,
denoted by the uncertain variable Y; € ), and generates a
control action denoted by the uncertain variable U; € U;.
After generating the action at each ¢, the agent incurs a cost
denoted by the uncertain variable C; € C; C R>(. To account
for a possibly unknown state-space model, we describe the
dynamics using an input-output model, as follows. At each
t, the system receives two inputs: the control action Uy, and
an uncontrolled disturbance W; € W,. The uncontrolled
disturbances {W;|t = 0,...,T} constitute a sequence of
independent uncertain variables that enter the system through
a channel separate from the control action. After receiving the
inputs at each ¢, the system generates two outputs:

Yiy1 = hipr Wou, Uoyr), €]
Cy = dy(Wot, Upue), )

using some observation function h;y; and cost function d;.
The initial observation is generated as Yy = ho(Wp).

The agent has a perfect recall of the history of observations
and control actions. The memory of the agent at each ¢ is

denoted by the uncertain variable M; := (Yp.;, Up.t—1), which
takes values in the set M, := []o_, Ve x [['_¢ Us. The agent
uses the memory M; and a control law ¢, : M; — U, at
each t to generate the action U; = g¢;(M;). We denote the
control strategy by g := (go, - - ., gr) and the set of all feasible
control strategies by G. The performance of a strategy g € G
is measured by the worst-case or maximum instantaneous cost

J(g) = sup C,. (6)
wo:¢ €[[Wo:t]]

max
t=0,...,T
Problem 1. The agent’s robust control problem is to derive a
control strategy g* € G, such that J(g*) < J(g) for all g €
g, given the marginal ranges {[[U:]], [[W:]], [[Cel], [Y2]] | t =
0,...,T} and the functions {h;,d; | t=0,...,T}.

We seek to tractably compute an optimal strategy if one ex-
ists. In our framework, we impose the following assumptions:

Assumption 1. We consider that the sets {Uy, Wy, V: | t =
T} and {C; | t=0,...,T} are all bounded subsets of
a metric space (S,n) and R>(, respectively.

Assumption 1 allows for both continuous and finite valued
feasible sets while ensuring that the problem is well-posed.

Assumption 2. The observation functions {h; |t =0,...,T}
of the system are both Lipschitz and L-invertible, whereas the
cost functions {d; | t =0,...,T} are Lipschitz continuous.

Assumption 2 is satisfied by a large class of observation
functions, including (1) all functions with compact domains
and finite co-domains and (2) bi-Lipschitz functions with
compact domains and compact co-domains (see Appendix A).
We require both assumptions our main results.

Remark 1. In our exposition, we also consider a special case
of (6), called the maximum terminal cost criterion, given by

J™(g) = Cr. (1

sup
wo. T €[[Wo.r]]
In addition to results for Problem 1, we often present special-
izations to terminal cost problems that are easier to interpret.

Remark 2. Problem 1 is a robust control problem with known
dynamics. Our results are derived primarily within this setting.
However, our main results in Section IV can also be used in
learning problems where h; and d, are unknown for all ¢, as
explained in Subsections IV-D and V-B.

[1l. DYNAMIC PROGRAMS AND INFORMATION STATES

In this section, we first present a memory-based DP to
compute the optimal solution to Problem 1. This will serve as
a reference for analyzing subsequent DPs. Then, we highlight
the DP’s computational challenges and introduce information
states in Subsections III-A and III-B to alleviate them. Sub-
section III-C presents examples of information states.

To arrive at the memory-based DP, we construct a “new”
perfectly observed system whose state at each ¢ is the memory
My, evolving as My, = (M, Uy, Yi11). For realizations m; €
[M;]] and u; € [[U¢]], the maximum cost at time ¢ is

sup Cy=
wo.¢ €[[Wo.]]

sup ¢ = sup sup Ct,
ct€[[Ce]]9 my,ug €[[Mye,Ui]]9 et €[[Cylmig,ue]]9
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for all ¢ = 0,...,7, where [[C{]]9, [[M, U;]]? and
[[Ct|mye, ue]]9 are the respective marginal ranges and the con-
ditional range induced by strategy g. Recall that m; = (yo.¢,
up:t—1) and thus, we can expand the conditional range as

[[Cylmu, ue]]® = {cr € Cp | 3 wou € [[Wou]] such that
¢t = di(wo:t, uo:t), Yo = ho(wo), ye = he(wour, uo:e—1),
Ve=1,...,t} = [[Cilms, ], (®)

where, the set of feasible disturbances [[Wj.¢]], cost function
d¢(+), and observation functions hy(-) for all £ =0,...,t are
independent of the choice of strategy g. Thus, [[C¢|my, u:]]?
is independent of the choice of strategy g and we can
drop g. Next, we define e;(my,ur) = SUp,, c(ic,m,,ul]) Cts
independent of g, and state that

sup sSup Ct = sup e (g, ug)

my,ur €[[My,U]]9 e €[[Clmy,ue]]9 my,ug €[[My,U]]9
= sup  e(My,Up). (9)
wo:t €[[Wo:t]]

Since e;(M;,U;) is a function of the new state M; and
control action U, it serves as an incurred cost at each
t = 0,...,7 in our new perfectly observed system [47].
The new instantaneous performance criterion is £(g) :=
MAaXt=0,..., 7 SUPyy,, € [[Wout]] et(My, Uy) and from (9), E(g) =
J (g) for any g. Subsequently, any optimal strategy in the new
system is optimal for Problem 1. If such an optimal strategy
exists, we can compute it using a standard DP for perfectly
observed systems, as follows. For all ¢, for each m; € [[M,]]
and u; € [[U]] we recursively define the value functions

Q¢ (my, uy) :=max { sup e,
ct€[[Ce|my,ue]]

sup
M1 €[[Myg1]me,ug]

il’lf Qt (mt7 Ut),
u €[[Ue]]

Vt+1(mt+1)}a (10)

where Vriq(mpy1) = 0, identically. We define the extra
value function V., to ensure that the right-hand side (RHS)
of (10) is well defined at time 7. Then, we can show using
standard arguments [42], [47] that the optimal value of Prob-
lem 1 is infgeg J(g) = Sup,,,eqar,)) Yo(mo). Furthermore,
if there exists an action uj € [[U:]] which achieves the
infimum in the RHS of (11), then g/ (m;) := arg min,, ¢[v,]]
Q+(my,uy) gives an optimal control law at each ¢t =0, ..., T
and the control strategy g* = g;.~ is optimal for Problem 1.

Remark 3. The DP (10) - (11) can be specialized to the
terminal cost criterion (7) by defining for all ¢ =0,...,T—1,

Qltm(mtaut) = sup ‘/;l$1(mt+1)» (12)
M1 €[[Mega|me,ue]
Vi™(my) = inf QP (my,uy), (13)
u €[[U¢]]
where 2 (myp, ur) = SUDPe,e((Cplmrur)) €T and
Vir(my) = inf, cquy @F (mr,ur). We will use this

terminal cost DP to simplify the exposition in Section IV.

Remark 4. A valid argument attaining the minimum in the
RHS of (11) at each ¢t = 0,...,T is both a necessary and

sufficient condition to ensure the existence of an optimal
control strategy in Problem 1 [42], [82]. This can be satisfied
if the marginal ranges of all uncertain variables are compact
rather than just bounded. Recall from Assumption 2 that the
observation and cost functions at each ¢ are Lipschitz. Then,
using (12) - (13), we can show that the value functions are
continuous and the conditional ranges are compact for all ¢,
implying that the minimum is achieved in (11). However, for
generality, we continue using sup and inf in our exposition.

Remark 5. In the RHS of (11) at each ¢, we are required
to solve an optimization for each m; € [[M,]]. This is
computationally challenging for longer horizons as the size of
the set [[M,;]] increases with time ¢. This concern necessitates
an alternate DP decomposition that can derive an optimal
control strategy while potentially achieving more favorable
computational properties. We present such a DP decomposi-
tion in Subsection III-A by identifying an uncertain variable,
called an information state, which can be used to generate an
optimal control action at each time step instead of the memory.

A. Information States

In this subsection, we define the notion of information
states, use them in a DP decomposition, and prove it is optimal.

Definition 1. An information state at each t = 0,...,T is an
uncertain variable II; = o,(M;) taking values in a bounded set
P, generated by a function o; : M; — Py, and for all m, €
[[M:]] and u; € [[Uy]], satisfying the following properties:

1) Sufficient to evaluate cost: An information state can
replace the memory to compute the worst-case cost, i.e.,

sup (14)

ct€[[Ct|me,us]

c = sup Ct.

ct€[[Ctlot(me),ue]

2) Sufficient to predict its own evolution: An information
state can replace the memory to compute its own conditional
range at the next time step, independent of the strategy g, i.e.,

[(Ta e, we]] = [[Hepa|or (me ), ue]- (15)

We can use the information states from Definition 1 directly
in a DP, as follows. For all ¢t = 0,...,T, for all m; € [[II{]]
and u; € [[U]], we recursively define the value functions

Qt(m,ut) = max{

sup Ct,
ct€[[Celme,ue]]

sup Vt+1(7ft+1)}a (16)
) m+1€[[1:1t+1\ﬂ't:ut]]
Vi(me) := if[l[f I Qe (e, ug), (17
ut €[[Us

where Vri(mr41) = 0 identically. If the minimum in the
RHS of (17) exists, this DP yields a control law as g; (m;) :=
arg min,, e(;,)) Q¢(m¢, u¢) at each t. Next, we prove that this
DP computes the same value as the optimal DP (10) - (11).

Theorem 1. Let IT; = o4(M;) be an information state at any
t. Then, for all t, and for all m; € [[My]] and u; € [[U¢]],

Qi(my, ur) =Q¢ (0t (my), us) and Vi(mye)=Vi(o¢(my)). (18)

Proof. Let m; € [[M,]] and u; € [[U¢]] be given realizations
of M; and Uy, respectively, for all ¢ = 0,...,7. We
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prove the result by mathematical induction starting at
the last time step. At time 7" + 1, (18) holds trivially
because Vrii(mry1) = Vegi(orgi(mrs1)) = 0.
This forms the basis of our induction. Next, for any
t = 0,...,7, we consider the induction hypothesis that
Vigr(mey1) = Vigi(oeg1(meq1)). Given the hypothesis,
we first prove that Q:(my,uy) =  Qi(oe(my),us) by
comparing the RHS of (10) to the RHS of (16) term
by term. The first terms are equal by direct application
of (14) from Definition 1. Next, we use the induction
hypothesis for the second term in the RHS of (10),
to state that SUDin, 41 €[[Migr |me ] W+1(mt+1) =
SUD, 1 €M gt ] Vi1 (Oe41(Mig1)) =
SUDg, ) (my 1) €lMesa o (me)ue]] Ve+1(Ot41(mes1)), where, in
the second equality, we use the fact that [[TT;11|my, us]] =
{ots1(miz1) € Piga|migr € [[Miga|me,ue]]} and (15)
from Definition 1. This establishes that the second term
in the RHS of (10) equals the second term in the RHS
of (16) and given the induction hypothesis for time ¢ + 1,
we have Q;(my¢,ur) = Qi(o¢(my),us). Next, we minimize
both sides of the equality with respect to uw; € [[Ut]],
and use the definitions in (11) and (17) to write that
Vi(me) = inf,,cy, Qu(me,ue) = infy,cy, Qe (0(me), ur)
= Vi(o¢(my)), which proves the hypothesis at time ¢. The
result follows for all ¢ using mathematical induction. O

Theorem 1 implies that (16) - (17) is an optimal DP
decomposition for Problem 1, i.e., if an optimal strategy exists
for this DP, it is an optimal solution to Problem 1 as follows.
Consider a control strategy g* = g5.. computed using (16)
- (I7). A corresponding memory-based strategy g = go.r
contains g;(my;) := gf(oy(my)) for all my € [[My]] and
t=0,...,T. Then, from Theorem 1, g achieves the infimum
value at each ¢ to form an optimal solution to Problem 1.

Remark 6. In practice, using an information state to construct
the DP decomposition is useful computationally only if, for
most time steps in ¢ = 0, ..., T, either the value functions in
(16) - (17) have useful properties like concavity, or the set P
is smaller than M, for some measure of size, such as the car-
dinality, diameter, and dimension. We present some examples
of information states for different systems in Subsection III-C.

B. Alternate Characterization of Information States

When exploring whether an uncertain variable is a valid
candidate for an information state, it may be difficult to verify
(15) in Definition 1. In this subsection, we present two stronger
conditions to replace (15). Specifically, at each t =0,...,T,
to establish that II; = o;(M;) is a valid information state, it
is sufficient to satisfy the following conditions instead of (15):

1) State-like evolution: There exists a function f, : P; x
Uy X Vi1 — Piy1, independent of the strategy g, such that

Ht+1 = ft(Ht, Ut»Y%+1)~ (19)
2) Predicts observations: For all my € M, and u; € Uy,
[Yer1lme, ue]] = [Yialoe(me), uel], (20)

where, both conditional ranges in (20) can be evaluated
independently of the choice of strategy g.

Next, we prove that these two conditions, in addition to
(14), are sufficient to identify an information state.

Lemma 1. For all t = 0,...,T, if an uncertain variable
II; = o4 (M,) satisfies (19) - (20), it also satisfies (15).

Proof. Forallt =0,...,T and m; € M,, suppose that 7, =
o¢(my) satisfy (19) - (20). Then, we substitute (19) into the
left hand side (LHS) of (15) to state that

(a1 ]me, ue]] = ([fe(oe(me), ue, Yegr) | me, uel]
= {filor(me), v, ye1) | yerr € [Yepalme, wi]}, 1)

where, in the second equality, we write the conditional
range as a set. Next, using (20) on the range of ob-
servations in the conditioning of (21), we can state
that {ft(at(mt)autvyt+1) ‘ Yi+1 € [[Ytﬂ\muutﬂ} =
{filoe(m),ue,yerr) | yepr € [[Yealoe(ma), w]} =
[[fe(ort(me), ue, Yirr) | oe(me),w]] = [[Megaloe(me), uel,
which is equal to the RHS of (15). O

C. Examples of Information States

In this subsection, we present examples of information states
for systems with given state-space models.

1) Systems with perfectly observed states: At each t =
0,...,T, let the system’s state be denoted by the uncer-
tain variable X; € A&, where X; is a known state space.
The agent’s observation is Y; = X; and the agent incurs
a cost Cy = di(Xy,U;) when they implement an action
U € U Starting at Xg € AXp, the state evolves as
Xip1 = fi(Xy, Uy, Wy) for all t. Each uncertain variable in
{Xo,W; | t=0,...,T} is independent of all other uncertain
variables in that set. Then, an information state at each ¢
is II; = X, ie., the state itself [42]. It takes values in
the set A} and satisfies (14) - (15) for all ¢. Note that it
is always computationally advantageous to construct a DP
decomposition using the state instead of the entire memory.

2) Systems with delayed observations: Consider the dynam-
ics in Case 1. However, at each ¢t = 0,...,7, the agent
observes the state with a delay of n € N time steps, i.e.,
Y; = X;_,. Then, an information state at each t is II; =
(Xt¢—n,Ui_pn.1—1) that takes values in the set X; x Hi:; Uy.
It can be verified that this information state satisfies (14) -
(15) for all ¢ and that it is computationally advantageous to
utilize it instead of the complete memory of the agent.

3) Systems with partially observed states: Consider the
dynamics in Case 1. However, ateacht = 0, ..., T, the agent’s
observation is Y; = hy(Xy, Ny), where N, € N, is a noise in
observation and each uncertain variable in {Xo, Wy, Ny | t =
0,...,T} is independent of all other uncertain variables in
that set. Then, an information state at each ¢t = 0,...,T is
the conditional range II; = [[X;|M;]] [44], [47]. This is a
set-valued uncertain variable whose realization at time ¢ is a
subset of the state space containing values of z; consistent
with a given realization of the memory m;. Explicitly, for
a given realization of the memory m; € M, at time ¢, the
conditional range takes the realization P, := {xt e X, | dxg €
.)C‘(),’w();t,1 € H;;(l) Wg, Nno-¢ € HE:O ./\[[ SU.Ch that Yt =
hi(xe,m4), Tog1 = fo(xe, ue, we), ye = he(we,me) for all £ =
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0,...,t— 1}. To establish that the conditional range is a valid
information state, it is easier to verify the alternate conditions
(19) and (20) instead of the property (15) in Definition 1.
Generally, it is computationally advantageous to construct a
DP decomposition using the conditional range instead of the
memory for systems with longer time horizons.

Remark 7. For systems with known dynamics, any uncertain
variable can be proposed as an information state using the
conditions in Definition 1 to simplify the DP decomposition.
However, systems with large state spaces may require further
improvement in tractability, even at the cost of optimality.
Moreover, in certain applications, we need to learn a repre-
sentation of the information state using incomplete knowledge
of the dynamics, unable to satisfy the conditions exactly. In
Section IV, we introduce approximate information states that
can address the above concerns.

V. APPROXIMATE INFORMATION STATES

In this section, we define approximate information states
by relaxing the conditions in Definition 1, and utilize them to
develop an approximate DP decomposition which computes
a sub-optimal control strategy for Problem 1. In Subsection
IV-A, we prove Lipschitz continuity of approximate value
functions and guarantees on the worst-case performance of
resulting approximate control strategies. Next, we present an
alternate characterization of approximate information states
in Subsection IV-B. Finally, in Subsection IV-C, we present
examples of these performance bounds when approximate
information states are constructed using state quantization.

Definition 2. An approximate information state for Problem
1 ateach t = 0,...,T is an uncertain variable I, = G¢(My)
taking values in a bounded set P, and generated by an L-
invertible function 6; : M; — 75t. Furthermore, for all ¢ =
0,...,T, there exist parameters €, d¢, s € R>( such that for
all my; € [[M]] and u; € [[U¢]], it satisfies the properties:

1) Sufficient to approximately evaluate worst-case cost:

sup
ct €[[Crlmy,ut]]

ct — sup | < €. 22)

ct €[[CelEe(my),ue]]

2) Sufficient to approximate its own evolution: We de-
fine the sets Kip1 = [Mer1 | me,ug]] and Kepq =
[MT41 | 6¢(my),us]], each independent of strategy g. Then

H(Ky1, ’Ct+1) < 6, (23)

where recall that H is the Hausdorff distance in (1).

3) Lipschitz-like evolution: For all #},#2 € [[II,]],

H ([T 77, uel], [ |77, we]) < Ao -7}, 7)),

where 7 is an appropriate metric on P,

(24)

Using the approximate information state in Definition 2, we
can construct a DP as follows. For all ¢, for all 7; € [[IL]]
and u; € [[U]], we recursively define the value functions

s e o
ct €[[C e uel]

sup
Fopp1 €[[Mepr | 7o ,ue]]

Via(min)f, @9

Qt(ﬁ-ta Ut),

inf
wt €[[Us]]

Vi) o= (26)
where VTH(frTH) := 0 identically. If there exists a minimiz-
ing argument in the RHS of (26) at each t = 0,...,T, then
g7 () := arg min,, ey, Qt(frt, uy) constitutes an approximate
control law at time t. Furthermore, we call §* = §;., an
approximately optimal strategy for Problem 1. In Subsection
IV-A, we derive approximation bounds for the same.

Remark 8. As we showed in Section III, we can specialize
this DP for terminal cost problems, with the value functions
forallt=0,...,7 —1 given by

QM (e, ug) = sup Vil (Fepr), 2D
e 1 €[[Meg | e ue]]
Vim (7)) == inf Q™ (&, uy), (28)
uy €U
and Qtj«“(ﬁ'T,uT) = SHPCTE[[C'T\T?T,UT]] cr and lewm(ﬁ'T) =

inf,, cp, Q™ (7tr, ur) at time 7.

Remark 9. The conditions in Definition 2 can be investigated
using only output variables. Thus, using them to construct a
training loss, an approximate information state model can be
learned from output data without knowledge of dynamics. This
is illustrated in Subsections IV-D and V-B.

Remark 10. The notion of an approximate information state is
related to approximate bisimulations [80]. Recall that in Sec-
tion III, we constructed a memory-based system that yielded
an optimal solution to Problem 1. Then, with the worst-case
cost as each system’s output, (14) - (15) in Definition 2
define an approximate bisimulation between an approximate
system with state I, and the memory-based system with
state M, at each t. Together, (14) - (15) can be used to
bound the branching distance between the two systems across
t =0,...,7T [80, Subsection VI-B]. Instead, our subsequent
results focus on the worst-case performance of approximate
control strategies to facilitate approximately robust control.

A. Properties of Approximate Information States

In this subsection, we present several properties of the
approximate DP (25) - (26) using preliminary results detailed
in Appendix B. To begin, we prove in Theorem 2 that
each approximate value function is Lipschitz continuous. This
property subsequently allows us to establish error bounds.

Theorem ?’ In the apprgximate DP (25) - (26), the value
Sunctions Q¢(7, “}) and Vi(7y) are Lipschitz continuous with
respect to 7ty € [[I1]] for all u, € [[U]] and t =0,...,T.

Proof. We prove the Lipschitz continuity of the value func-
tions by constructing a valid candidate for the Lipschitz con-
stant L‘A,t ateach t = 0,...,T, using mathematical induction.
At time T + 1, recall that VTH(fTTH) = 0 identically and
thus, VT+1 (7r41) is trivially Lipschitz continuous with a con-
stant LVT = 0. This forms the basis of our induction. Then,
ateacht = 0,...,T, we consider the induction hypothesis that
Qtﬂ(ﬁtﬂ, ug41) and V}H(ﬁtﬂ) are Lipschitz continuous
with respect to ;1 € [[;1q]] for all uyyy € [[Upg1]], and
denote the constant by Ly, € Rxo.
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At time ¢, we first prove the result for the value function
Qi (7, up). Let 7}, 72 € [[II;]] be two possible realizations
of II;. Then, using the definition (25) of Qt(ﬁt, u) and (61)
from Lemma 8, we state that

sup cl

Q) = Qu(a?,ur)| < max {
C%G[[Ct‘ﬁ'%vut]]

— sup Ctz ‘7t+1 (7}24-1)

ZE[[Ce|7? ual]

sup
Ty €M | 7] ue]]

Vi) @9

)

— sup

'ﬁ'?+1 6[[ﬂt+1 ‘ff%v“t]]
We consider the RHS of (29) term by term. In the first term,
we note that for all 7, € [[IL]],

sup

ct E[[Ce|7e,ue]]
In the RHS of (30), recall from Assumption 2 that the
uncertain variable Cy is a Lipschitz function of (Wy.t, Up.t),
and (M, Uy) is an L-invertible function of (Wy.¢, Up.+). Thus,
using (57) from Lemma 6, there exists a constant L7,y such
that H([[Cilmy, ui]], [[Celmi, wll) < Lasjow -n(my, mg) for
all m', m? € [[M,]]. Furthermore, we use (63) to state that

ct = sup

ct €[[Ce|my,ue

” ct>. (30)

sup (
my E[[My|7]]

sup c?

e €[[Ci|m3Z ue]]

sup e —
ci €[[Celm},uel]

1 2)'

< Lajcu - Le, -n(myg,mg).  (31)

Then, consider a function e; : M; x Uy — R>( defined as
et(Me, ut) 1= SUDc, ({0, m,,u,)) Ct- AS @ direct consequence
of (31), e; is Lipschitz continuous with respect to m,; with a
constant Le, := Lo,z - Le,. Using (30) and the definition
of e; in the first term in the RHS of (29),

sup ct1 — sup cf
et €[[Ce|f udl] i €l[Ce] 7 udl]

= er(my,ug) — er(mi,ug)|. (32)

sup
mi €[[M|7}]]

sup
m32 €[[M; |#7]

In (32), recall that the uncertain variable II, is an L-invertible
function of M; and thus, the conditional range [[M¢|7]]
satisfies (3). Then, we use (63) once more to state that

sup

cf — sup | < Ly-1-Le, (7, 77). (33)
ci E[[Ce| 7 uql] !

c€[[Ce |77 us]]

In the second term in the RHS of (29), we use the induction
hypothesis and (62) from Lemma 9 to write that

’ sup Vier (ft1)— sup ‘7:&+1(7%§+1)’
il €l |7 ue]] 72,1 €llfTes [77,u]]
< Ly, - H([[ega 17y wel], [ea |77, )

SLVHI ')‘t'n(ﬁ—tlvﬁ?)ﬂ

(34)

where, in the second inequality, we use the third property (24)
of approximate information states in Definition 2. Then, the
proof for Q¢(7+, ut) is complete by substituting (33) and (34)
into the RHS of (29) and defining

LQt ‘= max {Lﬁfl +Le,, Ly

Vi1 ’

Arb. (35)

To prove the result for Vt(frt), we use (60) from
Lemma 7 to state that |Vi(7}) — Vi(#7)|] =
| inf,,, e (o) Qi(7},ur) - inf,,, e (o) Qu(7, ur)|
< supy, eqoy | Qe (@ w) — Qu(#7,ue)| < Ly, - n(af, 77),
which proves the induction hypothesis at time ¢. Thus, the
result holds using mathematical induction. [

Remark 11. From (35), we can construct LQt and L‘;t at
any ¢ as functions of the Lipschitz constants of the underlying
dynamics, the L-invertible constants (L,-1,...,L;-1), and
(At, ..., Ap) from (24). The Lipschitz constant L‘;t is not
an explicit function of the bounds €; in (22) and J; in (23).
Furthermore, a smaller value of Ly, can be found in special

cases, such as problems where 75t and U; are finite for all ¢.

Next, we establish an upper bound on the approximation
error when the value functions of the optimal DP (10) - (11)
are estimated using the approximate DP (25) - (26) at each t.

Theorem 3. Let Ly, . be the Lipschitz constant of Vtﬂ for
all t =0,...,T. Then, for all m; € [[M;]] and u; € [[U]),

Qe (my, ug) — Qi(6e(my), ur)| < cu, (36)
Vi (my) — Vi(6:(me))| < o, (37)

where a; = max(eq, at+1—|—L‘7t+1 -0¢) for all t, with a1 = 0.

Proof. For all t = 0,...,T, let my € [[M]] and u; €
[[Ut]] be realizations of M; and U, respectively. We prove
both results by mathematical induction, starting with time
step T + 1. At T + 1, by definition, Vi (mpiq,urs) =
Vr41(67+1(mr41)) = 0. This forms the basis of our math-
ematical induction. Then, at each ¢ = Q, ..., T, we consider
the induction hypothesis |V;i1(mit1) —Vig1 (641 (mesr))] <
oy+1. At time ¢, we first prove (36). Using (61) from Lemma
8 in the LHS of (36) to state that

Qi (my, up) — Qi (6e(my), ur)| < max{

sup ct
ct €[[Ce|me,ut]]

- sup Ct‘; ‘ sup Vig1(miy1)
ct€[[Cele(me),ue]] My €[[Meya|me,uel]
- sup ACAnIS (38)

o1 €[[Tet1]6¢ (me),ue]]

We consider the RHS of (38) term-by-term. By direct applica-
tion of (22) in Definition 2, the first term in the RHS satisfies

<e€. (39

sup cp —
ct €[[Ce|my,ut]]

sup Ct
ct €[[Cel6¢(my),ue]]

For the second term in the RHS of (38), we use the triangle
inequality to write that

‘ sup Vig1(megr) — sup
Mg 1 €[[Meya|me,ue]] Fop1 €[[Mer1 64 (me),ue]]
< Vi1 (mig1)

Vi1 (7re41) sup

M1 €[[Mega1|me,ui]

- sup Vi1 (641 (mer)) |+
Frp1(meq1) €[y |me,uel]

’ sup  Vigi(fesn) = sup ‘A/t+1(fft+1)‘-
Frop1 €[[Meg1 g ,ue] Fe41 €[[Te41]6¢ (M), ue]]

(40)
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For the first term in the RHS of (40), we first note
that  SUP;, (i yn)el(flegameue) Ver1 (G (me)) =
SUD i, 4 €[[My 41 [msue]) Vi1 (Og1(magn))  because [Ty
| ms we]] = {6141 (muga) € Pe | megr € [Mega | me, uel]}-
Then, we can state that |supInt+1€[[Mt+1|tht”
Vt""l (mt""l) o Sup&wl(mwl)e[[ﬂwl \m,,,ut]]‘f;"‘l (&t'H (mt+1))|
<SPy, e (Mg )] | Vit (Me1) = Vit (Ge1 (mieg1))|
< a44+1, where, in the first inequality, we use (59) from
Lemma 7; and, in the second inequality, we use the
induction hypothesis for time ¢ 4 1. The second term in the
RHS of (40) satisfies ’SAupﬁ't+1€[[ﬁt+l‘mt”U«t” Vg1 (Frer1) —
SUDA, €[ |6+ (m0) ue]] Vig1 (freg1)] < Ly, - 6 using (62)
from Lemma 9 and (23) from Definition 2. Substituting
the respective inequalities for each term in the RHS
of (40) yields [Supy, ., efar,yy meu) Virr (Mer1) =
SUDL, | (il o0 (me ] Ver1 (1) < upr + Ly, - 6
We complete the proof for (36) by substituting the inequalities
in the RHS of (39) and (40) into the RHS of (38). Next,
we prove (37) at time ¢. Using the definition of the value
functions in the LHS of (37), we write that

[Vi(me) — Vi(6e(me))| =

inf  Q¢(my,ur) — inf
u €[[U4]] ut €[[Ut]]

QuGi(me),u)| < sup [Qulmesue) = Qu(@u(me), ue)|

ut €[[U4]]
< max{e, g1 + LVt+1 <0}, (41

where in the first inequality, we use (60) from Lemma 7; and
in the second inequality, we use (36). Thus, the results hold
for all t =0,...,T using mathematical induction. O

After bounding the approximation error for value functions,
we also seek to bound the maximum performance loss in the
implementation of an approximately optimal strategy. Con-
sider an approximate strategy §* := g;.- computed using (25)
- (26), where g; (7;) = arg min,, ¢[v,]] Q¢ (7, uy) for all t. We
can construct an approximate memory-based strategy g =
gobr by selecting the control law g;”(my) := §;(6¢(my)) for
all ¢. Note that g°° is equivalent to g* because they generate
the same actions at each ¢ and subsequently, yield the same
performance. Thus, we evaluate the performance of g** to
determine the quality of approximation. To this end, for all
t=0,...,T, for all m; € [[M;]] and u; € [[Uy]], we define

sup ¢,

O (my, uy) :=max {
ct€[[Ce|me,uel]

sup A1 (migr) } ; (42)
My g1 €[[Meg1|me,ue]
A¢(my) :=0¢(my, gi* (my)), (43)

where Aryi(mypyq) := 0, identically. Then, the performance
of the memory-based approximate strategy g* is Ag(mg). In
contrast, recall that the performance of an optimal strategy g*
is the optimal value Vj(myg) computed using (10) - (11). Next,
we bound the difference in performance between g** and g*.

Theorem 4. Let LVt+1 be the Lipschitz constant of Vt+1 for
all t =0,...,T. Then, for all m; € [[M]] and w; € [[U]],

|Qt(mt7ut) - G)t(mt7ut)| < 204, (44)

|Vt(mt) — At(mt)| S 20[15. (45)

where oy = max(es, a1 +LVt+1 -0¢) for all t, with a1 = 0.

Proof. We begin by recursively defining the value functions
that compute the performance of the strategy g. For all ¢ =
0,...,T and for each 7; € [[IL;]] and u; € [[Uy]], let

sup Ct,
ct €[[Ce|7e,ue]]

At+1(ﬁt+1)}, (46)

(:)t(ﬁ't, Uy) :=max {

sup
rop1 €[[Tet1 | e ue]]

Ao (7e) :=04 (7, §u(71)), 47
where AT+1(ﬁT+1) := 0, identically. Note that
ét(ﬁ't, ut) = Qt('frt; ut) and A/A\t(ﬁ't) = ‘A/;g(ﬁ't), (48)

forall t = 0,...,T, since j () = arg min, ey, Q¢ (7r, ug).
We first prove (44) for all ¢ = 0,...,T. At time ¢, using
the triangle inequality and (48) in the LHS of (44):

|Qe (Mg, ue) = Oy (g, uy)| < |Qe(my, ug)—
Qu(G1(me), up)| + [O4(6¢ (), 1) — Oy, uy)|

< a+0:(G(me), ur) — Op(my, ug)|,  (49)

where, in the second inequality, we use (36) from Theorem 3.
Then, to prove (44), it suffices to show that

10:(6¢(me), ur) — Op(my, ur)| < . (50)

We use mathematical induction starting at time 7'+ 1 to
prove (50) in addition to |At(&t(mt)) — A¢(my)|] < ay for
allt=0,...,T. At time 7'+ 1, using the definitions it holds
that Ar11(6741(mr41)) = Aryi(mryr) = 0. This forms
the basis of our induction. Next, for all ¢ = 0,...,T, we
consider the induction hypothesis that |]\t+1(&t+1(mt+1)) —
Air1(mes1)| < aiqq. Given the hypothesis, (50) holds at time
t using the same sequence of arguments as in the proof for
Theorem 3. Next, using the definitions of the value functions
from (43) and (47), we write that

1A (6:(me)) — Ag(me)| = 1O4(G1(ma), G (6¢(my)) — O (my,
ge(me))| = 04(6¢(my), ) — O (my, t1g)| < o, (51)

where, in the second equality, we use the definition of the
control law to write that g;(m;) = ¢:(6¢(m:)) =: 4y; and
in the inequality, we use (50). This proves the induction
hypothesis for time ¢ given the hypothesis for time ¢ + 1.
Thus, using mathematical induction (50) holds for all ¢ =
0,...,T. Subsequently, we complete the proof for (44) for
all t = 0,...,T by substituting (50) into the RHS of (49).
Furthermore, note that (45) follows directly from (44) using
the same sequence of arguments used to prove (51). O

Remark 12. The definition of a; at any t characterizes a
trade-off in approximate information states between cost and
observation approximation. In this definition, the observation
prediction error d; is scaled by Ly and accumulated with
a+1. Thus, to minimize «;, we typically prioritize a reduction
in d; over a reduction in the cost approximation error ¢;.
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Remark 13. We can specialize the results of both Theorem 3
and Theorem 4 to terminal cost problems, where the optimal
DP is given by (12) - (13) and the approximate DP is given
by (27) - (28). Then, the approximation bounds hold with
Q= Qpa +LV£‘L Oy forallt =0,...,T—1and ar := er.

B. Alternate Characterization

In this subsection, we provide stronger but simpler condi-
tions to identify an approximate information state as alterna-
tives to (23) and (24). They prescribe that an approximate
information state [T, = 6+(M,;) must satisfy for all ¢:

1) State-like evolution: There exists a Lipschitz continuous
function ft cP, x Uy % Yi+1 — Pia1, such that

ﬁt+1 = ft(ﬁt; Utv}/t+1)'

2) Sufficient to approximate observations: For all m; €
([M]] and w, € [[U4]], we define the sets K%, :=
[Yigr | mew]] and K55, = [[Yigr | 6¢(my),u]], each
independent of the strategy g. Then, for some 4° € R>o:

MK, K5,) < 65" (53)

(52)

3) Lipschitz-like observation prediction: There exists a

constant A? € R such that for all 7}, 77 € [[IT;]],
0y, 7),

H (Ve 7p, el [Yera |77, w]]) < AP

where 7 is an appropriate metric on P,
In addition to (22) in Definition 2, the conditions (52) - (54)
are sufficient to characterize an approximate information state.

(54)

Lemma 2. For all t = 0,...,T
II; = 64(M,) satisfies (52) -

, if an uncertain variable
(83), it also satisfies (23).

Proof. Let m; € [[M,]] be a given realization of M, and let
7y = 6¢(my) satisfy (52) - (53), for all t = 0,...,T. Then,
using (52), we can write the LHS in (23) as H(Ktq, Kt+1) =
H([[fe(61(me), wr, Yiga)ma, uel], [ (60 (mi), ur, Yiga )|

&t(mt), Ut]]) = max \ SuPy, ek, nfgme)&ggl

n(ft(a't(mt)autayt-‘rl)vft(o't(mt)vutvyt-&-l)) »SUDg, . eRob

t4+1
infy, e, N(fe(0e(me), e, yer1), fr(e(ma), ue, Gev1)) }
where, in the second equality, we use the definition
of the Hausdorff distance from (1). Note that ft is
globally Lipschitz from the alternate characterization
of the approximate information state. This implies that
n(fe(Ge(me), ue, yigr), fe(6e(me), ug, Gig1)) < L -1y,

Ji+1), and thus H(Kip1, K1) < Ly max{supytﬂe,q»;rl

1nfyt+1€’<:0b N(Ytt+1, Ye+1)s Supytﬂe,Ct+1 nfm+1€’<,+1
77(1/t+171/t+1} Ly CH(K,,K5) < Ly -6 O

Lemma 3. For all ¢t = 0,...,T, if an uncertain variable
IT; = 6+(M;) satisfies (52) - (54), it also satisfies (24).

Proof. Let #},#2 € [[II;] be two _possible realizations of

an approximate information state II;, which satisfies (52)
- (54), for all t = 0,...,T. Then, using (52), we can
write the LHS in (24) as H ([T |7}, we]), [T |77, i)
H(([[fe (7, ue, Yer) it wll, [[fe (77, ue, Yeg1) |72, w]] S
(7, 77) + H([Veralod, wills [V |72, wel])) < Ly,

Lj, - (n
(1 + AP) (7}, 72), where, in the first inequality, we use the

Lipschitz continuity of the function ft along with the triangle
inequality, and in the second inequality, we use (54). This
completes the proof by defining A, := L; - (1+ 9P, O

C. Examples

We present two examples approximate information states
constructed using state-quantization [83] in systems with a
known state-space model. Consider a system as described in
Subsection III-C with compact feasible sets {Xt,./\/t, Wyt =

.,T} in a metric space (S, 7). Recall that X; is the state
space at any t. A quantized state space is defined as a finite
set X; C X, such that for a given quantization parameter
Yt € Ry, it holds that max,,ex, ming . (2, &) < 7.
This implies that for every point z; € A}, there exists a
point in the quantized space X, that is at most 7, distance
away from x;. Then, a quantization function p; : Xy — X,
maps each point in the state space to the closest point in
the quantized space for all ¢ = 0,...,7, and is defined as
ue(xy) = arg ming ¢ n(xzy, &) for every z; € X;.

1) Perfectly Observed Systems: Consider a system where
Y, = X, forall t = 0,...,T. Recall from Subsection III-C
that the IT; = X; € X, for all t. Building upon this information
state, an approximate information state for such a system can
be constructed using the state quantization function, i.e., I, :=
1¢(X¢). This approximate information state Definition 2 with
€t = 2Lg, -y and 6 = 2v441 + 2Ly, - ¢, where yry1 =0,
and Lg, and Ly, are the Lipschitz constants for d, and fi,
respectively (proof in Appendix C). Note that because I, takes
values in a finite set, it trivially satisfies (24) in Definition 2.

2) Partially Observed Systems: For a partially observed
system, recall from Subsection III-C that an information state
is given by the conditional range II; = [[X;|m]] € B(X,),
where B(X;) is the set of all compact subsets of X;. We can
construct an approximate information state by mapping each
element x; € 1I; to its closest element in the quantized space
X,. We denote this mapping by v, : B(X;) — 2%, where 27
is the power set of X,, and note that ve(I) = {e(zy) €
X, | ¢ € TI;} for any II; € B(X:). Then, I, = ve(Ily) is
an approximate information state for the partially observed
system for all t = 0,...,7 with ¢, = 2Lg, - v and 6; =
2941 + 2Lf} “Lp,., - Ly, - v, where Yr+1 = 0, and Lﬂ,
Ly,,, and Ly, are Lipschitz constants of f;, hyy1, and fy,
respectively (proof in Appendix D).

D. Learning an approximate information state

In this subsection, we present an approach to learning an
approximate information state from data. We assume access
to multiple trajectories (Y;41,C, Uy : t = 0,...,T) generated
using an exploratory control strategy. We denote the collection
of such trajectories by the dataset D. We begin by creating
data-driven conditional ranges K99, = [[Yi41 | My, Uy]]P for
all £ by combining the observations at time ¢+-1 for trajectories
in D that share common (M, U,) at time t. Similarly, we
estimate the maximum incurred cost from the data at each ¢ as
Ci"™ = max,¢[(c, | MtyUt]]D c¢. Here note that the maximum
exists because [[Cy | My, Uy]]P is a finite set.

Then, we select three function approximators for each t:
(1) the encoder ), : 75,5,1 XUi_1 XYV — 75:: that recursively
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compresses the history into an approximate information state,
(2) the observation decoder ¢; : Py x Uy, — B(Y¢+1) that
predicts next observations, where B();+1) is a set of compact
subsets of ), and 3) the cost decoder ¢ : ”ﬁt x Uy — C; that
predicts maximum cost. The encoder is typically constructed
with a recurrent neural network (e.g., GRU) whose hidden
state is treated as I, = 1/Jt(Ht 1,Ui—1,Y;) at each t. The
output of the encoder is augmented with the latest action U,
to predict the conditional range K9 b = [Yegr | I, Uy]] =
(bt(f[t, U;), that best approximates K ® 1> and the worst-case
cost Cy := ¢<(I1;, Uy) that best approximates C™,

We also select two training losses L§ = |Cy — ]|,
and L% = H(K® ", K90 ,), where H refers to a differentiable
surrogate for the Hausdorff metric. For #, we can use either
the surrogate procedure in [84, Subsection II-B], or the average
Hausdorff distance [85] between two sets X', C (S,n):

4 _(Jrzmingeyn(z,y)dz  [ymingex n(z,y)
(,9):={ 3
J dx [ dy
Furthermore, we replace each min with a “softmin” to ensure
differentiability of #. Then, the net training loss is defined at
each t as Ly = X - L§ + L¢®, where A € Rx is a weight.

To learn an approximate information state model, we train
the complete network assembly over each trajectory with loss
Z?:o L; for one round of training. Further details on training
are presented through a numerical example in Subsection V-B.
Given such a model learned from data, we can use a standard
DP decomposition to derive an approximate control strategy.

V. NUMERICAL EXAMPLES

We present two numerical examples to illustrate our ap-
proach: (1) The Wall Defense Problem: a worst-case control
problem with partial observations, used to illustrate state-
quantization from Subsection IV-C, and (2) The Pursuit Eva-
sion Problem: a worst-case reinforcement learning problem
used to illustrate the learning approach in Subsection IV-D.

A. The Wall Defense Problem

In the wall defense problem, we consider an agent who
defends a wall in a 5 x 5 grid world from an attacker over
a time horizon T'. The wall is located across the central row
of the grid. We illustrate the wall defense problem for one
initial condition in Fig. 1(a). Here, the black-colored cells
constitute the wall, and the grey-hatched cells are adjacent
to the wall. The solid blue triangle, solid red circle and red
ring are the agent, attacker and observation, respectively, at
t = 0. The pink cells are feasible positions of the attacker
given the observation. The attacker moves within the bottom
two rows of the grid and damages a wall cell when posi-
tioned in an adjacent cell. At each ¢ = 0,...,T, we denote
the position of the attacker by X € X* = {(-2,-1),

5 (2,-1),(-2,-2),...,(2,-2)}. In contrast, the agent
moves within the top two rows of the grid and repairs a wall
cell when positioned in an adjacent cell. At each ¢, we denote
the position of the agent by X;® € X% = {(-2,1),...,(2,1),

(—=2,2),...,(2,2)}. The state of the wall at each t is the
accumulated damage denoted by D, = (D; 2, ..., D?), where
D! € Di = {0,1,2,3} for all i = —2,...,2 and D; =

x2__,Di. The attacker starts at the position X3 € X, which
evolves for all t as X} | = I[(X{"+W, € X*)- (X} +W,)+(1
—I(X®+W, € X*))- X2, where I is the indicator function and
Wy € W, is an uncontrolled disturbance with W, = {(—1, 0),
(1,0),(0,0),(0,1),(0,—1)}. At each t, the agent observes
their own position and the wall’s state. The agent also partially
observes the attacker’s position as YV; = (XM + N, €
XN (XP 4+ N+ (1 —-LXM 4+ N € X)) - X, where
N, € Ny = {(0,0),(0,1)} is the measurement noise. Given
the history of observations, the agent selects an action U; €
U; = W; at each t. Starting with X € X, the agent moves
as Xta_%_l = ]I(X:g—FUt € Xag) . (X:g—FUt)—F(l —I[(X:g—FUt €
X%€)) - X;%. Starting with Dy = (0,0,0,0,0), the state of
the wall evolves as D}, ; = min {3,max {O,Df + I(X® =
(i,—1)) = I(X;* = (i,1))} } for all ¢ and i = —2,...,2. At
each t, after selecting the action, the agent incurs a cost for
the damage to the wall, i.e., ¢;(D;) = 25272 D:. The agent’s
aim is to minimize the maximum instantaneous damage to the
wall, i.e., J(g) = max;—o,... 7 MaAXyq wo.p novr Ct(Dt)-

2 -1 1 2 2 -1 1 2

0 0
2 « *- = 2 ! * =
¥ 12

1 .

2 @-CI)-» 2 o G.é}_,

(a) The original grid (b) The quantized grid
Fig. 1: The wall defense problem with the initial conditions
zg? = (0,2) and yo = (0, —2).

Since we are given a state-space model for this problem, this
system is equivalent to a combination of Case 1 and Case 2 in
Subsection III-C, i.e., the state of the agent and damage to the
wall are perfectly observed, whereas the state of the attacker
is partially observed. Thus, an information state at each ¢ is
given by a combination of the two information states II; =
(X3%, Dy, [[X*|M,]]). We construct an approximation of the
conditional range [[X?|M;]] at time ¢ using state quantization
explained in Subsection IV-C, and define the approximate
range A, = {pe(ae) € Xz, € [[X{*|M,]]}. The set of
quantized cells X, with v, = 1 for all t, is marked in Fig. 1(b)
with dots. Recall that we(xy) = argming . p d(z, it) and the
approximate range at time ¢ is A, = {ut ) € Xat|xt €
[[X M M,]]}. We consider the approximate information state

(Xt , Dy, At, Yo) for all t. Here, Ht includes the initial
observatlon Y, along with the quantized information state Ay
because, in practice, retaining knowledge of Y{) helps improve
the prediction of At+1. Including this additional term does not
violate Definition 2. For five initial conditions, we compute the
best control strategy for 7' = 6 using both the information state
(IS) and the approximate information state (ALS). In Table I,
we present the computational times (Run.) for both the DPs
in seconds. Note that the approximate DP has a faster run-
time in all cases. We also implement both strategies with
random disturbances in the system with 7" = 6. In Table I,
we also present the actual worst-case costs across 5 x 103
implementations of both strategies and note that the AIS has
a bounded deviation from the IS.
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Initial Conditions Strategy IS Strategy AIS

a:?)g Yo Run (s) Max. cost Run (s) Max. cost
(1, 2) (1,-2) 354.2 2 221.2 2

o, 1) (0,-1) 1209.7 2 607.3 3
(-2, 2) (-1,-1) 686.1 3 446.4 3
2,2) 2, -2) 19.22 2 12.81 2
(-2, 2) 2, -1) 582.3 3 362.1 3
(-1, 1) 1, -1 1551.5 2 1075.1 3

TABLE |: Results for 5 x 10* simulations and 7' = 6.

B. Pursuit Evasion Problem

In the pursuit-evasion problem, we consider an agent who
chases a moving target in a 9 x 9 grid world with static
obstacles. The agent aims to get close to the target over a time
horizon T'. For each t = 0,...,7T, we denote the position of
the agent by X;® € X and that of the target by X € X,
where X = {(—4,—4),...,(4,4)} \ O is the set of feasible
grid cells and O C & is the set of obstacles. The target starts at
the position X§ € X, which is updated as X%, = [(X*+W,
EX) (XP+W+ (1 -IXP+ W, € X)) - X}, where
Wy € Wy = {(-1,0),(1,0),(0,0),(0,1),(0,—1)} is the
disturbance. At each t, the agent perfectly observes their own
position and nosily observes the target’s position as Y; =
I(XP+NeX)- (XP+N)+ (1 -IXP+ N, € X)) - X,
where N; € N; = W, is the measurement noise. Next, starting
with X(® € X, the agent selects an action U; € Uy = W; to
move as X5, = I(X;* +U;, € X)- (X2 +Uy) + (1 —
I(X;®+ U € X)) X;% At time T, the agent selects no
action and observes the target’s position X and incurs a
cost cp (X8, X7F) = n(X2 XF) € Rsg, where n is the
shortest distance between two cells while avoiding obstacles.
The distance between two adjacent cells is 1 unit. The agent
seeks to minimize the worst-case terminal cost without prior
knowledge of either the observation function or the target’s
evolution dynamics. Note that this is a reinforcement learning
generalization of Problem 1. We illustrate the grid and one
initial setup in Fig. 2(a). Here, the black cells are obstacles.
The solid blue triangle, solid red circle, and red ring are the
agent, target, and observation, respectively, at ¢ = 0. The pink
cells are feasible positions of the target given the observation.

We approach this problem using the model-based reinforce-
ment learning approach from Subsection IV-D, where we
learn an approximate information state representation from
3 x 107 trajectories and then compute a control strategy. We
use the dataset D to construct estimates of the conditional
range K%, = [[Yi41]Y04]]P for all ¢ = 0,...,7 — 2 and
K = [[X'2|Yo.7r—1]]P. Then, we set up a deep neural network
with an encoder-decoder structure for each ¢t = 0,...,7, as
illustrated in Fig. 3. At each ¢, the encoder v; comprises of 3
layer neural network with sizes (2,14), (14, 12), (12+24,24)
and ReLU activation for the first two layers, where the inputs
are a 2-d vector of coordinates for observation Y; and a
24-d vector for the previous approximate information state
II,_;. The encoder compresses these inputs to a 24-d vector
representing the approximate information state II,. At each ¢,
the decoder ¢, is a 4-layer neural network of size (24,48),
(48,56), (56,64), (64,74) with ReLU activation for the first
three layers and sigmoid activation for the last layer. Its input is

4 -3 2 -1 0 1 2 3 4 4 -3 -2 -1 0 1 2 3 4 4 -3 2 -1 0 1 2 3 4

4
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(a) The original problem (b) Actual
prediction

Fig. 2: The pursuit evasion problem with the initial conditions
zyt = (0,2) and yo = (3, —4).
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IT;, and its output is a 74-d vector with each component taking
values in [0, 1]. Each component of the 74-d output gives a
set inclusion value for a specific feasible cell in the 9 x 9
grid, excluding obstacles. The output is thus interpreted as the
conditional range I@f’H = [[Yiq1 | IL)]) forallt =0,...,T—2
and K = [[X% | TIy_41]]. We consider a set-inclusion
threshold of 0.5 for inclusion in I@;’L at each .

The learning objective of our neural network at each ¢ is to
minimize H (K, , K, ), where we use the surrogate function
in [84, Subsection II-B]. Note that at the terminal time step,
this objective also minimizes the difference in maximum costs.
We train the network for 40 epochs using 90% of the available
data with a learning rate of 0.0003 and test it against the
other 10%. To illustrate the training results, consider an out-
of-sample initial observation yy = (3, —4). Then, the set KS°
constructed using data is shown by pink cells in 2(b) and the
set I@‘l’b generated by of the trained network is shown by blue
cells in 2(c). Here, the trained network’s output matches the
conditional range constructed from data accurately except for
one cell (0, —4). We train a neural network for each ¢ up
to 7' = 8 to learn a complete approximate information state
representation for the problem. Then, at each ¢, the agent uses
(X?%,11,) in the approximate DP (25) - (26).

We compare the performance of this approximate strategy
with a baseline strategy that uses the observation Y; at each
t instead of f[t. Thus, for this baseline we train a network
to match the prediction [[Y;41 | Yi]] to K%, for all ¢ =
0,...,7—2and [ X®% | Yr_1]] to [[X2 | Yo.r—1]] at time T—1.
The neural network structure is the same as before except for
a lack of ﬁt_l in the encoder input at each ¢, and we use the
same training hyper-parameters as before. Subsequently, the
agent computes an approximately optimal strategy using the
approximate DP with the state (X;*,Y;) at each .

For six initial conditions, we present in Table II the worst
case costs obtained when implementing both the approxi-
mately optimal strategy (with AIS) and the baseline strategy

&

A
W, . r Al
— A S
2 14 12 24 24 48 56 64 74
.— wl— ¢ o > o —Ren

Fig. 3: The neural network architecture for approximate in-
formation states at any ¢ =0,...,7 — 1.
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(without AIS) for T = 4 and T = 8. Across 103 simu-
lations with randomly generated uncertainties, we note that
using the learned approximate information state consistently
improves worst-case performance compared to the baseline.
Furthermore, the approximate strategy’s outperformance grows
larger for 7' = 8 as compared to 7' = 4 in most cases.
Typically, we expect this margin to grow for longer time
horizons because there is more loss of information when using
only the latest observation for decision-making. Thus, learning
an approximate information state representation is a viable
approach for robust model-based reinforcement learning.

Initial Conditions r=4 r=8
With AIS No AIS  With AIS No AIS
Ty )

(3,2) (0,0) 2 2 2 4
(-4.4) (4,-4) 12 12 8 9
4.4 (-4,-2) 11 12 8 10
(-2,-:3)  (43) 7 8 7 9
(-4,2) (1,4 7 7 7 7
(-3,1) 4,-1) 8 9 4 5

TABLE |l: Worst-case costs for 10* simulations

VI. CONCLUSION

In this paper, we proposed a rigorous framework for worst-
case control and learning in partially observed systems us-
ing non-stochastic approximate information states. We first
presented two sets of properties to characterize information
states and used them to construct a DP that yields an optimal
control strategy. Then, we proposed two sets of properties
to characterize approximate information states that can be
constructed from output variables with knowledge of the dy-
namics or learned from output data with incomplete knowledge
of the dynamics. We proved that approximate information
states can be used in a DP to compute an approximate
control strategy with a bounded loss in performance. We also
presented theoretical examples of this bound and numerical
examples to illustrate the performance of our approach in both
worst-case control and reinforcement learning.

Our ongoing work is to specialize the approach in this
paper to robust control [86] and reinforcement learning [52]
in additive cost problems with partial observations. While
this paper presents a theoretical framework and preliminary
numerical results for approximate information states, several
key questions remain unanswered for future research. An ex-
plicit characterization of the trade-off between computational
tractability and approximation quality is missing from the
theory and would play a major role in practical application of
approximate information states. It is also important to identify
specific constructions of approximate information states be-
yond state quantization that improve performance in specific
applications. Similarly, our reinforcement learning example
is a toy problem with simple dynamics and a terminal cost
criterion, presented with the goal of illustrating our theory. It is
imperative that we study specific neural network architectures
and learning algorithms to train efficient approximate models
in realistic problems with large spaces and complex underlying
interactions among various components.

APPENDIX A — L-INVERTIBLE FUNCTIONS

In this appendix, we present two classes of functions that are
L-invertible: 1) all bi-Lipschitz functions that have a compact
domain and a compact co-domain, and 2) all functions with a
compact domain and a finite co-domain.

Lemma 4. Let X and Y be two compact subsets of a metric
space (S,n). Then, any bi-Lipischitz function f : X — Y is
L-invertible.

Proof. We begin by considering the pre-image set for any y €
Y under the function f. Note that the function f is continuous
because it is bi-Lipschitz, and the singleton {y} is a compact
subset of a metric space. Consequently, the pre-image f~!(y)
is a bounded subset of X. Next, let 5(X') denote the set of all
bounded subsets of X. Given the first result, we can consider
a set-valued mapping f~! : ) — B(X) which returns the
pre-image for each y € Y. Then, for any y',y? € ), using
the definition of the Hausdorff distance in (1):

H(ffl(yl),ffl(gf)) :max{ sup inf

zlef~1(yl) z2ef~1(y?)

sup inf (a2} (59)
2ef=t(y?) atef 1 (y')
In the RHS of (55), the bi-Lipschitz property of f implies that
there exist constants L;, Ly € R~q such that Lgn(z', 2*) <
|f(zY) — f(2?)] < Lyn(zt, 2?), for all *, 22 € X. Thus, for
all 2 € g71(y') and 22 € g~*(y?), we write that

(et a?) <L -n(y'sy?).

The proof is complete by substituting (56) into (55) and
defining the constant L-1 := L;l. O

n(z' 2%,

(56)

Lemma 5. Let X’ be a compact subset and ) be a finite subset
of (8,n). Then, any function f : X — Y is L-invertible.

Proof. Let ||Y|| > 0 denote the minimum distance between
two distinct elements in the finite, non-empty set ). Then,

1Y, 1) p—1(,2
for any y',y? € Y such that y!' # 32, H(f y 1)7]”2 (y ))
n(y' y?)

H( Y, 7 ?)

< Sup, ey =: Ly-1, where Ly—1 €

R>¢ is guaranteed to be finite because the set X is bounded

and thus, so is the numerator. Thus, the function f is L-
invertible as defined in (55). O]

APPENDIX B — PRELIMINARY RESULTS

In this subsection, we derive results necessary to prove the
properties of the approximate DP in Subsection IV-A.

Lemma 6. Consider three bounded subsets X, Y and Z of
a metric space (S,n). Let X € X, Y € Y and Z € Z be
uncertain variables satisfying Y = g(X), where g : X — Y
is L-invertible, and Z = h(X), where h : X — Z is Lipschitz.
Then, there exists an Lz)y € R>o such that:

H([Z1y' 1) [1219°1) < Lz -0y, v%), V' 92 € [Y]]. (57)

Proof. We prove the result by constructing a feasible constant
Lzy € Ryo which ensures that (57) is satisfied for all
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yt,y? € [[Y]]. We begin by using the definition of the
Hausdorff distance in (1) to expand the LHS of (57) as

H(1Z1y" ), [121y7]) = max{

h(z?)),

sup inf  n(h(z'),
alegt(yt) z2€97 1 (y?)

n(h(a').ha®) |, (8)

sup inf
z2eg=(y?) 2t e€g~ (y")
where, note that [[Z|y]] = {z € Z | z = h(z),Vz € g7 (y)}
for any realization y € [[Y]]. Next, recall that h is
Lipschitz continuous with a constant L, € Ry
Substituting this property into the RHS of (58), we
write that 7 ([[Z|y']], [[Z|y?]]) < Ly - max{supwleg_l(yl)
inf;ﬁeg*l(yz) 77(.131, l‘2), Suprngl(zﬂ) infwleg—l(yl) T](J?l, 332)
=Ln-MH(g " (¥"), 97 (%) = L - Ly-1 - n(y*,y?), where,
in the second equality, we use the L-invertibile property of g.
Then, the result follows by selecting Lzy := Ly - Lg-1. 0O

Lemma 7. Consider a bounded set X and two functions f :
X —>Rand g: X — R. Then,

| sup f(z) — sup g(z)| < sup |f(z) —g(z)], (59
zeX zeX reEX
| inf f(z) — inf g(2)| < sup |f(x) — g(x)].  (60)
zeX zeX reX

Proof. We omit the proof due to space limitations. Then, (60)
follows from similar arguments as (59). O

Lemma 8. For any four scalars a,b,c,d € R,

| max{a, b} — max{c,d}| < max{la —¢|,|b—d|}. (61)

Proof. We omit the proof due to space limitations. [

Lemma 9. Consider two nonempty bounded subsets A, B of a
metric space (X,n). Let f : X — R be a bounded continuous
function with a Lipschitz constant Ly € R>q on X. Then,

| sup f(a) —sup f(b)| < Ly - H(A,B). (62)
ac A beB

Proof. We prove this result by considering three cases
that are mutually exclusive but cover all the possibilities.
Case 1: sup,c4 f(a) = supyep f(b), which implies that
|sup,e 4 fla) — sup,ep f(b)] = 0. The result holds di-
rectly from the fact that the RHS of (62) is always non-
negative. Case 2: sup,¢c 4 f(a) < supyep f(b), which implies
|supgea f(a) — supyep f(b)| = supge 4 f(a) — supyep f(D).
We define the non-empty set A'(3) := {a € A | f(a) +
B > supyep f(b)} for any infinitesimal S > 0. Then,
supaea f(a) — suppep f(b) < supgeai(p fla) + B —
suppep f(b) < sup,earp) infyep(fla) — f(b) + B <
sup, e 4 infyc s [ f(a)=f(b)[+PB < Ly-supye 4 infyesn(a, b)+
B for all 8 > 0. This implies that |sup,c f(a) —
supye f(b)| < Ly - supye 4 infyesnla,b) < Ly - H(A,B),
where, in the second inequality, we invoke the definition of
the Hausdorff distance in (1) to complete the proof. Case 3:
sup,c.4 f(a) < sup,cp f(b) and we can prove the result using
the same sequence of arguments as case 1. O

Using Lemma 9, we can also establish the following prop-
erty. Consider two bounded sets Y, Z C R", n € N. For two
uncertain variables Y € Y and Z € Z, let [[Z]y]] satisfy

H([[Zy"]],[[21y%]) < Lz - n(y',y?) for all realizations
yl,y2 € Y of Y. Then, for a continuous function f : Z —
R>o, we use (62) to state for all y!,y? € [[YV]]:

sup (=)= sup f(=%)| < Ly -Lyon(y' ). (63)
zrel[Z]n]] z2€[[Zly2]]

APPENDIX C — APPROXIMATION BOUNDS FOR
PERFECTLY OBSERVED SYSTEMS

In this appendix, we derive the values of ¢; and d; for all ¢t =
0,...,T when an approximate information state is constructed
using state quantization for a perfectly observed system, as
described in Subsection IV-C. We first state a property of the
Hausdorff distance, which we will use in our derivation.

Lemma 10. Let X be a metric space with compact subsets
A,B,C,D C X. Then, it holds that

H(AUB,CUD) < max {H(A,C) H(B.D)}. (64
Proof. The proof is given in [81, Theorem 1.12.15]. O
Next, we state and prove the main result of this appendix.

Theorem 5. Consider a perfectly observed system, i.e., Y; =
Xy, forall t = 0,...,T. Let py : X — g&t such that
maxg,ex, M@, pe(x:)) < v at each t. Then, 1y = pu(X3)
is an approximate information state which satisfies (22) with
€ = 2Lq, - v and (23) with 0, = 211 + 2Ly, - 4 for all
t, where ypy1 = 0, and where Lq,, and Ly, are Lipschitz
constants for d; and f;, respectively.

Proof. For all t = 0,...,T, let my = (xo.t,uo.t—1) be
the realization of M; and let the approximate information
state be &; = pg(zy). We first derive the value of € in
the RHS of (22). At time ¢, can expand the conditional
ranges to write that [[Xi|lmy]] = [[Xielad]] = {a:}

and [[X{»‘j:t” = {It S X | H(It,j?t) S ’Yt} OII
substituting these into the LHS of (22), we state
that | SUDe e(Cymou) © = SUPe,e([Cyluy (o) )] |
= di(we,ug)  — SUPz, e[[ X4 |t (z2)]] di (T4, Ut)‘ <

SUPg, €[(X, i (x)]) [ 4 (T2, u) = de(Tp,ue)] < La,
SUPz, (X, |ue (e ))) 1Tt Tt) < La, (n(e, pe(e)) +
SupitE[[Xt“l«t(th)]] ’I’](/J,t(l't),i't)), < 2Ldt C Yt =i €, Where, in
the third inequality, we use the triangle inequality. Next, to
derive the value of J;, we expand the LHS of (23) as

H([ Koy lze w]], [Kega (), w])
=H ({11 (fe (e, g, wy)) wy € Wi},
{Nt+1(ft(ftaut,wt))\ft € [ Xelpe(ze)]), we € Wt})

< sup H({ 1 (fe(ze, ue, we)) s
wi EW,

{1 (fe(Zes ue, we)) |20 € [Xe|pe(2e)]]}),
where, we use (64) and {pii1(fi(e, up, we))|wy €
Wt = thEWt{,ut-l-}(ft(jtautawt))}' Using (64) in
the RHS of (65), H([[Xiy1lze, uel], [Xeslpe(e), wil]) <
SUD e e [(Xo e (o)) T (a1 (Fe (e, we, we)) s pega(fe (2o,
ug,we))) < SUPw, eW;, 3, €[[X¢ |t (4)]] (77(/~tt+1(ft($tautth))7
ft($t7ut,wt)) + n(ft(xtvuhwt);ft(j:tautawt))‘F
n(fe(@e, ue, we), pesr (fi(Ze, ue,we)))) < yepr + 2Lgv +
Y41 = 525. O

(65)
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APPENDIX D — APPROXIMATION BOUNDS FOR
PARTIALLY OBSERVED SYSTEMS

In this appendix, we derive the values of ¢; and J; for
all £ = 0,...,T, when an approximate information state is
constructed using state quantization for a partially observed
system, as described in Subsection IV-C.

Theorem 6. Consider a partially observed system with Y =
he(Xe, Ny) forall t = 0,...,T. Let g : Xy — X such that
SUP,, e x, N(Te, pe(x¢)) < ¢ at each t. Then, 11; = vy(I;)
is an approximate information state with € = 2Lg4, - ¢ and
0t = 2v441+2Ly, - L,y - Ly, -1 for all t, where yri1 = 0,
and where Lq,, Ly, Ly, ,, and Ly, are Lipschitz constants
for the respective functions in the subscripts.

Proof. Forallt =0,...,T,letm; € [[M]], Pr = [[X¢|m4]] €
P,, and P, = Z/t(Pt) € ”Pt be the realizations of the memory
M, the conditional range II; and the approximate information
state 11y, respectively. Note that the conditional range P,
satisfies (14) and (15) from Definition 1. Next, to derive the
value of ¢;, we write the LHS of (22) using (14) as

sup ct — sup ct|
ct €[[Ctme,uq] ct€[[Ct|ve (Pr),usl]
—| sup dy(we,up) — sup dt(jtyut)’
x4 EPy T €[ Xe|ve (P)]])

<La, - H(P, [Xere(P)]])

<La, - (H(P;,vi(Pr)) + H(wi(Po), [[Xelwe(PO]]), (66

where, in the equality, we use (14); in the first inequality,
we use (62) from Lemma 9; and in the second inequal-
ity, we use the triangle inequality for the Hausdorff dis-
tance. We can expand the first term in the RHS of (66)
as H(Pt,l/t(Pt)) = ’H(Pt,{,ut(xt) S /;Yt | Ty € Pt})
= H( Uz, ep, {th},thePt{,ut(It) € Xt}) < SUPgz,ep,
n(xze, pe(xy)) < ~, where we use (64) from Lemma 10
in the first inequality. We can also expand the second
term in the RHS of (66) as H(vi(Py), [[X¢|ve(P)]])) =
H(ve(P), {ze € Xlinfy o pyn(ze, @) < 7)) =
SUP, (X, v (P)]) 1z, cu, () M(24, Tt) < 71, Where the sec-
ond equality holds by expanding the Hausdorff distance and
noting that v;(P;) C [[X¢|v:(P;)]]. The proof is complete by
substituting the results for both terms in the RHS of (66).

Next, to derive the value of d;, we note that P, = o4 (my).
Then, using the triangle inequality in the LHS of (23),

H([[Ver (Wepn) [me, wel], [Pegr (Wegn) e (00 (me)), wa]])
<H([[veg1 (egr) e, we]], (Mg [me, we]) +
H (1 [me, el [Wega[ve (e (me)), wl]) +

H ([ [ (00 (ma)), wel], [Per (Megr) [ve (o1 (me)), we])
<2y41 + H([Mepa e, wel], (g (o (me), we]), (67)

where, in the second inequality, we use the fact that
H(Pis1,ve41(Prs1)) < Y41, which was proved above. We
can write the second term in the RHS of (67) using (15) from
Definition 1 as H ([[TLj41|m, we]], [Mes1|vi (o0 (me)), we]]) =
H([Meg1 | Py, we]], [Meger [ (Pr), we]]). Furthermore, note that
M1 ve(Po)yue]] = {Pipa € [[Mena|Prwe] [P €

[ | (P)]]} = UPtE[[Ht\U(Pt)]][[Ht+1|Pt7ut]]' Next, we use
(64) from Lemma 10 to write that

H (M1 Pry we]]), [Ty e (Pr), uel])

< sup H ([T | Py wel]), [ P we]])

Pre([Me|ve (Py)])
<Ly, -

sup 7—[([[Yt+1|Pt7UtH)>[[Ytﬂ\ptv“tm

PtE[[Ht [ve (Py)]]

<Lg Ln,.,- sup H([(Xer1|Pr ue]), [Xes1|Prw]),
PLe[[IT |y (Py)]]
(68)

where in the second inequality, we use the same arguments
as in Lemma 2 and the third inequality can be proven
by substituting Yii1 = hpp1(Xie1,Vieq) into  the
equation. We can further expand the third term in the
RHS of (68) and use (64) from Lemma (10) to write

that  supp, o, o, (poy H (Kot [P wil]), [Xega] Py we]])
< SUP B, € [[TL, |4 (P,)]] we €Ws ({ft(:ct,ut,wt)\xt € P},
{fe(@e, ue, we)|zy € Pt}) < Ly, SUP B, e[[IL; v (P) ]H(Pt,Pt)

< Ly, - SUP B, e [[11, |1 (P1))] (H(Ptal/t(Pt» + H(Vt(Pf) Pt))
< 2Ly, - v, where, in the third inequality, we use the triangle
inequality and in the fourth inequality we use the fact that
for all v, (P,) = v (P,), for all P, € [[IL;|v,(P,)]] O
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