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ABSTRACT

Many new formulations of reinforcement learning and approximate dynamic pro-
gramming (RLADP) have appeared in recent years, as it has grown in control appli-
cations, control theory, operations research, computer science, robotics, and efforts
to understand brain intelligence. The chapter reviews the foundations and challenges
common to all these areas, in a unified way but with reference to their variations.
It highlights cases where experience in one area sheds light on obstacles or com-
mon misconceptions in another. Many common beliefs about the limits of RLADP
are based on such obstacles and misconceptions, for which solutions already exist.
Above all, this chapter pinpoints key opportunities for future research important to
the field as a whole and to the larger benefits it offers.

1.1 INTRODUCTION

The field of reinforcement learning and approximate dynamic programming (RLADP)
has undergone enormous expansion since about 1988 [1], the year of the first NSF
workshop on Neural Networks for Control, which evaluated RLADP as one of several
important new tools for intelligent control, with or without neural networks. Since
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then, RLADP has grown enormously in many disciplines of engineering, computer
science, and cognitive science, especially in neural networks, control engineering,
operations research, robotics, machine learning, and efforts to reverse engineer the
higher intelligence of the brain. In 1988, when I began funding this area, many people
viewed the area as a small and curious niche within a small niche, but by the year
2006, when the Directorate of Engineering at NSF was reorganized, many program
directors said “we all do ADP now.”

Many new tools, serious applications, and stability theorems have appeared, and
are still appearing, in ever great numbers. But at the same time, a wide variety of
misconceptions about RLADP have appeared, even within the field itself. The sheer
variety of methods and approaches has made it ever more difficult for people to appre-
ciate the underlying unity of the field and of the mathematics, and to take advantage
of the best tools and concepts from all parts of the field. At NSF, I have often seen
cases where the most advanced and accomplished researchers in the field have be-
come stuck because of fundamental questions or assumptions that were taken care of
30 years before, in a different part of the field. The goal of this chapter is to provide
a kind of unified view of the past, present, and future of this field, to address those
challenges. I will review many points that, though basic, continue to be obstacles to
progress. I will also focus on the larger, long-term research goal of building real-time
learning systems which can cope effectively with the degree of system complexity,
nonlinearity, random disturbance, computer hardware complexity, and partial observ-
ability which even a mouse brain somehow seems to be able to handle [2]. I will also
try to clarify issues of notation that have become more and more of a problem as the
field grows more diverse. I will try to make this chapter accessible to people across
multiple disciplines, but will often make side comments for specialists in different
disciplines—as in the next paragraph.

Optimal control, robust control, and adaptive control are often seen as the three
main pillars of modern control theory. ADP may be seen as part of optimal control, the
part that seeks computationally feasible general methods for the nonlinear stochas-
tic case. It may be seen as a computational tool to find the most accurate possible
solutions, subject to computational constraints, to the HIB equation, as required by
general nonlinear robust control. It may be formulated as an extension of adaptive
control which, because of the implicit “look ahead,” achieves stability under much
weaker conditions than the well-known forms of direct and indirect adaptive control.
The most impressive practical applications so far have involved highly nonlinear chal-
lenges, such as missile interception [3] and continuous production of carbon—carbon
thermoplastic parts [4].

1.2 WHAT IS RLADP?

1.2.1 Definition of RLADP and the Task it Addresses

The term “RLADP” is a broad and an inclusive term, attempting to unite several over-
lapping strands of research and technology, such as adaptive critics, adaptive dynamic
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programming (ADP), approximate dynamic programming (ADP), and reinforcement
learning (RL).

Because the history through 2005 was very complex [3, 4], it is easier to focus
first on one of the core tasks that ADP attempts to solve. Suppose that we are given
a stochastic system defined by:

X(t+4 1) = F(X(), u(t), e1(1)), (1.1

Y(t) = H(X(), ex(1)), (1.2)

and our goal at every time 7 is to pick u(¢) so as to maximize:

T
J= <Z U(Y(7), u(1)/(1 + r)”> : (1.3)

=t

where r is a discount rate or interest rate, which may be zero or greater than zero, T is
a terminal time, which may be finite or may be infinity, X (¢) represents the actual state
of the system (“the objective real world”) at time #, Y (¢) represents what we directly
observe about the system at time ¢, u(¢) represents the actions or control we get to
decide on at each time #, U represents our utility function, following the definitions
of Von Neumann and Morgenstern [5], e;(#) and ex(¢) are vectors or collections of
random numbers, and <>is notation from physics for expectation value.

This task is called a Partially Observed Markov Decision Problem (POMDP),
because any system of X(¢) governed by Equation (1.1) is a Markov process.

We are asked to develop methods which are general in that they work for any
reasonable nonlinear or linear functions F and H, which may also be functions of
unknown weights or parameters W. For a true intelligent system, we want to be able
to maximize performance for the case where all our knowledge of F and G comes from
experience, from the database {Y(7), u(t), T = 1tot}, and from an “uninformative”
prior probability distribution Pr(F, H) for what they might be [8].

Modern ADP includes any efforts to use, analyze, or develop general-purpose
methods to find good approximate answers to this optimization problem, using learn-
ing or approximation methods to cope with complexity. Of course, it also includes
efforts aimed at the continuous time version of the problem, and hybrid versions
with multiple time scales. It also includes efforts to develop general-purpose methods
aimed at major special cases of this problem (such as the deterministic case, where
there are no vectors e or e3), or the fully observed case, where ¥ = X), so long as
they are useful steps toward the general case, developing the kinds of methods needed
for the general case as well, as discussed in Section 1.2.2.

Reinforcement learning (RL) is much older than ADP. As a result, the term RL
means different things to different people. RL includes early work by the psychologist
Skinner and his followers, such as Harry Klopf, developing models of how animals
learn to change their behavior in response to reward (r) and punishment. Some of the
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recent work in RL still follows that tradition, using “r” instead of “U,” even when the
system is intended to solve an optimization problem. Many computer scientists use the
term RL to include systems that try to maximize a function U(«) without considering
the impact of present actions on future times. A more modern formulation of RL [1]
is essentially the same as ADP, except that we are trying to design a system which
observes U(¢) at each time ¢, without knowing the function U(Y, u) which underlies
it. This is logically just a special case of ADP, since we can add U(¢) itself into the
list of observed variables included in Y.

Before 1968, research in RL and research related to dynamic programming were
two entirely separate areas. Modern ADP dates back, at the earliest, to the 1968 paper
[9] in which I first proposed that we can build reinforcement learning systems through
adaptive approximation to the Bellman equation, as will be discussed in Section 1.2.2.

In a recent conference on modernizing the electric power grid [10], I heard a key
researcher say “We really need new general methods to solve these complex multistage
stochastic optimization problems, but ADP does not work so well. We need to develop
better methods for this purpose.” Logically this does not make sense, because we have
defined this field to include any such “better methods.” The researcher was actually
thinking of one particular set of ADP tools, which do not represent the full capabilities
of the field as it exists now, let alone in the future.

Equations (1.1)—(1.3) do not yet give a complete problem specification, but first I
need to give some more explanations.

The utility function U is our statement of what we—the users, system engineers, or
policy makers—want this computer system to do for us. It is a statement of our basic
value system, our bottom line, and no computer system can tell us what it should be.
There has been a huge amount of literature developed on how to choose U [11-13],
which is essential to proper use of such tools. Many system engineers have observed
that bad outcomes in large engineering projects result from bad choices of U, or failure
to have some kind of U in mind, just as often as they do from failure to maximize
U effectively over time. If we pick U just to make the optimization problem easy to
solve, we very often will end up with a policy that does a poor job of accomplishing
what we really care about.

In many practical applications, people say that they want to minimize something,
like cost, instead of maximizing something. Of course, we could just set U equal to
minus cost, or reverse the signs of the entire discussion with no real change in the
mathematics. Here for simplicity I will stick with the positive formulation.

Many computer scientists have simplified the appearance of Equation (1.3) by
defining:

, (1.4)

where they call y a “discount factor.” Simplifying algebra often has its uses, but it is
extremely important to remember what the real starting point here is [7]. The choice
of ris part of our statement as users or policy makers of what we want our system to
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do. It is a key part of our overall utility function [12]. It is crucial in maintaining the
connections between economics and the other domains where ADP is relevant.

In general, it is usually much easier to solve a myopic decision problem, where r is
large (or T is finite), than to solve a problem with a commitment to the future, where
r is zero. Yet the risks of myopia can be seen at many levels, from the instabilities
it can cause in traditional adaptive control to the risks of extinction it poses for the
human species as a whole in the face of very complex decision problems. In many
situations, the best approach is to start by solving the problem for large r, and then
ratcheting » down as close to zero as possible, step by step, by using the policies,
weights and parameters of the previous step as initial guesses for the next step. This is
one example of the general strategy which Barto has called “shaping,” [4] and is now
often called “transfer learning.” This strategy has led to great results in many practical
applications (like some of the earlier work of Jay Farrell), but it can also be used in
more automated learning systems. In the limit, when r is zero, the basic theorems of
dynamic programming need to be modified; that is why much of my earlier work on
ADP [13-15] referred to the seminal work of Ron Howard [16] on that general case,
rather than the work of Richard Bellman which it was built on.

Furthermore, in Equations (1.1)—(1.3), I have allowed for the possibility that the
system state X and the observables Y may be complex structures, made up of continu-
ous variables, discrete variables, or variables defined over a variable structure graph.
The problem specification is also incomplete, insofar as I have said nothing about the
possibilities for the functions F and H.

There is an important special case of Equation (1.1), in which: (1) X and Y are
simply fixed vectors, x and y, for any given learning system, each made up of a fixed
number of continuous and (binary) discrete variables; (2) we implicitly assume that
F and H are sampled from some kind of “uninformative prior” distribution, favoring
smooth functions and so on, which is natural for such vectors, and does not favor
strange higher-order symmetry relations between components of the vector. I call this
“vector intelligence [2],” and say more about the crucial concept of uninformative
priors in a recent talk for the Erdos Lectures series [8]. One of the two great challenges
for basic research in RLADP in coming years is to prove theorems showing that
certain families of RLADP design are “optimal” in some sense, in making full use
of data from limited experience, in addressing the problem of vector intelligence. Of
course, we also need to make such general-purpose tools widely available to the larger
community, both for conventional and megacore computer hardware.

As recently as 1990 [4], I hoped that the higher intelligence of simple mammal
brains could be matched by such an optimal vector intelligence; however, by 1998
[17], I realized there are fundamental general principles at work in those brains,
which provide additional capabilities in handling spatial complexity, complex time
structure, and a new level of stochastic creativity. This leads to a roadmap for more
advanced ADP systems [2, 8], involving, in order: (1) more powerful systems for
approximating complicated nonlinear functions, to better address complexity in X;
(2) new extensions of the Bellman equation and methods for approximating these
extensions efficiently, to address multiple time intervals; and (3) at the highest level,
tight new coupling of the stochastic capabilities of the prediction system in the brain
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to the ADP circuits proper, supporting a higher level of creativity. Exciting as the new
Bellman equations are, the issue of spatial complexity is currently the “other main
fundamental challenge” for fundamental RLADP in the coming decades, and will
itself require an enormous amount of new effort. Of course, these grand challenges
also entail many important research opportunities to get us closer to the larger goals.
Equally important are the grand challenges of using ADP in “reverse engineering
the brain,” and in using these methods to maximum benefit in the three crucial areas
of achieving sustainability on earth (e.g., via new energy technologies), achieving
economically sustainable human settlement of space (e.g., by solving crucial design
and control problems in low-cost access to space), and by better supporting “inner
space,” realizing the full potential of human intelligence [13].

A major part of the work on RLADP and of dynamic programming deals with the
special case where our decision-making system or control system can “‘see everything”
in the plant to be controlled, such that Y = X. In that case, Equations (1.1)—(1.3)
reduce to:

X(t + 1) = F(X(0), u(r), e(t)), (1.5)
T

J= <Z U(X(v), u(r))/(1 + r)f—f> : (1.6)
=t

This is called a Markhov Decision Process (MDP). Some of the theoretical literature
on POMDP and MDP assumes that X is just a finite integer, between 1 and N, where
N is the number of possible states of the system X. That special case might even
be called “lookup table intelligence.” It yields important theoretical insights but also
some pitfalls, similar to the insights and pitfalls which come in physics when people
assume, for simplicity, that the Hamiltonian operator H is a finite matrix [18]. Most
of the work on POMDP and MDP in engineering (especially the work on practical
applications) now assumes that X is actually a vector x in a vector space R", where n
is the number of state variables. That work is well represented in this book, and in its
two predecessors [4, 6]. (Unfortunately, some practical engineers refer to n at times
as the number of “states.”) Systems where X is a combination of a vector x and a set
of discrete or binary variables are usually called “hybrid systems,” or, more precisely,
hybrid discrete-continuous systems.

Much of the new work on ADP in operations research (e.g., [19-22]) addresses
the case where X is a combination of discrete and integer variables, subject to some
combination of equality and inequality constraints. In the special case where 7' = 1,
this is called a one-stage decision problem or ““stochastic program.” The deterministic
case of that is called a mixed integer program. As of 2012, decisions about who gen-
erates electricity, from day to day or from 5 min interval to 5 min interval, to serve the
large-scale electric power market, are made by Independent System Operators (ISO)
such as PJM (see www.pjm.org), based on new mixed integer linear programming
systems, which have proven that they can handle many thousands of variables quickly
enough for practical use in real time; however, because power flows are highly
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nonlinear, new nonlinear algorithms for alternating current optimal power flow (such
as those of Marija Ilic or James Momoh) have demonstrated great improvements
in performance. Unfortunately, the power of all these methods in coping with many
thousands of variables has depended on the development of general heuristic tricks,
developed by insightful intuitive trial and error, which are mostly proprietary and held
very tightly as secrets. The more open literature on stochastic programming, using
open software systems like COIN-OR, has some important relations to ADP; there is
an emerging community in “stochastic optimization” in OR which tries to bring both
together, and to explore new stochastic methods for deterministic problems as well.

The current smart grid policy statement from the White House [23] states: “NSF
is supporting research to develop a ‘fourth generation intelligent grid’ that would use
intelligent system-wide optimization to better allow renewable sources and pluggable
electric vehicles without compromising reliability or affordability [8].” The paper
which it refers to [10] describes substantial opportunities for new applications of
ADP, at all level of the electric power system, of great importance as part of the larger
effort to make a transition to a sustainable global energy system.

1.2.2 Basic Tools—Bellman Equation, and Value
and Policy Functions

Dynamic programming and ADP were originally developed for the MDP case, Equa-
tions (1.5) and (1.6).

Before we can build systems that learn to solve MDPs, we first need to define
more precisely what we mean by “picking u(#) to maximize J.” Looking at Equations
(1.1-3), you can see that J depends on future choices of u; therefore, we must make
some kind of assumption about future choices of u, to state the problem more precisely.
Intuitively, we want to pick u(¢) at all times to maximize J. We want to pick the value
of u(r) at time ¢, so as to maximize the best we can do in future times to keep on
maximizing it.

To translate these intuitive concepts into mathematics, we must rely on the concept
of a “policy.” A policy =z is simply a rule for saying what we will do under all
circumstances, now and in the future:

u(t) = 7(X(1)). (1.7)

In earlier work [9], we sometimes called this a “strategy.” In some RLADP systems,
we do rely on explicit policies or “controllers” or “action networks,” and in some
we do not, but the mathematical concept of “policy” underlies all of ADP. In all of
modern RLADP, we are trying to converge as closely as possible to the performance
of the optimal policy, the policy which maximizes J as defined in Equation (1.6).
Following the notation of Bryson and Ho [24], we may define the function J*:

T
J* = max <Z UX(1), m(X(7)))/(1 +r)T_’> . (1.8)
T=t
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This leads directly to the key equation derived by Richard Bellman (in updated nota-
tion):

TXO) = max (U@, u@) + X+ 1)/ + 1) (1.9)

In dynamic programming (DP) proper, the user must specify a function U, the interest
rate r, the function F shown in Equation (1.5), and the set of allowed values which
u(t) may be taken from. (When there are constraints on u, the Bellman Equation
(1.9) takes care of them automatically; for example, it is still valid in the example
where u is taken from the subspace of R" defined by any number of constraints.)
With that information, it is possible to solve for the function J* which satisfies this
equation. The original theorems of DP tell us that J* exists, and that maximizing
U + J*/(1 + r) as shown in the Bellman equation gives us an optimal policy. Note,
however, that this depends heavily on the assumption that we can observe the entire
state vector (or graph) X; when people use Equation (1.9) directly on partially observed
or nonMarkhovian systems, they often end up with seriously inferior performance.
General-purpose ADP software needs to include tools to address this problem.

In control theory, Equation (1.9) is often called the Hamilton—Jacobi—Bellman
(HJB) equation, though this can be misleading. Bellman was the first to solve the
stochastic problem in Equations (1.5) and (1.6). Hamilton and Jacobi, in physics,
derived an equation similar to Equation (1.9), for the deterministic case, where there
is no random noise e and no reference to expectation values and no concept of cardinal
utility U. Many of the most important results in nonlinear robust control [25] require
that we “solve” (or approximate) the full stochastic Bellman’s equation, and not just
the deterministic special case.

The function J*(X) is often called the value function, and denoted as V(X).

In theory, exact DP should be able to outperform all other methods for addressing
Equations (1.5) and (1.6), including all problems in nonlinear robust control, except
for just one difficulty—computational cost. The “curse of dimensionality” for exact
DP, and with the simpler forms of RL, is well known. In my Harvard Ph.D. proposal
of 1972, and in a journal paper published in 1977 [15], I proposed a general solution
to this problem: why not approximate the function J*(X) with an approximation
function or model J*(X, W), with tunable weights W, as in the models we use to
make predictions in statistics?

T also provided a general algorithm for training J”, which I called heuristic dynamic
programming (HDP), which is essentially the same as what Richard Sutton called TD
in his well-known work of 1990 [1].

Because HDP allows for any tunable choice of J*, it is possible to write computer
code or pseudocode [4] for HDP which gives the user a wide range of choices,
including options such as user-specified models (as in statistics packages), elastic
fuzzy logic [26], or universal nonlinear function approximators such as Taylor series
or neural networks [27, 28].

In the 1980s, I defined the new term “adaptive critic” to refer to any approximator
of J* or of something like J*, which contains tunable weights or parameters W
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and for which we have a general method to train, adapt or tune those weights. More
generally, any RLADP system is an adaptive critic system, if it contains such a system
to approximate the value function “or something like the value function.”

What else would we want to approximate, other than J* itself?

When X is actually a vector x in R" and F is differentiable, we usually get better
results by approximating:

A(x) = VJ (0. (1.10)

The A vector is fundamental across many disciplines, and is essential to understanding
how decisions and control fit together across different fields. For example, in control
theory, the components of A are often called the “costate variables.” In the determin-
istic case, they may be found by solving the Pontryagin equation, which is closely
related to the original Hamilton—Jacobi equation. In Chapter 13 of [4], I showed how
to derive an equation for the stochastic case (a stochastic Pontryagin equation), simply
by differentiating the Bellman equation I also specified an algorithm, Dual Heuris-
tic Programming (DHP), for training a critic to approximate A, and showed that it
converges to the right answer at least in the usual multivariate linear/stochastic case.

In economics, the “value” of a commodity x; is its “marginal utility,” which is
essentially just A;; thus the output of a DHP critic is essentially just a kind of price
signal. In applications like electric power, the A vector is simply a price vector. It
fits Dynamic Stochastic General Equilibrium economics better than the conventional
“locational marginal cost” now used in pricing electricity, because it accounts for im-
portant effects like the impact of present decisions on future scarcity and congestion.
For Freudian psychology, A; would represent the emotional value or affect attached
to a variable or object, which Freud called “cathexis” or “psychic energy.”

Early simulations studies verified that DHP has substantial benefits in performance
over HDP [29]. Using a DHP critic, Balakrishnan reduced errors in hit-to-kill missile
interception by more than an order of magnitude, compared to all previous methods, in
work that has reached many applications. Ferrari and Stengel have also demonstrated
its power in applications like reconfigurable flight control.

All of this is what one would expect, based on a simple analysis of learning rates,
feedback, and the requirements of local control [4].

Nevertheless, HDP does have the advantage of ensuring that the approximation is
globally consistent, and of being able to handle state variables that are not continuous.
In order to combine the best advantages of DHP and HDP together, I proposed a
different way to approximate J* in 1987 [30], in which we keep updating the weights
W so as to reduce the error measure:

E=UNXt+1)/A+r)— U@+ I X0, W))2

" 9" G A 2
+ ;“"(zbc,-(X(““ D)/ +r)— ( o +§j(X(t), W)>) . (1.11)

where n is the number of continuous variables in the state description X. I called this
globalized DHP, or GDHP.
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Note that I do not include W in the left-hand sides of these terms, the sides rep-
resenting J*(t + 1). In 1998 [5], I analyzed the stability and convergence properties
of all these methods in the linear-quadratic case, with and without noise. When W is
included on “both sides,” in variations of the methods that I called “Galerkinized,” the
weights do not converge to the correct values in the stochastic case, though conver-
gence is guaranteed robustly in the deterministic case. In Section 9 of [5], I described
new variations of the methods which should possess both strong robust stability and
converge to the right answer in the stochastic case; however, it is not clear whether the
additional complexity is worthwhile in practical applications, or whether the brain it-
self possesses that kind of robust stability. For now, it is often best to train a controller
or a policy using the original methods, and then verify convergence and stability for
the outcome [3].

In the general case, GDHP requires the use of second-order backpropagation to
compute all the derivatives [4, 30]. However, Wunsch et al. [31] have proposed a way
to train an additional critic to approximate A, intended to approximate GDHP without
the need for second order derivatives. Liu et al. [32] have recently reported new
stability results and simulations for GDHP. In applications like operations research,
when we restrict our attention to special forms of value function approximator, GDHP
reduces to a very convenient and simple form [22].

Besides approximating J*(X) or A(X), it is also possible to approximate:

J'(X(0), u(0)) = Q(X(1), u(r)) = UX(1), u(t)) + %ﬁ)}i) (J*X@+1)/A+1).
(1.12)

Note that J’ and Q are the same thing. In 1989, Watkins used the term “Q” in his
seminal Ph.D. thesis [33], addressing the case where X is an integer (a lookup table),
in a process called “Q learning.” In the same year [34], independently, I proposed the
use of universal approximators to approximate J’, in action-dependent HDP. Action-
dependent HDP was the method used by White and Sofge [4] in their breakthrough
control for the continuous production of thermoplastic carbon—carbon parts, a tech-
nology which is now of enormous importance to the aircraft industry, as in the recent
breakthrough commercial airplane, the Boeing 787. This is also the approach taken
in the recent work by Si, with some variation in how the training is done. Action-
dependent versions of DHP [4] and GDHP also exist.

In addition to approximating the function J* (or A or Q), we often need to approx-
imate the optimal policy by using an action function, action network or “actor’”:

u(t) = A(X(@), W, e). (1.13)

In other words, if we cannot realistically explore the space of all possible policies ,
we can use an approximation function or model A, and explore the space of those
policies defined by tuning the weights W in that model. As in standard statistics or
advanced neural networks, we can also add and delete terms in A automatically,
based on what fits in the data. In most applications today, we do not actually include
a random term (e) in the action network, but stochastic exploration of the physical
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world is an important part of animal learning, and may become more important in
challenging future applications.

These fundamental methods are described in great detail in Handbook of Intelli-
gent Control [4]. Many applications and variations and special cases have appeared
since, in [6] and in this book, for example. But there is still a basic choice between
approximating J* (as in HDP), approximating A (as in DHP) and approximating J*
while accounting for gradient error (as in GDHP), with or without a dependence on
the actions u(f) (as in the action-dependent variations).

A more complete review of the early history through 1998, as well as extensive
robust stability results extending to the stochastic case, may be found in [35].

1.2.3 Optimization Over Time Without Value Functions

The value function of dynamic programming, J*(¢), essentially represents the value
of a whole complex range of possible future trajectories for later times, which cannot
be tabulated explicitly because there are so many of them, because of the uncertainty.

But what about the case where there is no uncertainty (no random disturbance e),
or where the uncertainty is so simple that we do not need to account for more than a
few possible trajectories?

In those kinds of situations, we do not need to use value functions or ADP. We
can try to solve for a fixed schedule of actions, {u(1), ..., u(T)}, by calculating the
fixed trajectory they lead to, and calculating J explicitly, and minimizing it by use of
classical methods. Bryson and Ho [24] give several methods for doing this. Recent
work in receding horizon control and model predictive control (MPC) takes the same
approach.

In those situations, we can also use the same kind of direct method to calculate
the optimal weights W of an action network like Equation (1.13). This may not give
as good performance, in theory, as finding the optimal schedule of action, but the
resulting action network may carry over better to future decisions when the time
horizon T moves further into the future.

Even when this kind of direct method works, the sheer cost of running forward,
say, a hundred time points into the future, and optimizing over choices of trajectory,
can be a major limiting factor. So long as F is any differentiable function, one can
use backpropagation through time to calculate the gradient of J exactly at low cost,
and complementary methods to make better use of those gradients (see Chapter 10
of [4]). This is especially easy when F is a neural network model of the plant; this
may be called neural model predictive control (NMPC). Widrow has shown that a
neural network action network trained by backpropagation through time [1] can learn
amazing performance in the task of backing up a truck, both in simulation and on
a physical testbed. This is a highly nonlinear task, and he proved that the system
trained on a limited set of states could generalize to perform well across the entire
range of possible starting states. Suykens et al. [36] have proven that this method
offers far stronger robust stability guarantees than traditional neural adaptive control,
which offers guarantees similar to traditional linear adaptive control [37]. NMPC has
been extremely successful in many applications in the automobile industry, such as
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idle speed control at Ford and 15% improvement of mpg in the Prius hybrid [38].
At Neurodimensions (www.nd.com), Curt Lefebvre developed general software for
NMPC, working with Jose Principe, and later reported that his intelligent control
system is used in 25% by US coal-fired generators [10].

Can ADP work better in some automotive applications than NMPC? The answer
is not clear. Using ADP, Sarangapani has shown mpg improvements more like 5-6%
compared to the best conventional controllers for conventional and diesel car engines,
and a 98% reduction in NO,, emissions. This is simply a different application.

These direct methods are not part of ADP, since they do not approximate the
Bellman equation or any of its relatives. But at the same time, they provide a relatively
simple, high quality comparison with ADP. Thus, they should be part of any general
software package for useful ADP. Many computer scientists would call such methods
“direct policy reinforcement learning,” and include them in RLADP. There has been
impressive success in dextrous robotics and in understanding human motor control
using both approaches; Schaal [39] and Atkeson have mainly used the direct methods,
while Todorov [40] has used ADP and hybrids of NMPC and ADP.

One of the most important methods in this class is “differential dynamic program-
ming” (DDP) by Jacobson and Mayne [41]. DDP is not really a form of DP or ADP,
but it does address the case where stochastic disturbances e exist. Their method for
handling e is very rigorous, and very straightforward; it underlies all my own work
on the nonlinear stochastic case. In essence, we simply treat the random variables as
additional arguments to F and to other functions in the system. Most methods of han-
dling random noise in reinforcement learning are like what statisticians call “unpaired
comparisons” [42]; this method is like “paired comparisons,” and far more efficient in
using limited data and computational resources. More precisely, paired comparisons
tend to reduce error by a factor of sqrt(N), where N is the number of simulated cases.

Just as neural networks and backpropagation through time can improve the perfor-
mance of conventional MPC, they can also be used in Neural DDP—NDDP? DDP
itself already includes a propagation of information backwards through time, based
on a global Jacobian, but true backpropagation [43] does better by exploiting the
structure of nonlinear dynamical systems.

For relatively simple problems, NMPC and DDP can sometimes outperform adap-
tive critic methods, but they cannot explain or replicate the kind of complexity we
see in intelligent systems like the mammal brain. Unlike ADP, they do not offer a
true brain-like real-time learning option. Even in using NMPC in receding horizon
control, one can often improve performance by training a critic network to evaluate
the final state X(7').

1.3 SOME BASIC CHALLENGES IN IMPLEMENTING ADP

Among the crucial choices in using ADP are

e discrete time versus continuous time,
¢ how to account for the effect of unseen variables,
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e offline controller design versus real-time learning,

¢ “model-based methods” like HDP and DHP versus “model free methods” like
ADHDP and Q learning,

¢ how to approximate the value function effectively,
e how to pick u(#) at each time ¢ even knowing the value function,
¢ how to use RLADP to build effective cooperative multiagent systems?

Equations (1.1) through (1.11) all formulate the optimization problem in discrete
time—from ¢ to ¢ + 1, and so on, up to some final time 7. This chapter will not
discuss the continuous-time versions, in part because Frank Lewis will address that
in his sections. In my own work, I have been motivated most of all by the ultimate
goal of understanding and replicating the optimization and prediction capabilities of
the mammal brain [2, 13]. The higher levels of the brain like the cerebral cortex and
the limbic system are tightly controlled by regular “clock signals” broadcast from
the nonspecific thalamus, enforcing basic rhythms of about 8 Hz (“alpha”) and 4 Hz
(“theta”). However, the brain also includes a faster lower-level motor control system,
based on the cerebellum, running more like 200 Hz, acting as a kind of responsive
slave to the higher system. Like some of Frank Lewis’s designs, it does use a 4 Hz
feedback/control signal from higher up, even though its actual operation is much faster.
But perhaps some version of discrete-time ADHDP would be almost equivalent to
Lewis’s continuous time method here. Since I do not know, I will focus instead on
the three other challenges here.

1.3.1 Accounting for Unseen Variables

Most engineering applications of ADP do not really fit Equations (1.5) and (1.6).
Designs which assume that all the important state variables X are observed directly
often perform poorly in the real world. In linear/quadratic optimal control, methods to
cope with unobserved variables play a central role in practical systems [24]. In neural
network control, variations between different engines and robots and generators play
a central role [44]. In the brain itself, reconstruction of reality by the cerebral cortex
plays a central role [2]. This is why we need to build general systems that address the
general case given in Equations (1.1) through (1.3).

What happens when we apply a simple model-free form of ADP, like ADHDP
or Q learning, directly to a system governed by Equations (1.1) and (1.2)? If we
pick actions u so as to maximize Q" (Y, u), our critic Q" simply does not have the
information we need to make the best decisions. The true Q function is a function of
X and u, in effect.

The obvious way to do better is to create some kind of updated estimate of
X, which may be called x~ (following [24]) or X" For example, the real-world
successes of White and Sofge in using ADHDP [4] depended on the fact that
they used Extended Kalman Filtering (EKF) to create that kind of estimate. They
used ADHDP to train a critic which approximated Q (J') as a function of the X~
and of u.
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Notice that we do not really need to estimate the “true” value of X. Engineers
sometimes worry that we could simply measure X in different units, and end up with
a different function F, which still fits our observations of Y just as well as the original
model. This is called an “identifiability” problem. But we do not really need to know
the true “units” in which X should be measured. All we need is the information in
X. More precisely, if we can develop any updated estimate of g(X), where g is any
invertible function, and use that as an input to our Critic, then we should be able to
approximate J* or Q as well as we could if we had an estimate of X itself.

There are four standard ways to develop a state estimate R which can be used as
the main input to a critic network or action network, in the general nonlinear case:

¢ extended Kalman Filter (EKF),

e particle Filter,

e training a time-lagged recurrent network (TLRN) to predict X from Yin simulated
data [45, 46],

¢ extracting the output of the recurrent nodes of a neural network used to model
the plant (the system to be controlled) [4, 8].

EKF and particle filters are large subjects, beyond the scope of this chapter—but the
work of Feldkamp and Prokhorov at Ford [46] strongly suggests that we do not really
need to use them here. In simulation studies of automotive engines, they found that
TLRNs and particle filters both performed much better than EKF in state estimation,
but that TLRNs had much smaller computational cost. They also fit well on the new
embedded control chips used in Ford cars.

But estimating X is still not the best way, in the general case.

In linear/quadratic control, it is well known [24] that we can get optimal control
by using “dual control,” in which x~estimated by a Kalman Filter is treated as if it
were the true state vector. But in the general nonlinear case, it is not so simple. For
example, at the ADP conference in Cocoyoc, Mexico, in 2005, I faced a nonlinear
optimization problem, in trying to find two small boys who had run off in the area.
In theory, I could estimate the center of gravity of their possible locations, and walk
straight there. . . but I was already close to that center of gravity (where they started
from). I had to consider the probabilities of places where they might be, and plan to
“buy information” on where they might be. In general, in studies of POMDP, it is well
known that the optimal action u(¢) at any time depends on the entire “belief state,”
Pr(X), rather than just the most likely state.

Fortunately, the problem of optimal state estimation also depends on the entire
belief state. Even in linear Kalman filtering [24], it is necessary to update matrices
like “P” which represent the uncertainties in state estimation. Thus, the successful
results in [46] tell us that the information in the belief state is encoded somehow into
the recurrent nodes of the TLRN. That is necessary, to get to minimum square error
in predicting the state variables, which training to least square error enforces. James
Lo [47] has proven more general and formal mathematical results supporting this
conclusion.
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In summary, at the end of the day, it is good enough to use a TLRN or similar
predictor [8] to model the plant, and feed its recurrent nodes into the critic and action
networks, as described in [4].

1.3.2 Offline Controller Design Versus Real-Time Learning

Many control engineers start from a detailed model of the function F. Their goal is
simply to derive a controller, like the action network of Equation (1.13), which opti-
mizes performance or achieves nonlinear robust control [25]. Often, the most practical
approach [10] is to maximize a utility function that combines the two objectives, by
adding a term which represents value added by the plant to a term, which represents
undesired breakdowns. The action network or controller could be anything from a
linear controller, to a soft switching controller of settings for PID controllers, to elastic
fuzzy logic [26], to a domain-dependent algorithm in need of calibration, to a neural
network. The general algorithms for adapting the parameters W of A(X, W) are the
same, across all these choices of A. All the basic methods of ADP can be used in
this way. In 1986 [48], I described one way to build a general ADP command within
statistical software packages like Troll or SAS to make these kinds of capabilities
more widely available.

On the other hand, the mammal brain is based entirely on real-time learning, at
some level. At each time ¢, we observe Y (¢) and decide on u(¢), and adapt the networks
in our brain, and move on to the next time period. Traditional adaptive control [36]
takes a similar approach. To fully understand and replicate the intelligence of the
mammal brain, we need to develop ADP systems that can operate successfully in
this mode.

The tradeoffs between offline learning and real-time learning are not so simple as
they appear at first. For example, in 1990, Miller [1] showed how he could train a neu-
ral network by traditional adaptive control to push an unstable cart forwards around a
figure 8 track. When he doubled the weight on the cart, the network learned to rebal-
ance and recover after only two laps around the track. This seemed very impressive,
but we can do much better by training a recurrent network offline [44] to perform this
kind of task. Given a database of cart behavior across a wide range of variations in
weights, the recurrent network can learn to detect and respond immediately to changes
in weight, even though it does not observe the weight of the cart directly. This trick,
of “learning offline to be adaptive online,” underlies the great successes of Ford in
many applications. Presumably the brain itself includes a combination of recurrent
neurons to provide this kind of quick adaptive response (like the “working memory”
studied by Goldmann—Rakic and other neuroscientists) along with real-time learning
to handle more novel kinds of changes in the world. It also includes some ability
to learn from reliving past memories [8], which could also be used to enhance the
prediction systems we use in engineering and social science.

Full, stochastic ADP also makes it possible to develop a controller for a new
airplane, for example, which does not require the usual lengthy and expensive pe-
riod of tweaking the controller when real-time data come in from flight tests. One
can build a kind of “metamodel” which allows random variables to change coupling
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constants and other parameters which are uncertain, and then train the controller
to perform well across the entire range of possibilities [49]. This is different, how-
ever, from the type of “metamodeling” which is growing in importance in operations
research [22].

Strictly speaking, one might ask: “If brains use TLRNs, how can they adapt them
in real time?” For engineering today, backpropagation through time (BTT) is the
practical method to use, but for strict real-time operation one may use an ‘“error
critic” (Chapter 13 of [4]) to approximate it.

1.3.3 “Model-Based” Versus “Model Free” Designs

DHP requires some kind of model of F, in order to train the A Critic. Even with HDP, a
model of F'is needed to find the actions u(¢) or train the action network A to maximize
U@+ (J@+ 1)) /(1 +7).

On the other hand, ADHDP and Q learning do not require such a model. This is
an important distinction, but its implications are often misunderstood.

Some researchers have even said that the “pure trial and error” character of ADHDP
and Q learning make them more plausible as models of how brains work. This ignores
the huge literature in animal learning and neuroscience, starting from Pavlov, showing
that brains include neural networks which learn to predict or model their environments,
and to perform some kind of state estimation as discussed in Section 1.3.1. Because
we need state estimation anyway in the general case, it does not cost us much to
exploit the information which results from it.

Intuitively, in ADHDP, we choose actions u(¢) which are similar to actions which
have worked well in the past. In HDP, we pick actions u(#) which are expected to lead
to better outcomes at time ¢ + 1, based on our understanding of what causes what
(our model of F). The optimal approach, in principle, is to combine both kinds of
information. This does require some kind of model of F, but also requires some way
to be robust with respect to the uncertainties in that model. For brain-like real-time
learning when we cannot use multistreaming [49], this calls for some kind of new
hybrid of DHP (or GDHP) and ADHDP.

That will be an important area for research, especially when tools for DHP and
HDP proper become more widely available and user-friendly.

Given a straight choice between DHP and ADHDP, the best information we have
now [4, 29] suggests that DHP develops more and more advantage as the number
of state variables grows. Balakrishnan and Lendaris have done simulation studies
showing that the performance of DHP is not so dependent in practice to the details
of the model of F. Nevertheless, more research would be useful in providing more
systematic and analytical information about these tradeoffs.

In the stochastic case, when we build a model of F by training a neural network
or some other universal approximator, we usually train the weights so as to minimize
some measure of the error in predicting Y (¢) from past data [8]. We assume that the
random disturbances added to each variable Y; are distributed like the errors we see
when trying to predict ¥;. When Y; is a continuous variable, we usually assume that
the disturbances follow a Gaussian a distribution. When Y is a binary variable, we use
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a logistical distribution and error function [42]. This usually works well enough when
the sampling time (the difference between ¢ and ¢ + 1) is not so large. However, when
Y is something complicated, this does not tell us how random disturbances affecting
one component of Y correlate with random disturbances in other components. A more
general method to model F as a truly stochastic system, accounting for such corre-
lations, is the Stochastic Encoder—Decoder Predictor (SEDP), described in Chapter
13 of [4]. In essence, SEDP is the nonlinear generalization of a method in statistics
called maximum likelihood factor analysis. It may also be viewed as a more rigorous
and general version of the encoder—decoder “bottleneck” architectures which have
shown great success in pattern recognition recently [S0-53]; those networks may be
seen as the nonlinear generalization of principal component analysis (PCA). I would
claim that capabilities like those of SEDP will be necessary in explaining how the
mammal brain builds up its model of the world, and that the giant pyramid cells of
the cerebral cortex have a unique architecture well-designed to implement that kind
of architecture [2].

SEDP and other traditional stochastic modeling tools assume that causality always
moves forwards in time. This underlying assumption is implemented by assuming that
the random disturbance terms may correlate with later values of the state variables,
but not with earlier values [54, 55]. However, a re-examination of the foundations and
empirical evidence of quantum mechanics suggests that quantum effects do not fit
that assumption [56]. A serious literature now exists on mixed forwards—backwards
stochastic differential equations [57]. Human foresight can cause what appear to be
backwards causal effects in economic systems, leading to what George Soros calls
“reflexive” situations and to multiple solutions in general equilibrium models such
as the long-term energy analysis program whose evaluation I once led at the Depart-
ment of Energy [58]. Hans Georg Zimmermann of Siemens has built neural network
modeling systems which allow for time-symmetry in causation, which have been
successful in real-world economic and trading applications. However, it would not
be easy to build general ADP systems to fully account for time symmetry effects in
quantum mechanics, because of the great challenges in building and modeling com-
puting hardware that makes such capabilities available to the systems designer [59].
Hameroff has argued that the intelligence of mammal brains (and earlier brains) may
be based on some kind of quantum computing effects, but, like most neuroscientists,
I find it hard to believe that such capabilities exist at the systems level in what we can
see in mammal brains.

1.3.4 How to Approximate the Value Function Better

Before the time of modern ADP, many people would try to approximate the value
function J* by using simple lookup tables or decision trees. This led to the famous
curse of dimensionality. For example, if X consists of 10 continuous variables, and if
we consider just 20 possible levels for each of these variables, the lookup table would
contain 20!° numbers. It would be an enormous, unrealistic computational task to
fill in that lookup table, but 20 possible levels might still be too coarse for useful
performance.
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For a general-purpose ADP system, one would want to be able to approximate
J* or A with a universal nonlinear function approximator. Many such universal ap-
proximators have been proven to exist, for a large class of possible functions. For
example, multivariable Taylor series have often been seen as the most respectable
of universal approximators, because of their long history. However, Andrew Barron
[27] has proven that all such “linear basis function approximators” show the same
basic problem as lookup tables: they require an exponential growth in complexity
(number of weights) as the number of state variables grows, for a given quality of
approximation of a smooth function. Furthermore, because many polynomial terms
correlate heavily with each other, Taylor series approximations usually have severe
problems with numerical conditioning [60].

For many applications, then, the best choice for a Critic is the Multilayer Perceptron
(MLP), the traditional, simple workhorse of neural network engineering. Barron has
proven [27, 28] that the required level of complexity of an MLP grows only as a low
power of the number of state variables in approximating a smooth function. This has
worked very well in difficult nonlinear applications requiring, say, 10-20 variables.
One can use simpler approximations like Gaussians or Radial Basis Functions or
differentiable CMAC [4] or kernel methods or adaptive resonance theory in cases
where there are fewer state variables or where the system seems to be restricted in
practice to a few clusters within the larger state space. All of these neural network
approximations also provide an effective way to make full use of the emerging most
powerful “megacore” chips. Hewlett—Packard has even developed a software platform
which allows use of powerful chips available today, with seamless automatic upgrade
to the much more massive capabilities expected in just a few years [61, 62]. There
is a reason to suspect that Elastic fuzzy logic [26] might offer performance similar
to MLPs in function approximation, since it looks like an exponentiated version of
MLP, but this has yet to be proved or disproved.

In 1996, Bertsekas and Tsitsiklis [63] proposed another way to approximate the
value function, using user-specified basis functions ¢;:

TNX W)= Wigi(X). (1.14)

i=1

This approximation is still governed, in principle, by Barron’s results on linear basis
function approximators, but if the users supply basis functions suited to his particular
problem, it might allow better performance in practice. This is analogous to those
statistical software packages that allow users to estimate models which are “linear in
parameters but nonlinear in variables.” It is also analogous to the use of user-defined
“features,” like HOG or SIFT features, in traditional image processing. It also opens
the door to many special cases of general-purpose ADP methods, and new special-
purpose methods for the linear case, such as the use of linear programming to estimate
the weights W [64].

Common sense and Barron’s theorems suggest that much better performance could
be achieved if the basis functions ¢; could be learned, or adaptively improved, instead
of being held fixed—but that brings us back, in principle, to the problem of how to
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adapt a general nonlinear Critic J"(X, W) or A(X, W), which existing methods
already address. In image processing, “deep learning” of neural networks has already
led to major breakthroughs, outperforming old feature-based methods developed over
decades of intense domain-specific work, and has sometimes reduced error by a
factor of two or more compared with traditional methods [50-53]. One would expect
deep learning to yield similar benefits here, especially if there is more research in
this area.

On the other hand, neurodynamic programming (NDP) as in Equation (1.14) could
become an alternative general-purpose method for ADP, if powerful enough methods
were found to adapt the basis functions ¢; here or in linearized DHP (LDHP), defined
by:

M) =" Wi, (1.15)
j=1

In discussions at an NSF workshop on ADP in Mexico, Van Roy suggested that we
could solve this problem by using nonlinear programming somehow. James Momoh
suggested that his new implementation of interior point methods for nonlinear pro-
gramming might make this practical, but there has been no follow-up on this possibil-
ity. It leads to technical challenges to be discussed in Section 1.4. Other approaches
to this problem have not worked out very well, so far as I know. Of course, it would
be easy enough to implement an NDP/HDP hybrid:

¢ pick the functions ¢; themselves to be tunable functions ¢;(X, wlily,
e adapt the outer weights W; by NDP,
* treat the outer weights as fixed, adapt the inner weights { W1} by HDP.

The same could be done with NDP/DHP. However, so far as I know, no one has
explored this kind of hybrid.

In presentations at the INFORMS conference years ago, Warren Powell reported
that he could get much better results than NDP or deterministic methods, in solving a
large-scale stochastic optimization problem from logistics, by using a different simple
value function approximator [15]. MLPs are not suitable for tasks like this, in logistics
or electric power at the grid level [10], where the number of state variables number
in the thousands. They are not a plausible model of Critic networks in the brain,
either, because the brain itself can also handle this kind of spatial complexity. In fact,
they are not able to handle the level of complexity we see in raw images, in pattern
recognition.

To address the challenge of spatial complexity, we now have a whole “ladder” of
ever more powerful new neural network designs, starting with “Convolutional Neural
Networks” [50-53], going up to Cellular Simultaneous Recurrent Networks (CSRN)
[65, 66] and feedforward ObjectNets [67, 68], up to true recurrent object nets [65].
Convolutional Neural Networks are a special case of CSRN and of feedforward Ob-
jectNets, while CSRN are a special case of ObjectNets. The Convolutional Networks,
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embodying a few simple design tricks, are the ones that have recently beaten many
records in image recognition, phoneme recognition, video, and text analysis. (They
should not be confused with the Cellular Neural Networks of Chua and Roska, which
are essentially a type of chip architecture.) CSRNs have been shown to do an accurate
job of value function approximation for the generalized maze navigation problem, a
task in which convolutional neural networks failed badly. A machine using a feedfor-
ward object net as a Critic was the first system which actually learned master class
performance in chess on its own, without a human telling it rules or guidelines for
how to play the game, and without a supercomputer [68]. There is every reason to
believe that proper use of these new types of neural network could have great power
in general-purpose complex applications of ADP. All these network designs are also
highly compatible with fast Graphical Processing Unit chips, with Cellular Neural
Networks, and with new emerging chips based on memristors [61, 62].

ObjectNets themselves are essentially just a practical approximation of a more
complex model of the way in which spatial complexity is handled in the mammal
brain and many other vertebrate brains [2, 8].

Grossberg [69] has described models of how the required kind of multiplexing and
resetting may be performed, after learning, in the cerebral cortex.

1.3.5 How to Choose u(¢) Based on a Value Function

When you have a working estimate of one of the basic value functions, J* or A or
Q, the choice of u(¢) at time t may be trivial or extremely challenging, depending on
the specific application. Of course, as your policy for choosing u(¢) changes, your
estimate of the value function should change along with it. In my earlier work, I
proposed concurrent adaptation of the critic network and the action network (and the
network which models the world), as in the brain.

In some applications, even when F represents a serious and challenging engineering
plant, the choice of actions u(#) may be just a short list of discrete possibilities. For
example, Liu et al. [70] describe a problem in optimal battery management where the
task at each time ¢ is to choose between three possible actions:

e charge the battery,
e discharge the battery,
¢ do neither.

This decision may be very difficult, because it may depend on what we expect
the price of electricity to do, and it may depend on things like changing weather or
driving plans if the battery is located in a home or a car. It may require a sophisticated
stochastic model of price fluctuations and a model of battery lifetime. But despite that
complexity, we may still face a simple choice in the end, at each time. In that case, the
Q function would be very complex, but we can still just compute Q”(X, u) for each
of the three choices for u, and pick whichever gives the highest value of Q. If we
use a J* critic, trained by HDP or GDHP, we can still use our model of the system to
predict U(t) + (J*(t + 1)/(1 + r)) for each of the three options, and pick the option
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which scores highest. The recent work by Powell and by Liu on the battery problem
suggests that the quality of the control algorithm may often be crucial in deciding
whether a new battery is money-maker or a money-loser for the people who buy it.
Of course, Liu et al. used ADHDP rather than Q learning, because the state vector
included continuous variables.

The choice of u is also relatively simple in cases where the sample time is relatively
brief, such that the state X is not likely to change dramatically from time ¢ to ¢ + 1, for
feasible control actions u(#). In such situations, Equation (1.5) may be represented
accurately enough by an important special case:

x(t+ 1) = F(x(9) + G(x(0)u(?), (1.16)
with:
U(x(t), u(t)) = Uy(x(1)) — cu” (1) Ru(?). (1.17)

This is a variation of the “affine control problem” well-known in control theory.
Intuitively, the penalty term uTRu prevents us from using really large control vectors
which would change x dramatically over one sample time. In many physical plants,
like airplanes or cars, our controls are limited in any case, and it costs some energy
to step on the gas too hard. If we use a A Critic, as in DHP, the critic already tells us
which way we want to move in state space. The optimal policy is simply to move in
that direction, as fast as we reasonably can, limited by the penalty term. Using our
estimate of A from DHP, we can simply solve directly for the optimal value of u(¢),
by algebraically minimizing the quadratic function of A, G and R implied here. This
trick is the basis of Balakrishnan’s Single Network Adaptive Critic (SNAC) system
[71], which has been studied further by Sarangapani [72]. Many of the recent stability
theorems for real-time ADP have also focused on this case of affine control. Note that
Balakrishnan’s recent results with SNAC, which substantially outperform all other
methods in the much-tested application of hit-to-kill missile interception, still use
DHP for the training of the Critic.

For the more general case shown in Equation (1.5), we can simply train an action
network A(X, W) using the methods given in [4] and in many papers by researchers
using that approach. Intuitively, the idea is to train the parameters W so that the result-
ing u(t) performs the maximization shown in the Bellman Equation (1.9). Regardless
of whether A is a neural network or some other differentiable system, backpropaga-
tion can be used to calculate the gradient of the function to be maximized with respect
to all of the weights, in an efficient and accurate closed form calculation [42]. So long
as this maximization problem is convex, a wide variety of gradient-based methods
should converge to the correct solution.

When the optimization problem for u(¢) in Equation (1.9) is very complicated and
nonconvex, more complicated methods may be needed. This often happens when the
time interval between ¢ and ¢ + 1 is large. For example, in large logistic problems,
u(t) may represent a plan of action for day ¢, and 7 may be chosen to be t + 7, a



24 REINFORCEMENT LEARNING AND APPROXIMATE DYNAMIC PROGRAMMING

week-ahead planning problem. There are several possible approaches here, some
available today and some calling for future research.

In electric power, Marija Ilic has recently shown that large savings are possi-
ble if large-scale system operators calculate optimal power, voltage and frequency
instructions for all generators across the system, every 5 min or so, using a non-
linear one-stage optimization system called “AC optimal power flow” (ACOPF).
James Momoh also developed an ACOPF system for the Electric Power Research
Institute many years ago [6]. These ACOPF systems already provide good practi-
cal approximate solutions to the highly complex, nonlinear problem of maximizing
some measure of utility in this domain. One can apply ADP here simply by training a
Critic (like an ObjectNet trained by DHP or GDHP), and using the existing ACOPF
package to find the optimal u(f). In effect, this adds a kind of foresight capability
to the ACOPF decisions. Momoh and I have called this “dynamic stochastic OPF”
(DSOPF) [6].

Venayagamoorthy has recently developed a parallel chip implementation of his
ObjectNet ADP system [66], which he claims is fast enough to let us unify the
new ACOPF capabilities of decisions made every 15 min. with grid regulation deci-
sions which must be made every 2 s, to stabilize frequency and phase and voltage.
If this is possible, it would allow local value signals (like the A outputs of DHP, which
value specific outputs form specific units, like price signals in economics) to manage
the power electronics of renewable energy systems, so that they shift from being a
major cost to the grid to a major benefit; if so, this would have major implications for
the economics of renewable energy.

Nonconvexity becomes especially important for biological brains that address the
problem of optimization over multiple time intervals [2, 17]. These are similar to
robots which need to decide on when to invoke “behaviors” or “motor primitives”;
such decisions have a direct impact which goes all the way from time ¢ to the com-
pletion of the action, not just to ¢ 4+ 1. Use of Action Networks, without additional
systems, can lead to suboptimal decisions for such behaviors. In practical terms, this
simply implies that our controller has lack of creativity in finding new, out of the
box (out of the current basin of attraction) options for higher-level decisions. In [2],
I proposed that the modern mouse is more creative than the dinosaur, because of a
new system for cognitive mapping of the space of possible decisions, exploiting cer-
tain features in its six-layer cerebral cortex that do not exist in the reptile. This is an
important area for research, but several steps beyond the useful systems we can build
today. It is not even clear how much creativity we would want our robots to have. For
the time being, ideas such as stochastic optimization, metamodelling [48], brain-like
stochastic search and Powell’s work on the exploration gradient present more tangible
opportunities.

Nonconvexity can be especially nasty when we are developing multistage versions
of problems which are currently treated as single-stage linear problems using Mixed
Integer Linear Programming (MILP). Unlike ACOPF, the MILP packages do not
have the ability to maximize a general nonlinear utility function. Thus for many
applications today, the easiest starting point for overcoming myopia and using ADP is
to use the existing packages as the Action Network, and train a Critic network to define
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the actual objective function which the single-stage optimizer is asked to maximize
[19, 22].

It is difficult to document and prove the performance tradeoffs in this case, because
the leading MILP system (Gurobi)—like the ACOPF systems of Ilic and Momoh—is
highly proprietary. Within linear programming, two major methods have competed
through the years—the classical simplex method and the the interior point method
pioneered by Karmarkar and Shanno [73]. The simplex method is very specific to
the linear case. There are parallelized versions that make effective use of computers
with 1-14 processors or so. The interior point method is more compatible with mas-
sively parallel processors and with nonlinearity. Shanno even suggested in 1988 [1]
that some varieties or adaptations of interior point methods might work better than
anything known today to speed up offline learning in neural networks. At that time,
interior point was also beginning to perform better on large-scale linear program-
ming problems. But in recent years, Gurobi has developed a variety of highly pro-
prietary heuristics for using simplex for MILP, which outperform what they have for
interior point.

Breakthrough performance in this area may well require a new emphasis on interior
point methods, using open-source packages like COIN-OR on new more massively
parallel computing platforms [62, 63]. Because major users of MILP worry a lot more
about physical clock time than they do about the number of processors, massively
parallel interior point methods should be able to overtake the classical methods now
in use based on simplex. The nonlinear versions of these methods should interface
well with nonlinear critics and with neural networks, both in physical interface and
at the mathematical level.

1.3.6 How to Build Cooperative Multiagent Systems with RLADP

Multiagent systems (MAS) have grown more popular and more important in recent
years. In practice, there are two general types of multiagent systems:

¢ systems which use distributed control to maximize some kind of global perfor-
mance of the system as a whole,

e systems truly intended to balance the goals of different humans, with different
goals.

For distributed control, it is extremely important to remember that model networks,
action networks, and critics can all be networks. In other words, global ADP math-
ematics automatically gives us a recipe for how to manage and tune a global system
made up of widely distributed parts.

In some applications, like electric power [10], it has become fashionable to assign a
complex decision problem to a large number of independent agents, commonly agents
trained by reinforcement learning. It is common to show by simulation or mathematics
how these kinds of systems may converge to a Nash “solution.” Unfortunately, many
researchers do not understand that a Nash equilibrium is not really an optimal outcome
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or solution in the general case. It is well-known in game theory that Nash equilibria are
commonly far inferior to Pareto optima, which is what we really want in multiplayer
systems. In the design of games or of markets, we do often work hard to get to those
special cases where a Nash equilibrium would be close to a Pareto optimum. Of
course, economics has a lot to tell us about that kind of challenge.

In artificial systems, one can avoid these difficulties by designing a distributed
system to be one large ADP system, mathematically, even though the components
function independently. With large markets involving people, like power grids, one
can use a DHP critic at the systems operator level [10] (or gradients of a GDHP critic)
to determine price signals, which can then be sent to independent ADP agents of
homeowners that respond to those prices, to organize a market.

In the special case where there, only two actors, in total opposition to each other,
one arrives at a Hamilton Jacobi Isaacs equation (HJI). That case is important to
higher-order robust control and to many types of military system. Frank Lewis has
recently published results generalizing ADP to that case, and begun exploring ADP
to seek Pareto optima in multiplayer games of mixed cooperation and conflict.

There has been substantial progress in the electric power sector recently [10] to
avoid pathological gaming and Nash equilibrium effects in the power sector. In a
global economy which is currently in a Nash equilibrium, far inferior to the sustain-
able growth which should be possible, it is interesting to consider how optimization
approaches might help in getting us closer to a Pareto optimum. More generally, the
large complex networks that move electricity, communications, freight, money, water
are among the areas where multiagent extensions of ADP have potential to help.

DISCLAIMER

The views herein represent no one’s official views but the chapter was written on U.S.
government time.
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