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Abstract

Instances of optimization problems with multiple objectives can have several optimal solutions
whose cost vectors are incomparable. This ambiguity leads to several reasonable notions for
solving multiobjective problems. Each such notion defines a class of multivalued functions. We
systematically investigate the computational complexity of these classes.

Some solution notions S turn out to be equivalent to NP in the sense that each function in
S has a Turing-equivalent set in NP and each set in NP has a Turing-equivalent function in
S. Other solution notions are equivalent to the function class NPMV,. We give evidence that
certain solution notions are not equivalent to NP and NPMV,. In particular, under suitable
assumptions there are functions in NPMV, that are Turing-inequivalent to all sets. It follows
that the complexity of multiobjective problems is in general not expressible in terms of sets.

Moreover, we determine the possible combinations of complexities for every fized multiobjective
problem. In particular, for arbitrary A, B,C' € NP with A <} B <[ C there is a multiobjective
problem where one solution notion is Turing-equivalent to A, another one is Turing-equivalent
to B, and a third one is Turing-equivalent to C.

1 Introduction

Practical optimization problems often contain multiple objectives. A typical scheduling problem is
to order given jobs in a way that minimizes both the lateness and the flow time. Here the quality of
a solution is characterized by its cost vector, which is the pair that consists of the lateness and the
flow time. This shows that two solutions of a multiobjective problem can have incomparable cost
vectors and therefore, a given instance can have several optimal cost vectors. The set of optimal
solutions (i.e., solutions with optimal cost vectors) is called the Pareto set. It shows the trade-offs
between the optimal solutions of the current instance.

The multiple optimal costs make multiobjective problems fundamentally different from single-
objective problems. In particular, they differ with respect to their optimization algorithms, their
computational complexity, their notions of optimality, their theory of approximation, and the way
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solutions are presented to users. Hence single-objective problems cannot adequately represent
multiobjective problems and therefore, multiobjective optimization is studied on its own. It has its
origins in the 1980s and has become increasingly active since that time.

For a multiobjective problem O it is not immediately clear what it means to “solve the problem”.
There exist several reasonable notions. We group them into search notions (which ask for certain
solutions) and value notions (which ask for certain cost vectors). For example, the arbitrary optimum
search notion of O (in notation A-O) asks for an arbitrary optimal solution. The specific optimum
search notion of O (in notation S-O) asks for an optimal solution that satisfies a given minimum
quality. The corresponding value notion Val(A-O) (resp., Val(S-O)) asks for the cost vector of an
arbitrary optimal solution (resp., the cost vector of an optimal solution satisfying a given minimum
quality). We also consider the search notions D-O, C-O, L-O, W-O and their corresponding value
notions Val(D-0), Val(C-O), Val(L-O), Val(W-0Q), which are formally defined in Definition 2.6. On
the technical side, all search notions that we consider are multivalued functions from N to N (the
function maps to solutions). Similarly, all value notions are multivalued functions from N to N* (the
function maps to cost vectors). The computational complexity of multivalued functions was first
studied by Selman [Sel92, Sel94, Sel96] and further developed by Fenner et al. [FHOS97, FGH199]
and Hemaspaandra et al. [HNOS96].

In this paper we systematically investigate the complexity of multiobjective optimization problems
O, i.e., the complexity of the corresponding search and value notions. We determine all possible
complexities and integrate them into the picture of existing classes like NP and NPMV,, (the class
of multivalued functions whose graph is in P). Our contribution consists of two parts, which will be
explained in the following.

1. General complexity of value and search notions There are examples of multiobjective
problems that are easy, i.e., solvable in polynomial time, while other multiobjective problems are
NP-hard [GRSW10]. Here we investigate what intermediate complexities are possible. We use
polynomial-time Turing reducibility to compare the complexity of solution notions of multiobjective
problems with sets in NP and multivalued functions in NPMV,. So two problems C' and D have the
same complexity if they are polynomial-time Turing equivalent (in notation C' =, D). A complexity
class C can be embedded in a complexity class D if for every C € C there exists a D € D such
that C E% D. In this case D covers all complexities that appear in C. The classes C and D are
called equivalent if they can be embedded in each other. We investigate possible embeddings among
the multiobjective solution notions, NP, and NPMV,. In particular we show the following results,
where {D-O} is an abbreviation for {D-O | O is a multiobjective problem}:

e The following classes are equivalent: NP, max - NP, {Val(D-O)}, {Val(L-O)}, {Val(W-O)}.
e The following classes are equivalent: NPMV,, {D-O}, {L-O}, {W-0O}.

This means that the complexities of the value notion {Val(L-O)} coincide with the complexities
of sets in NP, and hence both classes have the same degree structure. On the other hand, the
complexities of the search notion {L-O} coincide with the complexities of multivalued functions
NPMV,, and hence both classes have the same degree structure. Moreover, we give evidence that
certain embeddings do not hold. For example we show:

e NP cannot be embedded in NPMV, unless EE = NEE.
e NPMV, cannot be embedded in any class of sets (hence not in NP) unless FewEEE = NEEE.



These results might be of interest on their own, independently of multiobjective problems. In
particular, under the assumption FewEEE # NEEE there exists a multivalued function f € NPMV,
that is inequivalent to all sets (which implies that no partial function g : N — N that is a refinement
of f is reducible to f). This shows that the complexity of functions in NPMV, (resp., the complexity
of multiobjective problems) is in general not expressible in terms of sets, unless FewEEE = NEEE.
Figure 1 summarizes the obtained embedding results.

2. Complexity settings of value notions for fixed multiobjective problems For every fixed
multiobjective problem O we compare the search and value notions of O with each other. For every
combination we either prove that reducibility holds in general or we show that under a reasonable
assumption it does not hold. Figure 2 gives a summary.

There exist examples of multiobjective problems O where one solution notion is polynomial-time
solvable, while another notion is NP-hard [GRSW10]. We investigate this behavior for the value
notions and determine the possible combinations of complexities.

o If A,L,W € NP and A <}, L <%, W, then there is a multiobjective problem O such that A =,
Val(A-O), L =5 Val(L-0), and W =% Val(W-0) = Val(D-0) =4 Val(C-0) = Val(S-0).

As a consequence, there exists a multiobjective problem O such that O’s arbitrary optimum value
notion Val(A-Q) is solvable in polynomial-time, O’s lexicographic optimum value notion Val(L-O)
is equivalent to the factorization problem of natural numbers, and O’s constraint optimum value
notion Val(C-0O) is equivalent to SAT.

2 Preliminaries

2.1 Computational Complexity

Let N denote the set of non-negative integers. For n € N, bin(n) denotes the binary representation
of n and |n| = |bin(n)|. The logarithm to base 2 is denoted by log. For every k > 1 let (-,-,...,")
be a polynomial-time computable and polynomial-time invertible bijection from N¥ to N that is
monotone in each argument.

Let A and B be sets. A multivalued function from A to B is a total function A — 28, For a
multivalued function f from A to B, define supp(f) = {z | f(z) # 0}, graph(f) = {(z,y) | y € f(z)},
and range(f) = U,c4 f(z). A multivalued function g is a refinement of a multivalued function f, if
supp(g) = supp(f) and for all z, g(z) C f(z). A partial function g is a refinement of a multivalued
function f, if for all z, f(z) = 0 if g is not defined at x and g(z) € f(z) otherwise. The complexity
classes used in this paper are defined in Figure 3. We denote the complement of a set A C N by
A =N-—A. Let C be a complexity class containing subsets of N. The class of complements of C is
denoted by coC = {A | A € C}. An infinite and co-infinite set L C N is C-bi-immune if neither L
nor L has an infinite subset in C [BS85].

For reductions between multivalued functions we need the following definition by Fenner et al.
[FHOS97] which describes how a deterministic Turing transducer M [BLS84] accesses a partial
function g as oracle. For this, M contains a write-only oracle input tape, a separate read-only oracle
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Figure 1: Summary of embeddings of complexity classes. A bold arrow from C to D shows that C can be
embedded in D. Dashed arrows give evidence against such an embedding. Observe that the embedding
relation is reflexive and transitive and that evidence against an embedding propagates along bold lines (heads
of dashed arrows can be moved downwards, tails can be moved upwards), and hence for each pair of classes
C,D in the diagram, we either show that C is embedded in D or give evidence against such an embedding.
Note that wit-P = NPMV,, max - NP = OptP (Krentel [Kre88]) and ALLSETS is the class of all decision
problems.

output tape, and a special oracle call state g. When M enters the state ¢, if the oracle g is defined
at the string x currently on the oracle input tape, then g(z) appears on the oracle output tape. If it
is not defined at this point, then the special symbol L appears on the oracle output tape. Note
that it is possible that M may read only a portion of the oracle’s output if the oracle’s output is
too long to read with the resources of M. If M computes a partial function and the function is
not defined on input z, M can either not halt at all or return the special symbol 1. This allows
deterministic polynomial-time Turing transducers to compute non-total functions. If g is a partial
function and M is a deterministic oracle Turing transducer as just described, then let M9 denote
the partial function computed by M with oracle g.

Definition 2.1 ([FHOS97]).

1. Let f and g be partial functions. f is polynomial-time Turing reducible to g, f <% g, if there
exists a deterministic, polynomial-time oracle Turing transducer M such that f = M?9Y.

2. Let f and g be multivalued functions. f is polynomial-time Turing reducible to g, f <} g,
if there exists a deterministic, polynomial-time oracle Turing transducer M such that for
every partial function ¢' that is a refinement of g it holds that the partial function MY is a
refinement of f.
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Figure 2: A complete taxonomy of reductions among search and value notions. Bold arrows indicate
reducibility for all problems O (reductions including weighted sum notions hold if all objectives are to be
maximized or all objectives are to be minimized), whereas dashed arrows provide evidence against such a
general reducibility. Observe that such evidence propagates along bold arrows (arrow heads backwards and
arrow tails forwards) and we hence have evidence against all remaining possible reductions. Further note
that D-O =% S-O =I. C;-O and Val(D-0) =k Val(S-0) = Val(C;-O) for i € {1,...,k}.

It is important to note that the definition above is different from the one given by Selman [Sel94]. In
Selman’s definition, if the oracle g is a multivalued function and if some ¢ with g(q) = 0 is queried,
then the oracle can give an arbitrary answer. Also note that the oracle model described above
ensures that <}. is reflexive and transitive.

The decision problem of a set A is the computation of the characteristic function y 4, which can be
considered as a multivalued function. In this way, the polynomial-time Turing reducibility defined
above also applies to decision problems.

A multivalued function g is called polynomial-time solvable, if there is a polynomial-time computable,
partial function f such that f is a refinement of g. A multivalued function ¢ is called NP-hard, if
all problems in NP are polynomial-time Turing-reducible to g.

For a set A C N and a total function p: N — N we define the multivalued function wit,- A: N — N,
x> {y | (z,y) € Aand y < 2P1=D} the total function max, - A: N — N, 2 — max({0} Uwit,- A(z)),
and the set 3,- A = supp(wit,- A). Moreover, let wit- A = {wit,- A | p is a polynomial}, max - A =
{max, - A | p is a polynomial}, and 3- A = {3,- A | p is a polynomial}. For a complexity class C,
define wit-C = (J e wit- A, max -C = J e max - A, and 3-C = (0 3- A

Classes like max - P and max - NP were systematically studied by Hempel and Wechsung [HW0O0].
Moreover, the classes wit- P, wit- NP, and wit- coNP were studied under the names NPMV,, NPMV,



PF ={f| f: N— N is a partial function that is polynomial-time computable}
NPMV = {f | f multivalued function from N to N, graph(f) € NP, and 3 polynomial p, ¥(z, y) €graph(f) [y < 2°(=D]}
coNPMV = {f | f multivalued function from N to N, graph(f) € coNP, and 3 polynomial p, ¥(x,y) € graph(f) [y < 2(=D]}
NPMV, = {f € NPMV | graph(f) € P}
EE = DTIME(22°")
NEE = NTIME(22” ")

O(n)
NEEE = NTIME(22 )

UP = {L € NP | L is accepted by a nondet. machine N in time n®(}) s.t. N on x has < 1 accepting paths}
O(n)
UEEE = {L € NEEE | L is accepted by a nondet. machine N in time 22° s.t. N on z has < 1 accepting paths}
FewP = {L € NP | L is accepted by a nondet. machine N in time nPM st. N on & has < n®(1) accepting paths}

o(n)

O(n)
FewEEE = {L € NEEE | L is accepted by a nondet. machine N in time 22* s.t. N on x has < 22* accepting paths}

Figure 3: Definitions of some complexity classes.

and coNPMV by Selman [Sel92, Sel94, Sel96], Fenner et al. [FHOS97, FGH'99], and Hemaspaandra
et al. [HNOS96].

Proposition 2.2.
1. wit-P = NPMV,.
2. wit- NP = NPMV.
3. wit- coNP = coNPMV.

Proof. 1. “2”: Let f € NPMV,. So graph(f) € P and there exists a polynomial p such that for all
(z,y) € graph(f), y < 2P0#D) Hence the set R = {(z,%) | (z,y) € graph(f)} belongs to P. Moreover,
f = wity R.

“C”: Let f € wit-P, i.e., there exists a polynomial p and an R € P such that f = wit,- R. In
particular, for all (z,y) € graph(f), y < 2P(#)). Note that graph(f) € P. Hence f € NPMV,.

2. and 3. follow immediately from the definitions of NPMV, wit- NP and coNPMV, wit-coNP. [
We show that NP and max - NP are equivalent. In particular, all sets in NP are equivalent to some
function from max - NP. The latter might not be true for max - P (Corollary 4.11).
Proposition 2.3. 1. For every g € max - NP there exists a B € NP such that g E% B.

2. For every B € NP there exists a g € max - NP such that B =}, g.
Proof. 1. Choose a polynomial p and R € NP such that ¢ = max, - R. Let B = {(z,y) | g(z) > y}.
Observe that B € NP and B =} g. 2. Let R = {(z,1) | € B} and note that R € NP. Define

p(n) =1 and g = max, - R. So g is a total function N — {0, 1}. It holds that (g(z) =1 <= z € B)
and hence g =, B. O

Under the assumption P # NP N coNP, the class max - P cannot be embedded in NP N coNP.



Proposition 2.4. If P = NP N coNP, then there exists some g € max-P such that for all
L € NP N coNP we have g £ L.

Proof. Assume that for all g € max- P there is some L' € NP N coNP such that g <} L'. Let
L € NP, we show L € NP NcoNP: L = 3,- R for some polynomial p and R € P. Let g = max, - R
and observe that L <. g. By assumption, there is some L’ € NP N coNP such that g <}. L’ and
hence L <} L. So L € NP N coNP, since NP N coNP is closed under S%. O

With standard padding techniques we construct several very sparse sets in NP under the assumption
that certain super-exponential time classes do not coincide.

Proposition 2.5.
1. If EE # NEE, then there exists a B € NP — P such that B C {22986 | © € N} for some ¢ > 1.

2. IfEE # NEENCcoNEE, then there ezists a B € (NP NcoNP) — P such that B C {22 |z € N}
for some ¢ > 1.

3. If NEE # coNEE, then there exists a B € NP — coNP such that B C {2216 | z € N} for some
c>1.

4. If FewEEE # NEEE, then there exists a B € NP — FewP such that B C {t(c-i)+ k| i €
N,0 < k < 2} for some ¢ > 1 and t(n) = 922"

5. If UEEE N coUEEE # NEEE N coNEEE, then there exists a B € (NP NcoNP) — (UP N coUP)
4 2"
such that B C {t(c-i)+ k| i € N,0 < k < 2/} for some ¢ > 1 and t(n) = 22 .

Proof. For L C N and ¢ € N— {0} let B(L,c) = {22986 | z € L}. We claim:

L e DTIME(2*") <= B(L,c)eP (1)
L € NTIME(2?"") <= B(L,c) € NP (2)
L € coNTIME(2*") <= B(L,c) € coNP (3)

If L € DTIME(22"), then B(L,c) € P by the algorithm that on input y = 22* simulates N on =
in deterministic polynomial time in |y| (N on x needs time 92e1el < g2 (IHoE®) _ 93¢t (logy)* <
ly|?>* < |y|). If B(L,¢) € P, then L € DTIME(22”") by the algorithm that on input = simulates
the deterministic polynomial-time algorithm for B(L,¢) on input y = 92" (the simulation needs
time |y|¢” < (logy)® ' = (22)<"+1 < v — 9271 < 22“‘). Analogously one shows (2) and (3).

1. If EE # NEE, then let L € NEE — EE. Choose ¢ > 1 such that L € NTIME(22°"). By (1) and
(2), B(L,c) € NP — P.

2. If EE # NEE N coNEE, then let L € (NEE N coNEE) — EE. Choose ¢ > 1 such that L, L €
NTIME(22°"). By (1)-(3), B(L,c) € (NP N coNP) — P.

3. If NEE # coNEE, then let L € NEE — coNEE. Choose ¢ > 1 such that L € NTIME(22"). By
(2) and (3), B(L,c) € NP — coNP.



4. Let L € NEEE — FewEEE and choose some ¢ € N — {0} such that L is decidable by a

nondeterministic machine N that works in time 22° . Let B = {t(c-]z|)+2z | z € L} and note that
B C{t(c-i)+k|ieN,0<k<2}. Weshow B € NP — FewP: B € NP by the algorithm that on
input y = t(c-|x|)+x simulates N on x in nondeterministic polynomial time in |y| (/N on x needs time

c|z|
922 = logt(c- |z|) <logy < |y|). B ¢ FewP, since otherwise L € FewEEE by the algorithm that
on input z simulates the FewP-algorithm for B on input y = t(c-|x|)+x (the simulation works in time
/ / / / clz| / clz| / C//‘|I|
[yl < (1 +1logy)® < (logy)*! < (log2t(c- [a))”™ = (27 + )7+ < (27 )+ <2

) ")z
and similarly we see that the number of accepting paths is lower equal |y|¢ < 22* ).

5. Let L € (NEEE N coNEEE) — (UEEE N coUEEE) and choose some ¢ € N — {0} such that L

(resp., L) is decidable by a nondeterministic machine N (resp, N) that works in time 22" Let
B = {tlc-|z|)+2 | » € L} and note that B C {t(c-i) +k | i € N,0 < k < 2'}. We show
B € (NPNcoNP) — (UPNcoUP): B € NP by the algorithm that on input y = ¢(c-|z|) + = simulates

||

N on z in nondeterministic polynomial time in |y| (N on x needs time 922" logt(c- |z]) <
logy < |y|). Similarly, B € NP by the algorithm that on input y = ¢(c- |x|) + 2 simulates N’ on z in
nondeterministic polynomial time in |y|. B ¢ (UPNcoUP), since otherwise L € UEEENcoUEEE by
the algorithm that on input x simulates the (UPNcoUP)-algorithm for B on input y = ¢(c-|x|)+z (the
/ / / / e |z /
simulation works in time |y|¢ < (1 +logy)® < (logy)“ ! < (log2t(c- |z|))?*H = (22 4+ 1)+ <

"
4Ed

clz| c
(222 )C +2 < 222 ) 0

2.2 Multiobjective Optimization Problems

Let k > 1. A k-objective NP optimization problem (k-objective problem, for short) is a tuple (S, f, <)
where

e S: N — 2N maps an instance z € N to the set of feasible solutions for this instance, denoted
as S* = S(x) € N. There must be some polynomial p such that for every x € N and every
s € S* it holds that |s| < p(|x|) and the set {(x,s) | x € N, s € S*} must be polynomial-time
decidable, i.e., S € wit- P.

e f:{(x,s) |z €N,s € S*} - NF maps an instance z € N and a solution s € S* to its value,
denoted by f*(s) € N¥. The function f must be polynomial-time computable.

e « C NF x NF is a partial order on the values of solutions. It must hold that (a1,...,ax) +
(b1,...,br) <= a1 <1 b1 A--- Aag < by, where <—; is < if the i-th objective is minimized,
and <—; is > if the i-th objective is maximized.

We also use < as the partial order <— where <—; = < for all ¢ and > is used analogously.

The superscript « of f and S can be omitted if it is clear from context. The projection of f* to the i-
th component is denoted as f;* where f(s) = v; if f*(s) = (v1,...,vx). If a < b we say that a weakly
dominates b (i.e., a is at least as good as b). If a «— b and a # b we say that a dominates b. Note that
+ always points in the direction of the better value. If f and x are clear from the context, then we
extend < to combinations of values and solutions. So we can talk about weak dominance between
solutions, and we write s < t if f¥(s) < f*(t), s < cif f*(s) « ¢, and so on, where s,t € S* and



c € N¥. Furthermore, we define opt,_: N _y g% opt, (M)={ye M |Vze Mz+y=z=y|}
as a function that maps sets of values to sets of optimal values. The operator opt,_ is also applied
to sets of solutions S’ C S as opt,_(S") ={s € 5" | f%(s) € opt_(f*(S’))}. If even « is clear from
the context, we write S, = opt,_(S*) and opt,;(S") = {s € §" | f¥(s) € opt_,(fF(5"))}.

Definition 2.6. For every k-objective NP optimization problem O = (S, f,+) where k > 1 and
all 1 < i < k we define the search notions arbitrary optimum (A-QO), dominating solution (D-O),
specific optimum (S-O), constraint optimum (C;-Q), lexicographic optimum (L-O), and weighted
sum optimum (W-O) as multivalued functions from N to N, where

A-O(z) = Sgp
D-O((z,(c))) = {yeS"|y+c}
S-O((z.{c))) = {yeSoly«c}
Ci-O((z, (c))) = opt; ({s €S| fi(s) «jc; forall j #1i})
L-O() = opty(-.. (optalopt; (5))) .-.)

W-O((z, (w))) = {y €5 |Vse S [wiy) <1 wils)l}

w

for all z € N and c,w € N¥, where w®(y) = Zle w;if(y) for all y € S*. For the weighted sum
optimum notion, we assume that all objectives are to be maximized or all objectives are to be
minimaized.

The arbitrary optimum notion of @ maps input instances to all optimal solutions and hence is
polynomial-time solvable if for all input instances x € N we can decide if S* # () and further find
some arbitrary optimal solution s € Sg; in polynomial time. Analogously, the specific optimum
notion searches for optimal solutions that are restricted to be at least as good as the constraint
vector ¢ € NF, whereas the dominating solution notion does not require the solutions to be optimal.
The constraint optimum notion for the i-th objective searches solutions that are at least as good
as ¢ for all objectives j # i and optimal for objective i, while the lexicographical optimum notion
searches for solutions that are optimal according to some fixed order of objectives (here: 1,2,... k).
Finally, the weighted sum notion searches for solutions such that the sum of all objectives weighted
with the weight vector w € N¥ is optimal.

Note that the weighted sum notion takes <—; as the partial order of the weighted sum of values of
solutions, since optimizing the weighted sum only makes sense if all objectives are to be minimized
or all objectives are to be maximized. This notion plays a special role as it combines multiple
objectives into a single function and thus turns out to be equivalent to a single-objective problem.

Proposition 2.7. For every k-objective NP optimization problem O = (S, f, <) where all objectives
are to be mazimized (resp., minimized) there is a single-objective problem O such that W-O = A-0O’.

Proof. Let O' = (8, f', 1) with S"®@Lwk)) = §% and f/{@ (Wi wr)) (5) = Zle w; fE(8). O

We refer to [GRSW10] for a more detailed introduction to solution notions of multiobjective

problems.

Each search notion maps to sets of solutions, which, in turn, map to values in N* via f. Hence,
each search notion naturally motivates a value notion for the problem.



Definition 2.8. For every k-objective NP optimization problem O = (S, f,+) we define the value
notion Val(X-0) as a multivalued function from N to N*, where

Val(X-O)(¢) = [fH(X-O(p))

for all p € N and X € {A,D,S,Cy,Cs,...,Ck,L, W}, where x is the problem instance encoded in
©, and X = W only if all objectives are to be maximized (resp., minimized).

We show that we can restrict to multiobjective problems whose objectives are all to be maximized.

Proposition 2.9. For every k-objective NP optimization problem O = (S, f, <) there is a k-objective
NP optimization problem O’ = (S, f',>) such that for all X € {A,D,S,C1,Co,...,Ck,L,W}

X-0=h x-0 and  Val(X-O) =k Val(X-0')

(where X = W is only considered for < € {<,>}).

Proof. Since f must be polynomial-time computable, there is a polynomial p such that for every
i€ {1,...,k}, f#(s) < 2°0#D. For every i such that <; = <, let f'7(s) = 2= — £#(s) and
f'3(s) = fF(s) for all other 7. Observe that the assertions hold. O

We obtain the following upper bounds for the search and value notions.

Proposition 2.10. Let O = (S, f, <) be a k-objective NP optimization problem.
1. X € {A,S,C1,Cy,...,Ck, LW} = X-O € coNPMV and Val(X-O) € coNPMV.

2. D-O € NPMV, and Val(D-O) € NPMV

Proof. 1. Let X € {A,S,Cy,Cy,...,Ck,L,W}. By definition of multiobjective problems and
search notions, (z,y) € graph(X-O) implies that y is polynomially bounded in its length, and
the same holds for the value of y in particular. Further observe that graph(X-0O) € coNP and
graph(Val(X-0)) € coNP by checking some P-predicate for all possible solutions and hence
we obtain X-O € coNPMV and Val(X-O) € coNPMV.

2. Again, solutions are polynomially bounded. Further observe that graph(D-O) € P and
graph(Val(D-O)) € NP, because ((z,¢), s) € graph(D-O) <= s € 5% and y < ¢, which can
be tested in polynomial time, whereas ({x,¢),y) € graph(Val(D-O)) needs to further check if
a solution s € S* with f*(s) = y exists. O

3 Reducibility Structure

We investigate the reducibility among search and value notions for multiobjective problems. More
specifically, for every possible combination we either show that reducibility holds for all multiobjective
problems (Theorem 3.1, Theorem 3.2) or we give evidence for the existence of a counter example
(Theorem 3.3, Corollary 3.5).

Glafler et al. [GRSW10] show reductions among search notions that generally hold for all multiob-
jective optimization problems.
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Theorem 3.1 ([GRSW10, Theorem 1]). Let O = (S, f,>) be a k-objective NP optimization problem.
1. A-O <R L-0 <} S-0

2. S-0 =1 D-0 = C;-0 =k C,-0 = ... =8 C-0

3. L-O <L W-0O

4. W-O <& SAT and D-O <% SAT
Let us first analyze analogous reductions among value notions and relate them to the search notions.
After that we will give evidence that these are indeed the only reductions that hold in general.

Theorem 3.2. Let O = (S, f,>) be a k-objective NP optimization problem.
1. Val(X-0) <% X-O for X € {A,L,S,D,Cy,Cs, ..., Ci, W}

2. Val(A-O) <} Val(L-0) <} Val(S-0O)
3. Val(D-0) =k Val(S-0) =8 Val(C;-0) fori e {1,....k}
/. Val(L-0) <& Val(W-0)

Proof. 1. We can compute a refinement of Val(X-O) by applying f on a refinement of X-O.

2. Val(L-O) maps to values of optimal solutions, hence every refinement of Val(L-O) is a
refinement of Val(A-O) and we obtain Val(A-O) <% Val(L-0).

To show Val(L-O) <f. Val(S-O) we perform a binary search using Val(S-O) where we first
optimize the objective with the highest priority and go on with the other objectives.

3. It holds that Val(D-O) <% Val(S-0O), because every refinement of Val(S-0O) is also a refinement
of Val(D-O). On the other hand we can compute a refinement of Val(S-O) by a binary search
using any refinement of Val(D-O) and hence obtain Val(S-O) =} Val(D-0).

We can compute a refinement of Val(D-O) by using any refinement of Val(C;-O) with the
input cost vector ¢ = (c1,...,cx) given to Val(D-O): If the refinement of Val(C;-O) returns a
value y = (y1,...,Yx), we return y as a value of the refinement of Val(D-O) iff y; > ¢;. To
compute a refinement of Val(C;-O) we perform a binary search to optimize i using any partial
function that is a refinement of Val(S-O) with the constraints as cost vector.

4. Because f is computable in polynomial time, there is a polynomial ¢ with |f¥(s)| < ¢(|x])
for every instance x € N, every solution s € S* and every i € {1,...,k}. Let the order of
objectives for Val(L-O) be 1,2,...,k and define w; = 2(-=9902]) for j € {1,... k}. Then any
refinement of Val(W-0O) with weight vector w = (w1, ...,ws) is a refinement of Val(L-O), and
we have Val(L-O) <k Val(W-O). O

Theorem 3.3. If P # NP, then there exist two-objective NP optimization problems O1, 02, O3 such
that:
1. Val(L-O1) €5 A-04
2. Val(W-OQ) ﬁ% D-OQ
3. Val(D-O3) €5 W-Os3
11



Proof. We avoid artificial constructions and use natural optimization problems to show the results.

1. We consider the two-objective minimum lateness and weighted flow time scheduling problem
(we assume that objects, such as lists and permutations, are implicitly encoded as non-negative
integers)

2-LWF = (S, f, <), where instances are triples (P, D, W) such that
e P=(p1,...,pn) € N are processing times,
e D= (dy,...,dy) € N" are due dates,
o W = (wy,...,w,) € N" are weights,

§(P,D,W

° ) = {m | 7 is a permutation representing the schedule pr(1), .-, Pr(n)},

o fEPW) (1) = (Liax, > j=1w;Cj) where
— the completion time of job j is C; = Zm(i)gﬁ(j)pi,
— the mazimum lateness is Lyax = max{Cj —d; | 1 < j < n},

— the weighted flow time is 3°7_, w;Cj,

and let O; = 2-LWF. Note that 2-LWF does not strictly conform to the definition of
multiobjective optimization problems since f can have negative values. Nonetheless, since
f is polynomial-time computable, one can easily construct an equivalent problem where the
solutions only have non-negative values by adding an appropriate number.

Define L;-O; for i = 1, 2 as the search notion in which the i-th objective has the higher priority.
It holds that L;-O; is NP-hard and Lo-O; is polynomial-time solvable [GRSW10]. A-O; is
polynomial-time solvable as it can be reduced to Lao-O;1. We now show Li-O; <}, Val(L;-01):

Let (P,D,W) with D = (dy,...,d,) be the input. We query Val(L1-O;) and obtain (Lyax, %),
which is lexicographically optimal over all schedules. Let D' = (d,...,d}), where d, =
d; + Lmax (note that d; > 0 even if Lyax < 0). Observe that for all schedules m we have
fEPW (1) = (2,y) <= fEPW)(1) = (& — Liax, y). It hence remains to find a schedule
for (P, D', W) with value (0,%).

Let D* € N™ with D* < D'. As (0,) is lexicographically optimal for (P, D', W), for all
schedules 7 the value f("P"W)(7) cannot be lexicographically better than (0,%). Let d}
be the smallest due date for job 1 such that a schedule with value (0,X) still exists. This
existence can be tested by querying Val(L;-O;), and hence dj can be found in polynomial
time by binary search. Fix this due date for job 1 and observe that now, in every schedule
with value (0,%), job 1 has completion time C7 = d} and hence we know its exact start and
completion time in such a schedule. We proceed with the remaining jobs in the same way and
hence find a schedule with value (0, %) in polynomial time. It is easy to see that this schedule
has value (0,X) for the instance (P, D', W) and hence has the value (Lyax, X) for (P, D, W).
This shows L1-O; <% Val(L;-O;), hence Val(L;-0;) is NP-hard.

2. We consider the two-objective minimum quadratic diophantine equations problem

2-QDE = (S, f, <), where instances are (a, b, ¢) with a,b,c € N,
S@0e) = {(a,y) | az® + by? — ¢ > 0}, and £ ({z,y)) = (a,y?),

and let Oy = 2-QDE. It holds that D-O; is polynomial-time solvable [GRSW10]. The set
QDE = {(a,b,c¢) € N| 3z,y € N : [az? + by* — ¢ = 0]} is NP-complete [MA78]. Now we show
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that Val(W-0,) is NP-hard by reducing QDE to it. For given (a,b, c) solve Val(W-O3) with
the weight vector w = (a,b). If Val(W-Oy) reports that S{@*¢ = ) then (a,b,c) ¢ QDE. If
otherwise there is some (z/,y’) € Val(W-Oz2)({{a, b, c), (w))), i.e., there exist 2’,y' € N with
azr’ + by’ — ¢ > 0 and minimal az’ + by/, then (a,b,c) € QDE if and only if ax’ + by’ — ¢ = 0.
So it holds that QDE <. Val(W-05) and therefore Val(W-O3) is NP-hard.

3. We consider the two-objective minimum spanning tree problem (again, assume that graphs
and trees are encoded as non-negative integers)

2-MST = (S, f, <), where instances are N>-edge-labeled graphs G = (V, E, 1),
S¢ ={T C E | T is a spanning tree of G}, and f¢(T) =Y . l(e),

and let O3 = 2-MST. It is known that W-Os is polynomial-time solvable, while D-Oj is
NP-hard [GRSW10, PY82]. We show D-O3 <k Val(D-Os).

Given an N2-edge-labeled input graph G = (V, E, ) and a cost vector ¢ € N2, suppose there
exists a spanning tree that weakly dominates c. Since every spanning tree consists of exactly
|[V| =1 edges, if |E| > |V| —1 then there must be some edge that we can delete from the graph
such that the resulting graph still contains a spanning tree that weakly dominates c¢. To find
such an edge we loop over all e € E and ask Val(D-O3) whether the graph with edges E \ {e}
contains a spanning tree that weakly dominates c. We remove the edge we found and repeat
with the altered graph until |E| = |V| — 1. Clearly, this process terminates after polynomially
many iterations and the resulting graph is a spanning tree that weakly dominates c. Hence
Val(D-03) is NP-hard, and Val(D-O3) €5 W-Oj3, unless P = NP. O

The question of whether A-O <% Val(W-0O) is related to the study of search versus decision
[BD76, Bal89, BBFG91], more precisely to the notion of functional self-reducibility, which was
introduced by Borodin and Demers [BD76]. A problem is functionally self-reducible if it belongs to
the following set (whose name indicates that functional self-reducibility is a universal variant of the
notion of search reduces to decision).

SRDy = {L € NP | for all polynomials p and all R € P it holds that (L = 3,- R = wit,- R <% L)}

The statement 1 in the following theorem is equivalent to the statement NP # SRDy. Moreover,
if there exists an L € NP for which search does not reduce to decision (as shown by Beigel et al.
[BBFG91] under the assumption EE # NEE), then statement 1 holds.
Theorem 3.4. The following statements are equivalent:

1. There exists a polynomial p and R € P such that wit,- R €% 3, R.

2. There exists a multiobjective NP optimization problem O = (S, f,>) such that A-O £},
Val(W-0) =F. Val(D-O) and |range(f)| = 1.

Proof. “1 = 27: Define O = (S, f,>) by S* = wity- R(z) and f((z,y)) = 1 for y € S*. So
(z € 3, R <= S% # 0) and hence 3)- R =, Val(W-O) =} Val(D-0O). The implication follows,
since A-O = wit,- R €% 3, R.
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“2 = 17: From [range(f)| = 1 it follows that each y € S* is optimal. Choose a polynomial p
such that y < 2P(2) for all y € S*. Let R = {(x,y) | y € S*} and note that R € P (by the
definition of multiobjective problems). Observe that A-O = wit,- R. Moreover, z € 3,- R <=
Val(W-0)((x,0)) # 0 and hence 3,- R <. Val(W-O). Therefore, wit,- R £} 3, R, since otherwise
A-O <} 3,- R <} Val(W-0). O

Corollary 3.5. If P £ NPNcoNP or EE # NEE, then there exists a multiobjective NP optimization
problem O = (S, f,>) such that A-O £ Val(W-0) =k, Val(D-0).

Proof. Valiant [Val76] shows that P # NP N coNP implies statement 1 in Theorem 3.4. Beigel et al.
[BBFG91] show that EE # NEE implies the same statement (cf. Theorem 4.10). O

The results of this section are summarized in Figure 2.

4 Complexity of Value Notions

This section addresses the following questions concerning the complexities of value notions Val(A-Q),
Val(L-0), Val(D-0), and Val(W-0O).

Q1: What complexities can appear?
Q2: What settings of complexities for Val(A-O), Val(L-O), Val(D-0O), and Val(W-Q) are possible
for fixed multiobjective problems O7

It turns out that Val(L-O), Val(D-0), and Val(W-0O) can be embedded in NP, while we give evidence
that this does not hold for Val(A-O). Moreover, NP can be embedded in Val(A-O), Val(L-O),
Val(D-0), and Val(W-0O), which answers Q1. Regarding Q2, we show that the following settings
of complexities are possible: For all sets A, L, D,W € NP that satisfy the following moderate
requirements there exist multiobjective NP optimization problems O whose value notions are
equivalent to A, L, D, W.

e Requirement 1: A SPF L §PT) D and L S% w

e Requirement 2: W =% ¢ for some g € max - D

The first requirement is necessary, since by Theorem 3.2 these reducibilities hold for all multiobjective
NP optimization problems. The necessity of the second requirement is shown by Proposition 4.2.

Theorem 4.1. Let A, L, D, W € NP such that A <} L <8 D and L <} W =% g for some
g € max - D. Then there exists a two-objective NP optimization problem O = (S, f,>) such that

1. Val(A-O) =h A
2. Val(L-0) = L
3. Val(D-0) =2 D
/. Val(W-0) =2 W
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Proof. Let A, L, D, W € NP, g € max - D with reduction relations as required in the statement of
the theorem and let A, L, D, € P be corresponding witness sets. For the order of objectives
with regard to Val(L-O) we choose to give priority to the first objective.

We first show that we can demand the following without loss of generality:

Claim 4.1.1. By replacing all sets and functions in the theorem with equivalent sets and functions,
it can be assumed that p is a polynomial such that for any x the following holds:

1. for any L € {Ay, Lw, Dy} and any y such that (x,y) € L it holds that y < 2P()

2. for all y where (x,y) € D it holds that 0 <y < 272D — 1 and g = max, - D

3. there is at least one y such that (x,y) € D

4. for all y it holds that (x,y) € D <= (,2?(*) —1 —9) e D
Proof. Statement 1 can be fulfilled by using a large enough polynomial and removing witnesses
from the witness set that are too large. Note that 1 remains fulfilled for larger polynomials.

For an arbitrary Dy € NP and gy = max,, - Do (with py > 0), we now construct D =1, Dy and
g = max, - D =k go for some polynomial p that fulfill the assertions. Consider the set

D' 4{((,0),9) | (2,9) € Do and y < 270D} U (2,1 +5),0) | a =1V (@ =0A x,y) € Do)}

Observe that Dy =5 D', go =h ¢ £max,, - D' and for all (z,y) € D’ it holds that y < 2ro(lzl),
Choose some polynomial p such that p > pg 4+ 3 and p is large enough for assertion 1. Observe that
for

D ({2,200~ 1) | {z,y) € D'} U
{(z,2°0eD=1 1) | 2 e N} U
{{z, 27(I=D= >|w€N}U

{2001 1 )| (ay) € D)

it holds that D =% D" and g¢ %maxp - D =8 go. Moreover, D and g fulfill the remaining assertions.
O

We define the 2-objective maximization problem O = (S, f,>) b

={(0,0,9) | (z,y) € Aw} (stage for A)
53“1 {(0,0,00} U {{0,1,9) | (z,y) € Lu} (stage for L)
§3F2 = {(0,4,0) | i < 27(*D} U (stage for W and D)

{(Ly,2) | y < 220" and ((z,y),2) € Dy}

3747 ((a, i, z)) = (i + a, j) such that i + j = 2P(=])

The lengths of valid solutions are obviously polynomially bounded and S is in P, because (a, 1, 2) €
5327 can always be checked by simple arithmetic and optionally some query to a witness set in P.
The objective function f is computable in polynomial time.
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op(lz]) ) exists <= (z,1) € D
B O\:/ exists <= (x,2) € D
u O\:\'/ .
b oD
i OO
b oD
i OO
6 O\')
54 O .
5] O3 (I=1)
3 o0 exists <= (x,2PU%D) —2) € D
2 Ok:\/ < >
1 O
0 T T T T T 1T T T T T Q T
0123456 op(lal) fi

Figure 4: Tllustration of f(S37+2).

1. Val(A-O) <P A: Note that the value (0,2P(=)) is always optimal for instances of the form
3z + 1 or 3z + 2, so the reduction algorithm can output it without querying A. For instances
of the form 3z it queries A for = and outputs (0, 2°(*)) if the answer is yes and L otherwise.

A <}, Val(A-O): Here, on input z the reduction is done by a query for Val(A-O)(3z) with
output “no” if and only if the answer is L.

2. Val(L-0) <P L: Note that for instances of the form 3z + 2, the values (0,2P(7D)) and (27(=]) 0)
are always optimal, so the reduction algorithm can output a lexicographically optimal solution
without querying L. Instances of the form 3z can be solved by a query to Val(A-O) <} A <} L.
Let now the instance be 3z + 1. Note that Val(L-O) has to output (0,2P0#D) if 2 ¢ I and
(1,2P0=) — 1) otherwise, which can be checked by a simple query to L.

L <} Val(L-O): Similar to the case for A, the reduction is a simple query to Val(L-O)(3z +1).

3. Val(D-O) <} D: Instances not of the form 3z + 2 can be handled by queries to Val(A-O) or
Val(L-0) since Val(A-O) <} A <} D and Val(L-O) <}, L <} D. Let now (3z + 2, (i, j)) be
the input.

If i 4+ 7 < 2P0eD | output f37+2((0,4,0)) = (i,2P1*) — i), which is always the value of some
solution. If i 45 > 2P(=D) 41, there is no solution that (weakly) dominates this value, so output
L. For the last case, i +j = 2P(#)) 41, note that the only solutions that can possibly (weakly)
dominate the value (i, ) are those of type (1,y,z) for y < 2°(#) and ((z,y), z) € D,, which
also have the value (7, 7). This means that y =i — 1, so we can return (3, j) if (z,i —1) € D
and L otherwise.

D <P Val(D-0O): On input (x,y), Val(D-O)((3z + 2, (i, §))) with i = y + 1 and j = 2P(2) —y
is queried. As shown in the previous paragraph, the result of this query tells whether or not
(x,y) € D.
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4. Val(W-0) <%, W: As in the case of Val(D-0), instances not of the form 3z + 2 can be handled
by indirect reductions. For instances of the form 3z + 2 we show Val(W-0) <% g¢:

It obviously suffices to return values from the border of the convex hull of all solution values.
It even suffices to consider only corner points of the convex hull. These corner points are
(0’ 2p(|z|))’ (210(‘96”7 0), (1 4 Ymin, 2p(lzl) — ymin) and (1 + Ymax; 2p(lz)) — ymax) where ymin and
Ymax are the minimal and maximal values for y such that (z,y) € D. Since we required
that (z,y) € D < (z,2°(7) —1 —4) € D, we only need to determine g, and this can
obviously be done by a query to g(z) (note that we also required that there is at least one y
such that (z,y) € D).

5. W <% Val(W-O): The reduction g <% Val(W-O) holds as follows: On input z,
Val(W-0)((3z + 2, (w,w — 1))) for w = 2P1#) 4 1 is queried. The weighted sum of the
value of a solution s = (a, i, 2) is

w f’m+2(<a,i, 2)) + (w—1) 23:H2(<a,z', 2)) =w(i+a)+ (w— 1)(2P(\$|) — )
=i+ wa+ (w—1)2°0),

Since every possible value for i is at most 2°(#)) < w and we required that there is at least one
y such that (z,y) € D, the function Val(W-0O) returns the value of a solution of type (1,y, 2)
with maximal y, which is exactly g(x). O

We now show that in Theorem 4.1 it is necessary to restrict the relationship between D and W such
that W =k g for some g € max-D. As a consequence, the complexities for Val(A-O), Val(L-O),
Val(D-0), and Val(W-Q) provided by Theorem 4.1 are indeed all possible complexities for the value
notions that can be described in terms of sets (cf. Corollary 4.3).

Proposition 4.2. For every multiobjective NP optimization problem O = (S, f,>) there is some
A € NP and g € max - A such that

Val(D-O) =% A and Val(W-0) =k g.

Proof. For the k-objective problem O = (S, f,>) let

k
A= {<<$, <’LU>>, <Z7yk; .- '7y1>/> ‘ w e Nkuyl < 2p(‘x|)7z = szy’u and
i=1
there is some s € S* such that f*(s) > (y1,...,9k)}

where p is a polynomial upper bound for all polynomials in the definition of O and (2, yg, ..., vy1)’ L1+
z - 2kp(el) 4 Zle y; - 200202 for » € N and 0 < gy < 2P, This means that () is a
bijection between N x {0,..., op(lzl) — 1}’g and NT that transfers the lexicographical order on
Nx{0,...,2°P02) _1}* to the natural order on N*. Furthermore, for all ((z, (w)), (2, 9k, ...,y1)") € A
it holds that (z,yg,...,y1) < 290D for some polynomial ¢. Since {(z,s) | z € N,s € §*} € P
and f € PF we have A € NP. Let g = max, - A. We will show Val(D-0) =}, A and Val(W-0) =} g.
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1. Val(D-0) <k A: On input (z, {c)), we query 2’ := ((x,(0,0,...,0)),(0,ck,...,c1)') € A. If

x’ ¢ A, then there is no s € S* with f(s) > (c1,...,cx), and we return L. Otherwise there is
some s € S5, with f%(s) = (c,...,¢}) > (c1,...,cx). We find (ci,...,c}) by a binary search
using queries similar to ' and return (¢}, ..., c}).

2. A <k Val(D-0): On input ((z, (w)), (2, Yk, .., vy1)), we reject if z # Zle w;y;. Otherwise we
accept if and only if there is some s € S* with f*(s) > (y1,...,¥yx), which can be determined
by a query to Val(D-O) on (x, (y1,...,Yk))-

3. Val(W-0) < g: On input (z, (w, ..., wy)), we obtain r := g({z, (w1, ..., w))) by a query to
the oracle. If r = 0, there are no z,y1,...,yx € N with ((z, (w1, ..., ws)), (2, Yk, ..., 1)) € A,
and thus S = () and we return L. Otherwise, let z,91,...,yx € N with (z,yx,...,y1) = r.
Hence we have z = Zle w;y; and f*(s) > (y1,...,yx) for some s € ST.

Assume there is some s’ € S5, such that LS i fEs) > S wifF(s) > 8wy,
Then (2, fF(s'),..., f£(s")) > (2,yk,...,y1)’ = 7 because of the lexicographic ordering
induced by (-)" and thus 7 is not maximal, which is a contradiction.

It remains to show that (yi1,...,yx) is the value of some solution. Let s be the previously
mentioned solution and assume that f¥(s) > y; for some i. Let 2/ < le wi fF(s). If 2/ > z,
then (2, fZ(s),..., ff(s)) > r, which is impossible. Otherwise z’ = z (and w; = 0) and
hence (z', fE(s), ..., f&(s))’ > r, which is impossible again. Thus we have f(s) = (y1,...,yx),
which is a valid answer for the input.

4. g <P Val(W-0): On input (z, (w1, ..., w)), let w; := w; - 2FP1=) 4 26=1)2(2]) for all j and
query Val(W-O) on (z, (w0, ...,uw)). On answer L we have S* = () and return 0, which is
obviously the correct value. Otherwise, if (y1, ..., yx) is the obtained answer, let the reduction
function return 1—1—2?21 WiY; = 1—1—2?21 w;y; 28 Pl —1—22621 y 2= 022D = (5 9 4 for
z= Zle w;y;. Because we got (y1,...,yx) from a query to Val(W-Q), there is some s € S*
such that f*(s) > (y1,...,yx) and thus, the returned value is in wit,- A((x, (w1, ..., wg))). To
see that it is indeed maximal, assume there is some (', 44, ...,y,) € wity- A((z, (w1, ..., w)))
that is strictly larger. Here we get

k k k
S i = S w2 e 4 3 yr(-1leD
=1 =1

i=1

k
= <2/7y;<;7"'7y/1>/_1 > <z7yk7"'7y1>/_1 :Zwly’m
i=1

which contradicts the fact that Val(W-O) returns a value that is optimal with respect to the
sum weighted by (w1, ..., wg). O
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Corollary 4.3. Let A, L, D,W &€ NP. The following statements are equivalent:
1. There exists a multiobjective NP optimization problem O = (S*, f,>) such that

A =P Val(A-0),

L =k Val(L-0),
D =} Val(D-0),
W =k Val(W-0).

2. A SPT) L §1T> D,W and W is S%-equivalent to some function in max - D’ for some D' € NP
such that D" =% D.

Proof. “2 = 17 follows from Theorem 4.1 applied to A, L, D', W and “1 = 2” follows from Proposi-
tion 4.2 and Theorem 3.2. O

Corollary 4.4. If A,L,W € NP such that A <} L <85 W, then there exists a multiobjective NP
optimization problem O such that A = Val(A-O), L =% Val(L-O), and W = Val(W-0) =
Val(D-0O).

Proof. Let D = D' = {(z,1) | € W} and p(n) = 1. Note that D,D’ € NP, D' =} D =L W, and
max, - D' =8 W. So we can apply Corollary 4.3, which finishes the proof. O

From the results in this section it follows that Val(L-O), Val(D-O), and Val(W-O) are always
equivalent to sets in NP, which is probably not true for Val(A-O).

Corollary 4.5. For every multiobjective NP optimization problem O the following holds.
1. Val(L-O) =% B for some B € NP.
2. Val(D-O) =}, B for some B € NP.

3. Val(W-0) =} B for some B € NP.

Proof. 1. Let 1,2,...,k be the order of objectives for Val(L-O). For the k-objective problem
= (S, f, <), let p be a polynomial upper bound for all values of f. Let
B ={{x,(y1,---,Yk)) | ©,y1,...,yx € N and there is some s € S* such that fi(s) <1 y1
Nfi(s) =y = (fas) <2 v2
ANfa(s) =y2 = (fs(s) <3 u3

A fr-1(8) =yr—1 = fr(s) < yr---))}

and observe that B € NP. We have Val(L-O) <} B by a binary search over k stages: suppose
(y1,---,y;) € Val(L-O)(x). In the i-th stage of the binary search, we ask queries of the form
(@, Uiy Y1, Yis Zit1s - - -» 2k)) € B, where z; = 0 if the j-th objective is maximized, and
zj = or(Iz1) otherwise. This way we find y; in polynomial time. On the other hand, given the
value of Val(L-O)(x), it is easy to determine whether or not (x, (y1,...,yx)) € B, hence we
also have B <} Val(L-O).
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2. Follows from Proposition 4.2.

3. By Proposition 4.2, there exists a g € max - NP such that Val(W-0O) =, g. By Proposition 2.3,
g =% B for some B € NP. O

The absence of Val(A-O) in Corollary 4.5 can be explained: Below we show that each function in
wit- P is equivalent to some Val(A-O) (we will later show the stronger statement that each function
in wit- P is equivalent to some A-O (Proposition 5.2) and each A-O is equivalent to some Val(A-O')
(Proposition 5.8)). Then in Corollary 4.8 we give evidence for the existence of functions in wit- P
that are inequivalent to all sets. Hence this is an evidence for the existence of multiobjective NP
optimization problems whose arbitrary optimum search and value notions are inequivalent to all
sets.

Proposition 4.6. For every g € wit-P there is some two-objective NP optimization problem O
such that g =5 Val(A-O).

Proof. Let g = wit,- R for some polynomial p and R € P. Define O = (9, f, >) such that 5% = g(z)
and f7(s) = (s,2P(71) — ) for all s € S* and observe that g(z) =% Val(A-0). O

2t .
Theorem 4.7. Let t,m: N — N such that t(i) = 22°  and m(i) = 2.
Let f € wit-P such that supp(f) C {t(i) + k| i € N,0 < k <m(i)} and f =} A for some A C N.

1. supp(f) € FewP.

2. If supp(f) ={t(i) +k|i e N,0<k <m(i)} then A € UP NcoUP.

Proof. We begin with the first statement. Since f <}, A, there is some partial function g: N — N
that is a refinement of f such that g <. A. Furthermore, since A <% f, we have g <} f via
some polynomial-time oracle Turing machine M. In order to simplify notation, we define for
any r > 0 and any ¢ = (q1,...,¢r) and a = (ay,...,a,) the multivalued function Oy , such that
Ogo(z) ={a; | x = g; for some 1 <i <r}. Let now

W= {(t@@) + k,(r,q,a)) | 0 <k <m(i),q = (qi,...,qr) such that
@1 <q<--<g and{q,...,¢:} C{tQ) + & | < i,k <m(5)},
V1< s<r: MY%a(q) € O) ,(as) C f(as),
ti)+ke{a,. .. .e}}

We show that W € P and supp(f) € 3-W.

W € P: The only nontrivial parts are checking that Oy ,(gs) € f(gs) and MOaa(q,) € Oy 4(qs) for
all 1 < s < r. The former can be done in polynomial time since f € wit-P and the latter by a

simulation of the polynomial-time oracle Turing machine M.

supp(f) € 3-W: We first show that there is a polynomial p such that for (¢(i) + k, (r,q,a)) € W
it holds that (r, q,a) < 2PUDTED "or |(r, q,a)| < p(|t(i) + k|). For some ¢ € N, we have an obvious
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bound of

(r,g.0)] < ¢ m()IG) +m(G)E < e S [24(G)H < ¢S (2 + 22 )t
j=0

J=0 Jj=0
i o (e42)2” _
J . (3
< CZ o(c+2)2? <ec Z 9 < . olt(c+2)2? :
j=0 7=0

which is polynomial in 92”" and thus in [t(2) + k|-

For supp(f) C 3,-W, let « = t(i) + k € supp(f). Let 1 < --- < ¢, such that {q1,...,¢} =
supp(f)N{0,1,...,t(i)+m(i) — 1} and define ¢ = {q1,...,q¢-) and a = (g(q1),...,9(¢r)). Remember
that g <%, f via M. On input ¢(z) + m(i) — 1 (or smaller), there is some ¢ € N such that the largest
number M can query is at most

i\ 2¢
22" i
olt(i)+m(i)—1|° < 9l2t(i)[° < olt(i)|* < 2(2 ) < 222°22 )

For large enough ¢ it holds that

i\ 2
o2t 52 5it1
92*? <22< ) =22 —¢(i+1).

By encoding oracle answers into the program, we can assume that M only queries the oracle for inputs

with i large enough for the above inequality to hold and thus M%.a(z) = M7 (z) = g(z) € Oy o(z)
for all z € {q1,...,qr}. This shows that (t(i) + k, (r,q,a)) € W.

In order to show 3,- W C supp(f) let (t(i) + &, (r,q,a)) € W and (g1, ...,q,) = q. Since t(i) + k €
{a1,.-.,¢-} and OF ,(gs) € f(gs) for all s € {1,...,r}, it especially holds that f(t(i) + k) # () and
thus t(i) + k € supp(f).

Let us now count the number of witnesses for each t(i) + k € 3,-W. Note that for a fixed set
{q1,...,q-}, the values in a are uniquely determined by the simulations M%.a. Thus the number of
witnesses w(7) is at most the number of subsets of supp(f) N{0,1,...,¢(7) +m(i) — 1}, i.e.,

i . i i\ 2
'LU(Z) < QZj:om(J) — 92 11 < <22 ) < ’t(i)’2,

which is polynomial in |¢(i) + k| and thus supp(f) = 3p- W € FewP.

For the second statement, note that it now holds that supp(f) = {t(i)+k | i € N,0 < k < m(i)}. We
describe a (UP N coUP)-Machine M’ that accepts A. On input x, let ¢(i) + k be the largest number
in supp(f) that can possibly be queried in the reduction A <%, f on input length |z|. Observe that
for r = Zé’:o m(j) there is exactly one pair (g, a) such that (¢(i) + k, (r,q,a)) € W. This means
that if M’ searches nondeterministically for a pair (¢’,a") such that (¢(i) + k, (r,¢’,a’)) € W, there
is exactly one path that finds such a pair and it holds that (¢’,a’) = (¢, a). Following that, M’ can
simulate the reduction A <}, f, since Oy is a “refinement” of f restricted to the part of supp(f)
that can possibly be queried in the reduction. After this simulation, there is a single path of M’
that has the information of whether or not x € A and thus A € UP N coUP. O
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The following corollary shows that under reasonable assumptions there are multivalued functions
that are inequivalent to any set. Note that a multivalued function f is equivalent to a set if and
only if the set of partial functions that are refinements of f has a minimal element with respect to
the partial order <}.. In other words, a multivalued function f is not equivalent to any set if and
only if no partial function that is a refinement of f is reducible (and thus equivalent) to f.

Corollary 4.8.
1. If FewEEE # NEEE, then there exists an f € wit-P such that f #%. A for all A C N.

2. If UEEE N coUEEE # NEEE N coNEEE, then there exists an f € wit-P such that f #h A
for all A CN.

Proof. 1. Proposition 2.5.4 provides a B € NP —FewP such that B C {t(c-i)+k | i € N,0 < k < 2¢}

for some ¢ > 1 and t(n) = 2222 . Choose a polynomial p and R € P such that B =3,-R. Let f =
wit,- R and note that supp(f) = B C {t(c-i)+k|i € N,0 <k <2} C{t(i)+k|i e N,0<k <2}
By Theorem 4.7.1, if f =l A for some A C N, then B = supp(f) € FewP, which is a contradiction.

2. Proposition 2.5.5 provides a B € (NP N coNP) — (UP — coUP) such that B C {t(c i)+ k|i €

N,0 < k < 2¢} for some ¢ > 1 and t(n) = 922" Choose a polynomial p and R, R’ € P such that
B=3,,Rand B=13, R. Let S = {(t(i) + k,y) € RUR' | i € N,0 < k < 2} and note that S € P.
Let f = wit,-S. Observe that supp(f) = 3,- S = {t(i) + k | i € N,0 < k < 2'}. By Theorem 4.7.2,
if f =k A for some A C N, then A € UP N coUP and hence B € UP N coUP (since B <. f <I. A).
The latter is a contradiction. O

In Corollary 4.3 we characterized the compositions of sets A, L,D,W & NP for which there
exist problems O with search notions equivalent to A, L, D, W. Besides the trivial requirements
A<} L <} Dand L <. W (they hold for all problems by Theorem 3.2) there is one additional:

W = ¢ for some g € max - D (4)

Observe that every set X € NP is equivalent to some function g € max-Y for some Y =} SAT
(define Y = {(z,3+cx(z)) | v € N} U {(z,1+ csar(z)) | x € N}). So for a problem O where
Val(D-O) is NP-hard, the complexity of Val(W-O) can be arbitrary. The easier Val(D-O) gets,
the more restrictions are imposed on the complexity for Val(W-O). However, this does not mean
that Val(W-O) needs to have lower complexity, since Val(W-0O) can be NP-hard while Val(D-0O) is
polynomial-time solvable (take, for example, D as a witness set for SAT).

We now further investigate the particular situation where Val(D-O) is polynomial-time solvable.
Here, Val(W-O) must be equivalent to some function in max-P. Does this really restrict the
complexity of Val(W-0)? Using a technique by Beigel at al. [BBFG91] we give evidence for the
existence of sets in NP that are not equivalent to functions from wit-P (resp., max - P). More
precisely, under the assumption EE # NEE there exist very sparse sets in X € NP — P and we show
that such sets cannot be equivalent to functions in wit- P. It follows that there is no multiobjective
NP optimization problem O such that Val(W-O) =7, X, while Val(A-O), Val(L-O), and Val(D-O)
are polynomial-time solvable. This is an evidence that the requirement (4) is indeed a restriction.

22



Lemma 4.9. If A¢ P and A C {22”36 | x € N} where ¢ > 1, then A #k f for all f € wit-P.

Proof. Assume there exists an f € wit-P such that A =5 f. So f <L A via an oracle Turing
machine M whose running time is bounded by some polynomial g. On inputs of length n, the

machine M cannot ask queries longer than g(n). In particular, it cannot query y = 92 where
x = [logq(n)], since |y| > 2%° > 2% > ¢(n).

Therefore, for inputs of length n, we can replace M’s oracle A by the characteristic sequence

0¢ 1° 2¢ llog g(n) ]
an = xa(2® ) xa(2® ) xa( ) - xa@7T ).

Since |a,| = 1+ |logq(n)] < 14 logq(n), there are at most 2'71°89(") = 2¢(n) sequences of length
|an|. So on input y where n = |y| we can simulate in polynomial time the computation of M on
y for all characteristic sequences of length |a,|. If f(y) # 0, then at least one simulation returns
a value from f(y). Moreover, we can verify the correctness of these values in polynomial time,
since graph(f) € P. This shows that f has a refinement in PF and hence A € P, which is a
contradiction. O

Theorem 4.10.
1. If EE # NEE, then there exists a B € NP such that B #%, f for all f € wit-P.

2. If NP has P-bi-immune sets, then there exists a B € NP such that B #% f for all f € wit-P.

Proof. 1. Proposition 2.5 provides a B € NP — P such that B C {2216 | z € N} where ¢ > 1. Now
apply Lemma 4.9. 2. Choose a P-bi-immune L € NP and let B = L N {2%" | x € N}. From the
P-bi-immunity of L it follows that B ¢ P. Now apply Lemma 4.9. O

Corollary 4.11.
1. If EE # NEE, then there exists an B € NP such that B #%. g for all g € max - P.

2. If NP has P-bi-immune sets, then there exists an B € NP such that B #%. g for all g € max - P.

Proof. Let B be the set provided by Theorem 4.10. It suffices to show that for every g € max-P
there exists some f € wit- P such that g E% f. Let g € max - P and choose R’ € P and a polynomial
p such that g = max, - R'. The set R = {((z,2),y) | 1 < 2 <y < 2°P(?) and (z,y) € R'} is in P.
Let f = wit,- R and observe f =} g. O

5 Complexity of Search Notions

As opposed to the value notions from the previous section, the complexities of search notions
A-O, L-0, D-O, and W-O do not cover all problems in NP, unless NEE = coNEE. However, the
complexities of L-O, D-O, and W-O exactly coincide with the complexities of wit- P-functions.
This does not hold for the complexities of A-O, unless EE = NEE N coNEE. They cover at least
all problems in NP N coNP, but it remains a task for further research to exactly determine these
complexities.
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Theorem 5.1. Let k > 1 and h be a multivalued function. The following statements are equivalent:

1. There is some g € wit-P such that h =% g.
2. There is some k-objective NP optimization problem O = (S, f,>) such that h =} L-O.
3. There is some k-objective NP optimization problem O = (S, f,>) such that h =} D-O.

4. There is some k-objective NP optimization problem O = (S, f,>) such that h =5, W-O.

Proof. “1 = 2, 3, 4”: Define the k-objective problem O = (S, f,>) with S* = g(z) and f*(s) =
(0,0,...,0) for all s € S*. It holds that D-O =§ W-O =, L-O = g =}, h.

“2=1": Let O = (S, f,>) be a k-objective problem such that h =} L-O. We assume that the
order of objectives for L-O is 1,2,..., k. Let X = {((z,¢1,...,¢k),8) | s € S*,¢1,...,ck €N, there
is some 1 < ip < k + 1 such that ff(s) = ¢; for all i < ip and (if 49 < k) f7(s) > ¢;o} € P and
g = wit,- X for a large enough polynomial p.

g <% L-O: On input (z,c1,...,c;) we query L-O(z). If the answer is L, we return L, since in
this case S¥ = (). Otherwise, let the answer be s € S%. If there is some 1 < iy < k -+ 1 such that
[i(s) = ¢ for all i < ig and f7(s) > c;y, return s, otherwise return L. We have to show that
the reduction is correct if this ig does not exist. In this case, there is some 1 < jy < k such that
[i(s) = ¢ for all i < jo and f3 (s) < c¢j,. Assume our answer is incorrect. Then there is some
s’ € S% such that f(s') = ff(s) = ¢; for all i < jo and f (s') > ¢j, > [ (s). This contradicts the
optimality of s with respect to the jp-th objective.

L-O < g: Start with the constraint vector (c1,cz,...,cx) = (0,0,...,0) and successively determine
the highest value for each constraint using binary search (leaving the constraints with lower index
at their highest value and setting the constraints with higher index to zero). The obtained solution
is lexicographically optimal.

“3=1": Let O = (S, f,>) be a k-objective problem such that h =§ D-O. Define X = {{(z, (¢)), y) |

y € 8% ce NF f%(y) > ¢} € P and note that D-O € wit- X C wit- P.

“4 = 3”: Note that by Proposition 2.7, W-O = A-Q’ for some single-objective problem O’ and
A-O' = D-O' since O' is a single-objective problem. O
The search notion A-O is missing in Theorem 5.1. Here we show that each function in wit- P is
equivalent to (even equals) some A-O and we provide evidence against the converse (Corollary 5.5).
Proposition 5.2. For every k > 1 and every function g € wit-P there is some k-objective NP

optimization problem O such that g = A-O.

Proof. Define the k-objective problem O = (S, f,>) with S* = g(x) and f*(s) = (0,0,...,0) for all
s € S* and observe that g(z) = A-O. O

The proposition raises the question of whether every A-O is equivalent to some function in wit- P.
We show that the answer is no, unless EE = NEE N coNEE. For this purpose, we first prove that
the complexities of the A-O cover at least all problems in NP N coNP.
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Theorem 5.3. For every L € NP NcoNP there is a two-objective NP optimization problem O such
that A-O =8 L.

Proof. Let L € NP N coNP. Hence there are witness sets Lq, Lo € P and a polynomial p such that
L =3, Ly and L= dp- Lo, which means that

zel <« Jywithy<2?(®) and (z,y) € L,
v ¢ L <= Jywithy < 2°07) and (2,9) € Ly

for all z € N. Note that L; and Ly are disjoint. Let O = (S, f, <), where S* = wit,- L1(z) U
wit,- Lo (x) U {2P(D) 2P(2D) 4 1} and

(1,0) if y < 2°02D) and (z,y) € L,
N 2,0) if y = 2r(=D

(0,1) ify < 2P0 and (x,y) € Lo

(0,2) ify=2v0e) 41

for all x € N and y € S*. Observe that O is a 2-objective NP optimization problem. We have the
following reductions.

1. L <} A-O: For all z € N we have

rel <= 3Jywithy<2Pl®) and (z,y) € L; and
vy with i < 2P07D) we have (x,9) ¢ Lo
—  A-O(z) = wity Ly(x) U {2r(7) 41}

and z ¢ L <= A-O(z) = wit, La(x) U {2P1#D} analogously. If we get an arbitrary element
from A-O(z) we can distinguish the two cases in polynomial time and thus L <}, A-O.

2. A-O <} L: For z € N, observe that {or=D oreh) 4 1} C §%. We will argue that one of those
solutions is optimal and, furthermore, this solution can be determined by a single query to
L. For that purpose, observe that if z € L, then for all y < 2°(%)) we have (x,y) ¢ Lo, hence
there is no y whose value dominates (0,2), and we can return y = 2r(2l) 4+ 1 as solution for
A-O(z). On the other hand, if 2 ¢ L, then for all y < 2P(®) we have (x,y) ¢ L1, hence there
is no y whose value dominates (2,0), and we can return y = 2P(2) as solution for A-O(z). In

all cases we compute a refinement of A-O and thus have A-O <. L as claimed. O
Theorem 5.4.
1. If EE # NEE N coNEE, then there exists a B € (NP N coNP) — P such that B #5. f for all
f € wit-P.

2. If NP N coNP has P-bi-immune sets, then there exists a B € (NP N coNP) — P such that
B #8 f for all f € wit-P.

Proof. 1. Proposition 2.5 provides a B € (NP N coNP) — P such that B C {22956 | z € N} for some
¢ > 1. Now apply Lemma 4.9. 2. Choose a P-bi-immune L € NPNcoNP and let B = LN{2?" | » € N}.
From the P-bi-immunity of L it follows that B ¢ P. Now apply Lemma 4.9. O
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Corollary 5.5.

1. If EE # NEE N coNEE, then there exists a two-objective NP optimization problem O such
that A-O #£8. f for all f € wit-P.

2. If NPNcoNP has P-bi-immune sets, then there exists a two-objective NP optimization problem
O such that A-O #%. f for all f € wit-P.

Proof. Let B be the set provided by Theorem 5.4. By B € NP N coNP and Theorem 5.3, there
exists a 2-objective NP optimization problem O such that A-O =% B. 0

The Theorems 5.1 and 5.3 raise the following questions: Is every set in NP equivalent to some A-O
(resp., L-O, D-O, W-0)? With Theorem 5.7 we show that the answer is no, unless NEE = coNEE.
There we use the following idea by Beigel et al. [BBFGI1]: If NEE # coNEE, then NP — coNP
contains very sparse sets. Such sets cannot be equivalent to some A-O and hence (by Lemma 4.9)
they cannot be equivalent to functions in wit- P.

Lemma 5.6. If B ¢ coNP and B C {22ZC | 2 € N} where ¢ > 1, then B #5 A-O for all
multiobjective NP optimization problems O.

Proof. Assume there exists a k-objective NP optimization problem O = (S, f, <) such that B =}
A-O. Without loss of generality we may assume that A-O(z) # ) for all z. Choose a polynomial p
and oracle Turing machines M; and M such that B <}, A-O via My, A-O <}, B via My, and the
running times of M; and My are bounded by p.

Let M be the following polynomial-time oracle Turing machine: M on input x simulates the
computation of M; on x such that each inquiry ¢ to the oracle is replaced by the computation My
on ¢q (where the queries caused by Ms on ¢ are passed to M’s oracle). Note that B §% B via M
and hence L(M?) = B.

Consider M on input of some z of length n. The queries ¢ generated by the simulation of M;
on x cannot be longer than p(n). Each such ¢ causes a computation of My on ¢ whose running
time is bounded by p(|g|) < p(p(n)). Therefore, all oracle queries asked by M on x are of length
at most p(p(n)). In particular, M on z cannot query q = 92" where 2 = [log p(p(n))], since
lg| > 2%° > 2% > p(p(n)). So for inputs of length at most n, we can replace M’s oracle B by the
characteristic sequence

0¢ 1¢ 2¢ [log p(p(n))]°
an = xB(2% ) x5(2* ) x(2% ) - x5 ).

For w € {0,1}*, let M"(z) denote the computation of M on =z, where M’s oracle is replaced by
w (i.e., M interprets w as the characteristic sequence a,, and answers oracle queries accordingly).
Since |an| = 14 [logp(p(n))] < 1+logp(p(n)), there are at most 21+1°8P(P() = 25(p(n)) sequences
of length |ay,|. Therefore, on input = where n = |z| we can simulate in polynomial time the
computations M"(z) for all w € {0,1}* of length |a,|.
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Recall that during the computation M™(x) (more precisely in the simulation of M; on x), each
query q is replaced by the computation Ms on ¢, which in turn computes an answer to the query gq.
We combine all these queries g and their answers a in the following set.

Q% (z) = {(q,a) | M*¥(x) simulates Ms on ¢ and this simulation results in the answer a}
Let W, = {w € {0,1}* | |w| = |an|}. We claim that for all  where n = |z| it holds that
r€B < JweW,[M¥x)=1 A VY(g,a) € Q¥(x)|a € A-O(q)]]. (5)

Assume z € B. Let w = a, and note that M%(z) = 1, since B <} B via M and MP(z) = M ().
Let (g,a) € Q% (), i.e., M3(q) returns a. From M¥(q) = My"(q) = MP(q) and A-O <% B via M>
it follows that a € A-O.

Assume that the right-hand side of (5) holds. In particular, a € A-O(q) for all (¢,a) € Q" (x).

Therefore, M™(x) correctly simulates MlA'O

on x, since all queries ¢ are answered appropriately,
i.e., according to a partial function that is a refinement of A-O. Hence MA'O(x) = M"¥(z) = 1.

From B <} A-O via M it follows that 2 € B. This proves the equivalence (5).
If we negate both sides of (5), we obtain the following for all z where n = |z|.
r€B <= Ywe W,[M“(x)#1 V I(q,a) € Q¥x)[a ¢ A-O(q)] (6)

Recall that |W,| < 2p(p(n)). Moreover, for all w € W, it holds that |Q"(x)| < p(n), since the
running time of M; on x is bounded by p(n). So the ranges of both quantifiers at the right-hand
side of (6) have polynomial size. Hence, in order to verify € B, we have to check only a polynomial
number of conditions of the form [a ¢ A-O(q)]. The latter can be tested in nondeterministic
polynomial time, since

a¢ A-O(q) < a ¢ S?Vv 3Ib e S? such that b dominates a.

This shows that the right-hand side of (6) can be tested in nondeterministic polynomial time.
Therefore, B € NP and hence B € coNP. This contradicts the assumption. O

Theorem 5.7. If NEE # coNEE, then there exists a B € NP — coNP such that for every multi-
objective NP optimization problem O = (S, f,>) it holds that B #}. A-O, B #}. L-O, B #1. D-O,
and B #4 W-O.

Proof. Proposition 2.5 provides a B € NP — coNP such that B C {22966 | x € N} for some ¢ > 1.
By Lemma 5.6, B ;é% A-O for all multiobjective NP optimization problems . Moreover, by
Lemma 4.9, B #%. f for all f € wit-P. This implies the theorem, since by Theorem 5.1, the search
notions L-O, D-O, and W-O are equivalent to some function in wit- P. O

The proof shows that if we drop the condition B #5 A-O, then the theorem can be shown under
the weaker assumption EE # NEE (Theorem 4.10).

We complete this section by showing that the complexities of the search notion A-O are covered by
the complexities of the value notions Val(A-O').
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Proposition 5.8. For every multiobjective NP optimization problem O = (S, f,>) there is a
multiobjective NP optimization problem O’ = (S, g,>) such that A-O = A-O’ =8, Val(A-0').

Proof. Let O = (S, f,>) be a k-objective problem and assume k > 2 (use the same objective
function twice for k = 1). Let p be a polynomial such that for all  and all s € S* it holds that
s < 2°(21) and fE(s) < 2r(I21) for all 1 < i < k. Define the k-objective problem O’ = (S, g, >) where

() = f%(s) k2Pl 4 (g)opllel) |
gi (s) = fi'(s) PN HO) ] for i > 2.

k {2”(’””—1—3 fori=1
j=1

Claim 5.8.1. The following statements are equivalent for all x € N and s1, s € S*:
1. f¥(s1) # [*(s2) and f*(s1) < f(s2)

2. g°(s1) # g%(s2) and g°(s1) < g”(s2)

Proof. “1 = 27: Assume f%(s1) # f*(s2) and f¥(s1) < f*(s2) and let 1 < j < k such that
ff(sl) < ff(sz). Since f; occurs in each g; with a factor of at least oP(2l) and sq, sq, 2P0 — 1 —
51, 2P0 — 1 — 59 < 2702 " wye have g7 (s1) < g¥(sq) for each i.

“2=17: Assume ¢g”*(s1) # ¢”(s2) and g*(s1) < ¢g*(s2). It is not possible that f*(s1) = f*(s2), since
in this case, 0 # s1 — s2 = ¢{(s2) — g7(s1) = —(g5(s2) — g5 (s1)), which contradicts the fact that
g*(s1) < ¢g*(s2). Hence we have f?(s1) # f*(s2). Finally, assume that there is some 1 < j < k
such that ff(s1) > ff(s2). Then we would also have g (s1) > g7(s2) because of the large factor

L 93p(lz]) 0

From the claim it follows that a solution is not optimal in O if and only if it is not optimal in O’
and thus the set of optimal solutions coincide, i.e. A-O = A-O’. Furthermore, since the solution is
encoded into the value for @, we obtain A-O’ =f, Val(A-0'). O
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