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ENVELOPE THEOREMS IN DYNAMIC PROGRAMMING
FUAN ZHAO AND ADI BEN-ISRAEL

ABSTRACT. The Envelope Theorem is a statement about derivatives along an optimal trajectory.
In Dynamic Programming the Envelope Theorem can be used to characterize and compute the
Optimal Value Function from its derivatives. We illustrate this here for the Linear-Quadratic Control
Problem, the Resource Allocation Problem, and the Inverse Problem of Dynamic Programming.

1. INTRODUCTION

Consider an optimization problem

opt  f(u,7) (1)
s.t. uelU

where x € R is a parameter, U C R" is the feasible set (may depend on z), f is assumed differentiable
and smooth as needed, and “opt” stands for “max” or “min”. We assume that (1) has a unique
optimal solution, u(z) € U, for all x in some set X. The optimal value function is then defined
as

V() := f(u(z), ) (2)

Even if (1) does not have a solution, say the supremum

sup {f(u,z) :ue U}

is not attained, it may still be possible to have an envelope theorem for the optimal value function,
see [5] and [11]. Nonsmooth analysis is needed if the solution is not unique, see [3] and [4] for more
information. In this paper we assume the existence of a unique solution, as well as differentiability
of the optimal value function V(x). The Envelope Theorem, [7], then states that

of
V(z) = ==(u(z),z 3
(2) = 5 (u(z), ) 3
i.e. the slope of the optimal value function is given by the partial derivative of f w.r.t. x along the
optimal trajectory (u(z),z).
This theorem is used widely in mathematical economics. For example, the profit of a competitive
firm facing price vector p is

m(p)=sup {p-u-—c(u)}
s.t. ueclU
the Fenchel conjugate of the cost function ¢(-) (defined as oo outside the feasible set U). The
envelope theorem states here that
m(p) =u
the optimal quantity vector, see [9, Chapter 7] and[10] for details.
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If the problem is constrained,

opt  f(u,x) (4)
s.t g(u,z) =
consider the Lagrangian,
L(u,z,A) := f(u,2) = V() + Ag(u, z) ()
and the first order conditions for optimality (assuming a suitable constraint qualification holds)
Ly(u,z,\) = fu(u,z)+ Agu(u,z) =0 (6a)
Lo(u,z,A) = fo(u,z) = V(2) + Ags(u,2) = 0 (6b)
La(w,z,A) = g(u,z) =0 (6c)

where subscripts denote partial derivatives. The envelope theorem for this problem is given by

(6b)7
V/(.CE) = fx(u(x)7x) + )‘(m)gx<u($)’ 37) (7)

along the optimal trajectory (u(z),z, A(z)).
A special case is the resource allocation problem

opt  f(u) (8)
st.  gu)==

where z is the resource level, and g(u) is the consumption associated with the decision u. The
envelope theorem (7) here gives

Vi(z) = A (9)

showing that the Lagrange multiplier \ is the marginal value of the resource.
In this paper we apply the envelope theorem to Dynamic Programming, in particular to resource
allocation and inverse problems.

2. AN ENVELOPE THEOREM FOR DYNAMIC PROGRAMMING

Consider a Dynamic Programming (DP) problem

N-1
min Z Je(ug, z1) (10)
k=1
s..t. ka:Tk(uk,xk) s ]C:LQ, ,N—l
T, given
where, at the k th stage,
xp = the initial state,  fi(u,z) = the return,
u, = the decision, Ti(u,z) = the state transformation, leading to

xpy1 = the next state, also denoted x,. At the N th (and final) stage, there is no decision, and the
return fy(zx) depends only on the last state zy.
The DP problem (10) is solved recursively using the Bellman optimality principle,

V}C(l‘) = muln{fk(uv'r) + VkJrl(er)} ) k= 17 e 7N -1 (11&)
Vn(z) = [n(z) (11b)



where Vj, is the k th value function, assumed differentiable. We assume that (11a) has an optimal
solution satisfying the first-order optimality conditions,

O fr(u,x) N 0Ty (u, x)

Ofc(u,x)  OTp(u,x) _, ,
() O () = V) (120)
where (12b) is an envelope theorem. If the derivative M is nonzero, we can eliminate
u
Vi1 (Ti(u, z)) from (12) to get
, _ Ofi(u,x)  OTi(u,x) (OTh(u,x) -1 Ofi(u,x)

Vi(z) = Oz Oz ou ou (13)

Ofr(u, x)

0Ty (u, 0T (u, - B

= (17 - ka(z ‘/E) ( ka(z x)) ) ka(u,x) ’ where ka(U,SU) = afk?£7 13)

ou

The corresponding result in the vector case (where x and u are vectors) is

VVi(x) = (I’_ﬁTk(U,X) (aTk<u,X))—1) o "

ox ou

T
if the matrix OTi(u,x)

or (14), the Envelgpe Theorem for DP.

The differentiability of the optimal value function was studied in [1] and [8] for various dynamic
models. Here we assume differentiability and study consequences of the envelope theorem along the
optimal path.

is nonsingular (otherwise a generalized inverse can be used). We call (13),

3. EXAMPLES AND SPECIAL CASES
The following examples illustrate the envelope theorem for DP.

Example 1. A DP is said to have linear dynamics if the state transformation is linear in both
variables,

Ti(u,x) = Agx + Biu (15)
where A, B, are given matrices, so that
0Ty, oTy,
— =A,, — =By
ox " u F
Assuming By is nonsingular, the envelope theorem (14) gives,
VVi(x) = (I, —Ax B, )V fi(u,x) (16)

Example 2. A DP is called linear-quadratic, or an LQ problem, if it has linear dynamics, and
quadratic objective,

fr(u,x) = %XTQkX - %uTRku , (17)
then, by (16),
VVi(x) = (I,—AB;") (gkx)  k=1,--- ,N—1, (18a)
K
and VVy(x) = Qnx. (18b)
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The envelope theorem (16) can be used to derive the following well known result.

Corollary 1. Given an LQ problem as above, assume the matrices (J, Ry are positive definite, for
all k. Then the optimal value functions are quadratic,

1

Vk(x):§xTQkx, k=1,--- N, (19)
and the optimal control u is linear in the state
u=—(Rp+ Bl Q1 Br) 'Bi Qe Apx , k=1,--- ,N—1, (20)
where Qny = QN and
Q= Qr + AL U1 Ay — AL Q1 Br, (Ry + Bng+lBk)71 Bl Q1 Ay (21)

fork=1,--- , N —1.
Proof. At the N th stage,

Vn(x) = 1XTQNX

2
proving (19) for k = N. We prove (21) for k < N by induction. Suppose Vj4; is quadratic,
1
Vi (x4) = §XIQk+1X+ : (22)

The optimality condition (12a) gives,
Rku + Bng_HAkX + Bng+lBku = 0 , Or
(Rk + Bng_;,_lBk) u -+ Bngﬁ-lAkX =0

proving (20) since (Rk + BngHBk) is positive definite.
The envelope theorem (18a) gives

VVi(x) = Qux+ Al VVi1(Apx + Byu)
= Qx+ AL Qp1xp41 , by(22)
= Qix+ Al Qs (Arx + Bpu)
= (Qk + AZQkﬂAk) X + Ang+lBku
= (Qr + AL U1 A — AL QU1 Bi(Ry, + Bl Q1 By) " Bl Q1 Ay) x, by(20)
proving (19) and (21). O O
The matrix ) is computed recursively, by (21), and depends on Ay, By, Q, R and ;. If the
matrices Ay, By, Qk, Ry are constant, (21) reduces to the Riccati equation
Q=Q+ ATQA - ATQB(R+ BTQB)'BTQA (23)
for the limiting €.

Example 3 (Resource allocation). In the resource allocation problem, the state at the & th stage
is the available budget z, the decision is the allocation u to the kth project, and the return fi(u)
typically depends only on the allocation, so that

of
— =0. 24
e (24)
The state transformation is
Te(x,u) =2 —gp(u) , 0<gi(u) <z (25)
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where gi(u) is the budget consumed by the allocation w, in particular,

Ti(z,u)=2—u, 0<u<cx (26)
if gx(u) = u. From (24) and the envelope theorem (12b) we get
Vi(x) = Vi (o) (27)
which combined with the optimality condition (12a) gives
Viz) = filw)/g(u) , or (28)
Vi(z) = fi(u), for the dynamics (26). (29)

Suppose an additional budgetary unit (marginal resource) becomes available at the k th stage. Then
(29) seems to suggest that it is optimal to spend the marginal resource at the kth stage. This is a
wrong interpretation: (29) merely says that, at optimum, one is indifferent between spending the
additional unit at the kth stage, or spending it later.

4. AN INVERSE PROBLEM
Given the optimal value function Vj, see (11a), we define an inverse
I (v) := mjx{||x|| s Vi(x) <o} (30)
where [|x]|| is a norm of the vector x. The inverse [, does depend on the norm used, see also [2],[6].
The following properties of the inverse are obvious.
Lemma 1. (a) For all x such that ||x|| = s,
Ii(Vi(x)) = s (31)
(b) The inverse satisfies
Iy(v) = max{||x]| : Fu > [|Tp(u,x)|| < Lisa(v — fr(u,x))} (32)
called an inverse optimality principle.

Example 4. Consider a resource allocation problem with objectives fi(u) and dynamics (25). Then
the inverse optimality principle (32) is

Ix(v) = rilggc{x s 3du s 0<x—gp(u) < I (v — fr(uw))} (33)
which can be computed recursively as
I (v) = max{gy(u) + lpsr (v = fi(w))} (34)

with the boundary condition Iy (v) = fy'(v).
If the functions I are differentiable, then the optimality conditions

() = L1 (v = fi(w)) fr(u) = 0
can be combined with the envelope theorem for (34),

Li(v) = T (v = fu(u))

to give
/
/ o gk(u)
which, together with (28), gives
1
Vi(z) = 35

in agreement with the notion of inverse.



Example 5. Consider the LQ problem of Example 2 with
1
V(z) = §XTQX
by (19), dropping the subscript k. We make repeated use of the fact that 2 is positive definite.
Then, by definition (30),
I(v) = max{|x|:V(x)<wv}
= max {|x[ : x"Ox < 2v}
— max {0 2y]|  yTy < 20) (36)

where, since Q is positive definite, its square root 2!/2 is nonsingular. Using the Euclidean norm in
(36), an optimal solution is

Yy =V2uw, (37)

where w,, is a (normalized) eigenvector of 2 corresponding to its smallest eigenvalue \,, which is
positive since () is positive definite. Therefore

W=y = |2 39)

I'w) = \/21_0 (39)

On the other hand, for x* = Q712 y*, see (37),
VV(x*) = Qx*, by (19)
= V200" ?w,

S VVE) = V2

a reciprocal of (39), illustrating the reciprocity relation (35) if the state x is a vector.
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