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PRIMITIVE DYNAMIC PROGRAMMING

By

Seiichi IwAMOTO*

Abstract

! What is dynamic programming? This paper is concerned with the class of
all dynamic programmings — with or without optimization. Where is an origin
in the class? What is it? The paper is a travel which leads to the origin. We
present a primitive form of dynamic programming. It is a non-deterministic dy-
namic programming, which generates stochastic dynamic programming, which in
turn reduces to deterministic dynamic programming. Thus we propose the non-
deterministic dynamic programming as a primitive dynamic programming.
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1. INTRODUCTION

Since R. Bellman (1957) has originated dynamic programming (DP), there has
been a controversy on “What is DP?” by Aris (1964), Bellman (1968, 1981, 1984, 1986),
Denardo (1982), Iwamoto(1987), Nemhauser (1966), Sniedovich (1992) and others. It
has at least state, decision, objective function and dynamics. The basic principle is
Principle of Optimality (POP). There has been many discussions on POP by Denardo
(1982), Nemhauser (1966) and Sniedovich (2002). In general, DP has two types of
dynamics: deterministic (Denardo (1982), Iwamoto(1987) and Nemhauser (1966)) and
stochastic (Bellman (1958), Howard (1960), Hinderer (1970) and Puterman (1994)).

On the other hand, the conventional DP method, which is strongly related to
invariant imbedding method, can also solve a class of non-optimization problems in
Bellman (1968, 1986), Bellman and Denman (1971) and Iwamoto (1991).

In this paper, we climb a mountain — DP — at the base of which both stochastic
DP and deterministic DP lie. The moutain commands a view of optimization and
non-optimization problems here and there. We see at the top a primitive DP without
dynamics, which yields both stochastic and deterministic DPs. The primitive DP is
non-deterministic. It is neither stochastic nor deterministic. However, it generates
both. The primitive DP also solves not only the optimization problems but also the
non-optimization problems.

In Section 2, we present a non-deterministic DP. It consists of four components:
horizon, state, decision and objective function. It has no dynamics. A recursive equation
for multiple sums is derived. Two universal rules are derived from the recursive equation
for a two-stage DP. One is on optimization. The other is on summation.
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In Section 3, we introduce a stochastic transition law into the non-derministic DP,
which generates a stochastic DP. By incorporating the probability function into the
objective function, we derive a recursive equation for expected values. In Section 4, a
deterministic DP is derived as a “degenerate” stochastic DP. Thus the deterministic DP
is a special form of primitive DP.

We state the contents within a simple framework — disctere and finite state, deci-
sion and horizon. However, the objective function is one of the most general functions.
It depends on the total history. It has neither separability nor monotonicity.

2. NON-DETERMINISTIC DYNAMIC PROGRAMMING
We consider a primitive form of DP. A non-deterministic DP is specified by four

tuple (N, X, U, g) :

N > 2 is an integer; the total number of stages
X ={s1, $2,...,5} is a finite state space
U ={ai, as,...,ar} is a finite decision space
g:Hy — R' is an objective function

where

H,, := XxUxXxUx---xUxX (2n + 1)-factors

is a subhistory space up to n-th stage. Its element
hn = (:EO) UQ, L1, ULy - - ,unfl,l'n) € Hn

is a subhistory up to there. Further, for each n = —1,0,1,..., N — 1, the direct product
space
XN=n.— XxXx---xX (N — n)-factors

denotes the set of all state sequences up to the final N-th stage with length (N —n) :
(Tnt1, Tnto, .-, TN) € XN-—n,
That is,
XN=n o = X x X poxe - x Xy —1<n<N
where X, := X.

We denote the non-deterministic DP by N (N, X, U, g) or simply by A/.

Now let us introduce a large class of policies for the non-deterministic DP A/, which
depend on history up to date. A mapping v,, : H,, — U is called n-th primitive decision
function, whose sequence v = {vgp,v1,...,uNy_1} is a primitive policy. The set of all
primitive policies II,, is called primitive class.

Now we see that any primitive policy v € 1I,, defines a function

gu . XN+1 N Rl
through

9" (xo,1,...,xn) = g(xo,up,T1,U1,..., UN—-1,ZN) (1)
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where the sequence of decisions ug, u1,...,un—1 is substituted successively and repeat-
edly in (1) :
up = vo(zo), w1 = vi(wo, uo, 1), (2>

coy UN—-1 = VN—l(x())anzlaulv"'7IN—1)~

For instance, the cases N = 2 and N = 3 yield

9" (xzo,21,72) = g(xo,v0(w0), 21, v1(T0,v0(T0), 1), 72)
and
9" (xo, w1, 22,23) = g(x0,v0(20),71,v1(20,v0(T0), 1), T2,
va(wo, vo(0), 71, v1 (0, Yo(20), 21), T2) , ¥3),
respectively.

We evaluate any primitive policy v € II,, at an initial state o € X by the multiple
sum of the function ¢¥ : XN+ — R! over the direct product space XV of the last N
state spaces :

M lg] = ZZZ 9" (zo, 1,72, ..., TN). (3)

(z1,22,...,zN)EXN

Thus the non-deterministic DP N (N, X,U, g) generates an optimization problem on
primitive class. This problem is expressed as follows :

Po(xo) Maximize M7 [g] subject to v € II,.

Zo

Which policy is optimal at any initial state xog € X?
Let v%(xg) be the mazimum value of Po(zg). Then our problem is to find the
maximum value function v° : X — R! and an optimal policy v* € IL, :

M;O*[g] = %%XMio[g} z0 € X. (4)

2.1. Imvariant Imbedding

Now let us solve the problem through invariant imbedding. Our aim is to find the
maximum value funxtion v° and an optimal policy v* in primitive class II,. First for
any primitive policy v = {vo,v1,...,vn_1} € II,, we let v(n) := {vp, Vny1,..., UN_1}.
It is called a primitive policy from n-th stage on. The set of all such policies II,,(n) is
called primitive class from there. Needless to say, v(0) = v and II,(0) = IT,,.

Second we see that any primitive policy from n-th stage on
v=A{vn,Vpnt1,...,Un_1} € II,(n) defines

¢"  HxXN-n o R!
through

gy(h’na Tn+1,Tn42, .- 71.N)

= G(hp,Un, Tpg1, Ung1s -, UN—1, TN )
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where w,, Upy1, ..., un—1 is substituted one by one in (5) :

Up = Vn(hn)> Unp+1 = Vn+1(hn7una xn+1)a (6)

ooy UN—1 = UN-1(Pn, Un, Tr 1, Ung1s - - s TN-1)-

We evaluate any primitive policy v € II,(n) at subhistory h,, € H, by the multiple
sum of the function g” : H,xX¥~" — R! over the direct product space X~ ~" of the
remaining (N — n) spaces :

M}l:n[g] = Z Z Z g”(hnyxn+17xn+27...,$N), (7)
(Tn41,Tnt2,seTN)EXN—T

The non-deterministic DP NV(N, X, U, g) generates the family of optimization problems

P, (hn) Maximize My [g] subject to v € Il,(n)
hn, € Hy,, 0<n<N.

We note that the case hg = g € X, n = 0 yields the original Po(z¢). This is the first
step of imbedding.

The second is to derive a relation among adjacent problems. Let v™(h,) be the
mazimum value of Pp(hy,) :

v"(hn) = Max My [g] hn € Hy, (8)
veEll,(n)

where

’UN(hN) = g(hN) hy € Hy.

Then we have a recursive formula between a current value v™(h,) and the next value
function v" ! = v (h,4q) :

THEOREM 2.1. (Primitive Recursive Equation)

v"(h) = Max » v""'(h,u,y) h€H, 0<n<N-1 (9)
uelU vex
o™ (h) = g(h) h € Hy. (10)
Further, let vi(h) denote a mazimizer. Then v* = {v§,vi,...,vn_1} is an optimal

policy in primitive class IL,.

PrOOF. It is straightforward.

2.2. Non-optimization dynamic programming
Let us take any decision-free objective function
g: XY — R

Then Theorem 2.1 claims that

ZZ Zg(xhx%... ;xN): Z ZZ g(ml’x27... ,mN), (11)

(z1,22, ,wn)EXN r1€EX 22€X znEX
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2.3. Two universal rules

First let us consider a two-stage model N = 2 for non-deterministic DP M (N, X, U, g).
Then the objective function is

g XxUxXxUxX — R'.
For any primitive policy v = {vg, 11} € II,, we see that
g”(x,y,z) = 9(1’,%?47%2) where ’U/ZV()(-TJ), U:Vl(xauvy)a
namely,
gy(xvyvz) = g(fE, 1/0(:5),y,z/l(x,z/o(m),y),z).
Then Theorem 2.1 claims that
MaXZ Z 9" (x,y,2) = Max Z [Max Z g”(x,y,z)] . (12)
v (y,2) XXX "o yeX v z€X

Now let us show that Eq.(12) yields two universal rules. By reducing the decision
space, we have a decision-free function of (y, z)

g: XxX — R
Then Eq.(12) claims one universal rule
YD 9w = DD aly.2). (13)
(y,2)eXxX yeX zeX
On the other hand, let us take a state-free function g = g(u,v) : UxU — R!. Then
Eq.(12) becomes

Max g(u,v(u)) = MuaX [MBXQ(UW(“))}

(w,v)

where v : U — U. Here we note that

Max g(u, v(u)) Max g(u,v) YuelU

Max g(u,v) = Maxg(u,v(u)).

(u,v) (u,v)
Thus we have another universal rule

Max g(u,v) = Max [Maxg(u,v)} . (14)
(u,v) u v

Finally we comment on optimization and summation separately. Both operations
for any real-valued function yield real values, respectively. Each operation has two-
types : in one and one by one. As for optimization, simultaneous versus sequential.
Summation is multiple versus iterative. We remark that a simultaneous/multiple oper-
ation is equivalent to sequential/iterative operation. Both are universal rules (13),(14).
Eq.(14) claims that the simultaneous optimization reduces to the repeated optimization
in Hardy, Littlewood and Pélya (1952). Two more sophisticated optimization variants
are Maximax Theorem in Iwamoto (1985), Bimax Theorem in Iwamoto (1993, 1994)
and Principle of Conditional Optimization in Sniedovich (1992). Eq.(13) claims that
the multiple sum reduces to the iterative sum (Iwamoto (1991)).
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3. STOCHASTIC DYNAMIC PROGRAMMING

Throughout this section, we impose an additional data, stochastic dynamics, on
the primitive DP N(N, X,U,g). Let p = {pn}év_l be a stochastic dynamics. Here
Dn = Pn(+]+, ) 18 an n-th stochastic transition law :

pu(ylh,u) >0, V(h,u,y) € HxUxX,
Z Pn(ylh,u) =1, V(h,u) € H,xU.
yeX

Hereafter we use the notation y ~ p,(-|h,u), which denotes that a next state y con-
ditioned on a history h up to n-th stage and a decision u on n-th stage appears with
probability p,(y|h,u).

Let an N-stage controlled stochastic process {(X,,,U,)} on the finite state space X
and the finite decision space U be under the stochastic transition law p. Then stochastic
DP on the controlled stochastic process is specified by the five components N, X, U, g, p.
It is denoted by S(N, X, U, g,p) or S.

Now we consider the expected value of the random variable

9=9(Xo0,U0,X1,U1,..., Xn-1,Un-1,XN)

over the stochastic process governed by primitive policy v € II,,. First we remark that
the probability P(hy) that the process experiences a history hy is

P(hy) = po(zi]zo,uo)p1(xelhi,u1) - pn_1(@n|hn_1,un_1). (15)
Thus we have the probability function over the history space
P:Hy — [0, 1]. (16)
Second we take the multiplicative function g-P :
g-P:Hy — R". (17)

Third we see that the expected value at initial state xo € X, EY [g], under the stochastic
process governed by primitive policy v € II, is the multiple sum of the multiplicative
function ¢- P over the direct product space X% :

Eylg) = My g-Pl (18)

0
Then the stochastic DP S(N, X, U, g,p) expresses the optimization problem :
So(zo) Maximize Ej [g] subject to v €ll,.
Let vo(xo) denote the maximum value. Now let us find the maximum value function v

and an optimal policy v* in primitive class II,.

3.1. Two Imbeddings

Now we propose two types of invariant imbedding. First we take the primitive DP
N(N,X,U,g-P). Then Theorem 2.1 reduces to the backward relation :
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COROLLARY 3.1. (Primitive Recursive Equation)

v"(h) = Ma(?( v" N (hyu,y), heH, 0<n<N-, (19)
ue yeX
o™ (h) = g(h)P(h), h € Hy. (20)
Let v} (h) denote a maximizer in (19). Then the policy v* = {v§,vs,...,vy_1} is

optimal in IL,.
The second is through the stochastic DP S(N, X, U, g,p). It becomes as follows.
First we define

Pn(hnaun) xn-‘rla u’n-‘rla s 7’U’N—1axN)
= Du(@ng1|hn, un)Pnt1 (Tng2|hng1, Ungr) - DN—1(zn|Av—1, un—1)
0<n<N-1. (21)

We note that Py = P. Further, let a subhistory up to n-th stage
hn = (T, U, T1, U1, - -, Upn—1,Tyn) € Hy
be given. Then we consider the conditional expected value, E} [g], of
g =9(Xo,Uo, X1,U1,..., Xn-1,Un-1,XN)

over the stochastic process governed by primitive policy v € II,(n). We see that it is the
multiple sum of the multiplicative function g-P, over the direct product space XV —" :

By lgl = My, lg-Pal. (22)
Now let us imbed the So(xp) into the family of subproblems :

Sn(hn) Maximize Ej [g] subject to v e Il,(n)
hn, € H,, 0<n<N.

Let v, (hy,) be the maximum value, where
’UN(hN) = g(hN).
Then we have the backward formula :

THEOREM 3.2. (Stochastic Recursive Equation)

vn(h) = Max > “vn 41 (h, w,y)pa(ylh, u), (23)
yex heH,, 0<n<N-,
un(h) = g(h), h € Hy. (24)

Let 7,,(h) denote a maximizer in (23). Then we have an optimal policy v =
{0, v1,...,UN_1} in primitive class IT,.
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THEOREM 3.3.

v"(hn) = vp(hn)P"(hy), hn€H,, 0<n<N (25)

where
P"(hn,) = po(xi|ze, uo)pi(zalhi,ur) - ppni(zn|hn_1,un-1), (26)
P(hy) = 1. (27)

Thus we see that both the primitive DP N (N, X, U, g- P) and the stochastic DP
S(N,X,U,g,p) yields the common optimal value function

v2(20) = vo(wo), xo € X.

4. DETERMINISTIC DYNAMIC PROGRAMMING

In this section, we take a deterministic dynamics f = {f, év 1 in stead of the
stochastic transition law p = {p, évfl in the stochastic DP S(N, X, U, g,p). Here f, :
H,xU — X is an n-th deterministic transition function.

Given the determinstic dynamics f, we take the the stochastic transition law p as
follows :

Pn(ylh, w) == 05, (hu)(y) V(h,u,y) € HxUxX

where J,(+) is the Dirac measure :

5a(y):{1 v-a

0 otherwise.

Then a deterministic DP with dynamics f is specified by the five components N, X, U, g, f.
It is denoted by D(N, X, U, g, f) or D. It represents the optimization problem :

Do(z0) Maximize Ej [g] subject to v €ll,.

where the objective value is an expected value in (22). Since the Markov transition law
p degenerates into the determistic dynamics f, we see that the expected value

Ey lgl = g(zo,uo, 1,01, .., unN—1,7N) (28)

is uniquely determined through an initial state xg, a primitive policy v and the dynamics
f- We note that the triplet (zg,v, f) determines uniquely a history hy = (zo, ug, €1, u1,
...,un—1,ZN). In fact, the sequence of decisions ug,u1,...,unx—1 and the sequence of
states x1,x2,...,x N are generated altenatingly as follows :

Uug = Vo(IL'o), xry = fo(l‘o,UO), Uy = I/l(hl), To 1= fl(hl,ul),

ug :=va(ha), x3:= fa(ha,u2), us:=wv3(hs), w4:= f3(hs,us), (20)

un—1:=vn_1(hn-1), =N = [n_1(hn—1,un—1).
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Now let us imbed the Dg(z) into the family of subproblems :

D, (hy) Maximize Ej [g] subject to v € Il,(n)
h, € H,, 0<n<N.

where the objective value
El’”},n[g] = g(h"nﬂun7$n+17un+17~-‘7UN717:I:N) (30)
is uniquely determined through the triplet (h,,v, f) as follows :

Up = Vn(hn); Tn41 = fn(hnyun)y

Up+1 = Vn+1(hn+1)7 Tn+42 = fn+1(hn+17un+1)7

(31)
un-1:=vN-1(hn-1), zn = fn-1(hy-1,un-1).
Let wy,(h,) be the maximum value of D,,(h,,), where
wy () := g(hn).
Then we have the backward formula :
COROLLARY 4.1. (Deterministic Recursive Equation)
wy, (h) = 11\5[6&5( Wn1(hy uy fr(hyw)), (32)
he H,, 0<n<N-1
wn(h) = g(h), h € Hy. (33)

Let v (h) denote a maximizer in (32). Then we have an optimal policy v* = {v, V7,
oo Un_ ) in T,
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