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Abstract

Answering a question of Haugland, we show that the pooling problem with one pool and a bounded
number of inputs can be solved in polynomial time by solving a polynomial number of linear programs
of polynomial size. We also give an overview of known complexity results and remaining open
problems to further characterize the border between (strongly) NP-hard and polynomially solvable

cases of the pooling problem.
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1 Introduction, motivation and problem definition

The pooling problem is a nonconvex nonlinear programming problem with applications in the refining
and petrochemical industries [9] [16], mining [5l [7], agriculture, food manufacturing, and pulp and paper
production [I8]. Informally, the problem can be stated as follows: given a set of raw material suppliers
(inputs) and qualities of the material, find a cost-minimizing way of blending these raw materials in
intermediate pools and outputs so as to satisfy requirements on the final output qualities. The blending

in pools and outputs introduces bilinear constraints and makes the problem hard.

While the pooling problem has been known to be hard in practice ever since its proposal by Haverly
in 1978 [15], it was only formally proven to be strongly NP-hard by Alfaki and Haugland in 2013 [1].
Their proof of strong NP-hardness, however, considered a very general case of the problem, with arbitrary
parameters and an arbitrary network structure. Once the parameters and the network structure are more
specific, e.g., by bounding the number of vertices, their in- and out-degrees, or the number of qualities,
the complexity of the problem needs to be re-examined. This way, several polynomially solvable cases
of the pooling problem were proven [2, 12} [13]. However, the border between (strongly) NP-hard and
polynomially solvable cases of the pooling problem is still only partially characterized. This is mainly
due to the combinatorial explosion of parameter choices for the problem. In this paper, we solve an open
problem that has been pointed out in [12] [13]: the pooling problem with one pool and a bounded number

of inputs is in fact polynomially solvable.

We consider a directed graph G = (V, A) where V is the set of vertices and A is the set of arcs. V is
partitioned into three subsets I,L,J C V: [ is the set of inputs, L is the set of pools and J is the set
of outputs. Flows are blended in pools and outputs. The pooling problem literature addresses a variety
of problem instances with A C (I x L)U (L x LYU (L x J)U (I x J). Instances with AN (L x L) =0


http://arxiv.org/abs/1508.03181v4

Table 1: Notation for the pooling problem

Sets Parameters
1% Set of vertices ¢, Cost of flow on arcae A
1 Set of inputs A Quality value of input ¢ € I for quality k € K
L Set of pools Aok Aok = Nik, a € A" el ke K
J Set of outputs i Upper bound on quality value of output j € J for
K Set of qualities quality k € K
A Set of arcs C, Upper bound on total flow through vertex v € V
Ar  Set of input-to-pool arcs: u,  Upper bound on flow on arc a € A
A[ = AN (I X L)
Ay Set of pool-to-output arcs: Variables

Aj:=AnN (L X J)
A% Set, of outgoing arcs of v € TU L
Ain Set of incoming arcs of v € LU J

z, Flowon arca € Ay

Yo Flowonarca € Ay

per, Quality value of pool ¢ € L for quality k € K
Dak  Pak = Pek, a € A", Le L, ke K

are referred to as standard pooling problems (SPPs), and instances with AN (L x L) # () are referred to
as generalized pooling problems (GPPs). Both SPPs and GPPs can be modelled as bilinear programs,
which are special cases of nonlinear programs. Instances with L = () are referred to as blending problems

and can be modelled as linear programs.

In this paper (as in [2 12| 13]), we study the complexity of SPPs where A C (I x L)U(L x J), i.e., all arcs
are either input-to-pool or pool-to-output arcs. For notational simplicity, we denote the set of the former
by Ar:= AN(I x L) and the set of the latter by Ay := AN (L x J). We do not consider input-to-output
arcs since for every such arc (4,5), we can add an auxiliary pool ¢ and replace (¢, j) by an input-to-pool
arc (i, ¢) and a pool-to-output arc (¢, j). Throughout this paper, we use the term pooling problem to refer
to a SPP without input-to-output arcs. We consider a set of qualities K whose quality values are tracked
across the network. We assume linear blending, i.e., the quality value of a pool or output for a quality
is the convex combination of the incoming quality values weighted by the incoming flows as a fraction of

the total incoming flow.

For inputs and pools v € I U L, we denote the set of outgoing arcs of v by A%, and for pools and
outputs v € L U J, we denote the set of incoming arcs of v by A", Let x, be the flow on input-to-pool
arc a € Ay, and let y, be the flow on pool-to-output arc a € A;. The cost of flow on arc a € A (which
may be negative) is given by ¢,. The total flow through vertex v € V (resp. the flow on arc a € A)
is bounded above by C, (resp. u,). For every input ¢ € I and quality k € K, the quality value of the
incoming raw material is given by A\;x. Let pgr denote the quality value of the blended raw materials in
pool £ € L for quality k£ € K. For every output j € J and quality & € K, the upper bound on the quality
value of the outgoing blend is given by f;;. In addition to A;; and pgy, it is sometimes more convenient
to have arc-based rather than node based quality parameters and variables. Since the quality of flow on
arc (v,w) is equal to the blended quality of the total flow through vertex v, we have A\j = Ay for all
inputs ¢ € I, their outgoing arcs a € A" and qualities k € K. Analogously, we have pgpx = pax for all
pools £ € L, their outgoing arcs a € A" and qualities k € K. Table [[l summarises the notation for the

pooling problem.

We now present the classical formulation of the pooling problem, commonly referred to as the P-
formulation [I5]. There are numerous alternative formulations of the pooling problem, including the
Q- [4], PQ- [I7] and HYB-formulations [3], and most recently multi-commodity flow formulations [11 2} [6].

All formulations are equivalent in the sense that there is a one-to-one correspondence between a feasible



solution of one formulation and another, and they all have the same optimal objective value. However,
the alternative formulations often show a better computational performance than the P-formulation, as
studied e.g. in [6]. A recent paper by Gupte et al. [I1] gives an excellent overview of topics that have
been studied in the context of the pooling problem. Within the scope of this paper, however, we chose

to prove complexity results using the classical P-formulation.

In the P-formulation, a flow (x,y) satisfies the following constraints:

Z Tq = Z Yas tel, (1)

ac A acAQHt
> 2. <G i€l (2)
aeAlqut
> w. < C, (el (3)
acAip
>y <0y jed, 4)
aEA;“
TayYa < Ug, a € A[, AJ; resp. (5)

Constraint () is flow conservation which ensures that at every pool, the total incoming flow equals the
total outgoing flow. ([2)—@l) are vertex capacity constraints and (B is an arc capacity constraint. For
notational simplicity, we denote the set of flows by F := {(x,y) € R;AOI‘ X R‘;OJ‘ : (I)-@) are satisfied}.

The P-formulation can now be stated as follows:

wr{%o Z CaTq + Z Cala

a€A] acAy
s.t. (way) € ]:a
Z )\akxa = Dek Z Ya, Le La ke Ka (6)
aEA}“ aeA(gut
Z DakYa < Hik Z Ya, _7 S J, ke K. (7)
aGA;“ aeA;.“

Equality (@) is the pool blending constraint which ensures that the p variables track the quality values
across the network. Inequality () is the output blending constraint. We take the requirements that
Aak = A\ig; for all a € A", i € [ and k € K, and that pe, = pey for all a € AP™, £ € L and k € K, to be

implicit in the model.

2 Known complexity results

Table 2] provides an overview of known complexity results, and Figure [Il shows most of these complexity
results in a tree structure. All of these results were formally proven in [2, 10, 12| 13]. When bounding the
number of vertices, the cases of one input or output are polynomially solvable. Furthermore, the cases
of one pool and a bounded number of outputs or qualities are polynomially solvable. If we only have one
pool (and no other restrictions), then the problem remains strongly NP-hard. The same holds if we have
only one quality. The problem remains strongly NP-hard if we have one quality and two inputs or two
outputs. Only if we have one quality, two inputs and two outputs, then the problem becomes NP-hard.
The problem also remains strongly NP-hard if the out-degrees of inputs and pools are bounded above

by two, or if the in-degrees of pools and outputs are bounded above by two. Finally, it was shown in



[10] that there exists a polynomial time algorithm which guarantees an n-approximation (where n is the
number of output nodes). The authors of this paper also showed that if there exists a polynomial time

approximation algorithm with guarantee better than n'~¢ for any ¢ > 0, then NP-complete problems

have randomized polynomial time algorithms.

Pooling problem

bounded #vertices |K|=1 bounded in-/out-degrees
— T TN
I[=1 LI =1 J=1 [[[=21][=2 |A"| <2, [47]<2,
sNP NpP) vE€IUL welLuUJ
e — K| e JE2 12 (Np)  (sNP)
[1,imax] (1, Jmax] [1, Kmax] NP NP
®)
this paper

Figure 1: Overview of known complexity results in a tree structure. For simplicity, we omit #11 and
#14 from Table 2.



Table 2: Overview of known complexity results

bounded #vertices

bounded in-/out-degrees

# |1 |L| |J]| |K| viel vee L VjeJ | Complexity  Reduction  Reference(s)
1 1 P trivial
[2], Corollary 1;
2 1 sNP MIS [12], Proposition 1;
[13], Theorems 1-2
3 1 P trivial
4 1 sNP X3C see #8, #9 and #11
5 | [1, imax] 1 P this paper
6 1 [1,Jmax) P [12], Proposition 2
[2], Proposition 2;
7 1 [1, Fimax] P [12], Proposition 3
8 2 1 X3C [13], Theorem 4
9 2 1 X3C [13], Theorem 5
[12], Proposition 5;
10 2 2 ! NP BP2 [13], Theorem 3
11 min{|I|, |J|} =2 1 max{|AP|, A} < 6 sNP X3C [13], Corollary 1
12], Proposition 7;
out < out < _ [ ’ ’
12 |ASU] <2 A < 2 sNP MAX 2.8AT oy G
in in [12], Proposition 6;
< n| -
13 AR <2 AR <2 SNP MIN 28AT oo
' [10], Corollary 1;
14 min{|A"], |A?"|} =1 P [12], Proposition 4;
I

13], Proposition 3

P | = polynomial, NP = NP-hard, = strongly NP-hard,

BP2 = bin packing with 2 bins,

MAX 2-SAT = maximum 2-satisfiability,
MIS = maximal independent set,

MIN 2-SAT = minimum 2-satisfiability,
X3C = exact cover by 3-sets



3 The pooling problem with one pool and a bounded number

of inputs

In this section, we consider the pooling problem with

« m inputs (let I = {v1,...,0m}),

« one pool (let L = {¢}),

« n outputs (let J = {wq,...,w,},

« g qualities (let K ={1,...,q}),

« the set of input-to-pool arcs A; = {a1,...,am} = {(v1,£),..., (vm,€)}, and

« the set of pool-to-output arcs Ay = {am+1,- -, @min} = {(,w1),..., ({,w,)}.

We write
« x; for the flow on input-to-pool arc a; (i =1,...,m),
+ y; for the flow on pool-to-output arc am+; (j =1,...,n),
« ¢; for the cost of flow on arc a; (i =1,...,m+ n),

« Aix for the k-th quality value at the tail node of input-to-pool arc a; (i =1,...,m), and
+ ;i for the bound on the k-th quality value at the head node of arc am4; (j =1,...,n).

For a positive integer N, we use [N] to denote the set {1,2,..., N}. If for some j € [n], there exists a
k € [q] such that min{\;x : i € [m]} > wjx, then y; = 0 in every feasible solution. Hence, without loss of

generality, we assume

Vi € [n] VE € [q] min{A;; : ¢ € [m]} < pj. (8)
Note that y; > 0 implies
Vk € [q] Z ANinZi < Wik sz (9)
i=1 i=1

It has been observed, for instance in [13], that for a fixed set J' C [n] of outputs, an optimal solution
that satisfies the quality constraints for all j € J' and has y; = 0 for all j € [n] \ J’, can be found by
solving the following linear program which we denote by LP(J'):

m
wy L Xew
2

jeJ’

s.t. (z,y) € F,

S-S

i=1 jeJ’
m—1

(Nik = Amr) @i < (e — Amp) (@1 4+ +2m),  j€J, kelg
i=1

Let val(J’) denote the optimal value of problem LP(J’). An optimal solution for the pooling problem
can be obtained by solving LP(J') for every J' C [n], and choosing one with minimum val(J’). Below
we argue that if the number m of inputs is fixed, then it is sufficient to consider a polynomial number of

subsets J', where the polynomial is of degree m — 1 in both n and gq.



Introducing variables z; = ;;/ > | xy for i € [m — 1], condition (@) can be rewritten as

m—1
vk € [q] (Aik = Amk)2zi < Wik — Amk- (10)
=1

The vector z is an element of the simplex A™™1 = {z € [0,1]™71: 21 +---+ 2,1 < 1}. For z € A™71,

we define the reachable output set J(z) as
J(z) ={j € [n]: Q) is satisfied} . (11)

Lemma 1. The objective value for any flow corresponding to z € A™ ™! is at least val(J(z)).

Proof. For a fixed z € A™~!, we can find the optimal flow by solving the linear program

m
wy  Lent 3 o

JEJ(Z)

s.t. (x,y) € F,

m
in = Z Y,
i=1

ieJ(Z)
x; = zi(x1 + -+ T, i € [m].
Every feasible solution for this problem is also feasible for LP(J(z)) and the claim follows. O

The inequalities () define a partition of R™~! (and therefore of A™~!) into regions of constant .J(2).
To be more precise, let H be the hyperplane arrangement H = {Hx : j € [n], k € [q]}, where

3

ij = {Z eR™ 1
1

.
Il

ik — \m i — Hjk — Amk ¢ -
(Nik — Amk)Zi = [k Ak}

The system H induces a partition of R™~'. Let Hj, and H}; be defined by

3

J

Hok. = {Z S Rm71 :

i

(Nik — Amk) 2 < Mjk — )\mk} ,

—

3

H}k = {Z eR™ ! (Nik — Amk)2i > Wik — )\mk} .

Il
N

i

If, for every vector € = (g;&)je[n), kelq € 10,1}"?, we define the set

then the space R™~! is the disjoint union of the sets P(g), and for every z € A™~! the set J(z) is
determined by the vector € with z € P(g).

Lemma 2. Fore € {0,1}"9, let J(e) ={j € [n] : Vk € [q] €jr =0}. Then, for all € € {0,1}" and for
all z € P(e) N A™ 1, we have J(z) = J(e).



Proof. Let € € {0,1}"? and z € P(e) N A™~!. Then

jediz) B vkelg zeny, "L vielg =0 = jee). 0

It is well known that the number of nonempty sets P(g) is bounded by a polynomial of degree m in
ng (see for example [8]). However, direct application of [§] yields the upper bound 22161 (Zq), which
is weaker than the bound in the following lemma. We derive a stronger bound than [8] since the ng
hyperplanes are partitioned into ¢ subsets of each n parallel hyperplanes.

m—1

Lemma 3. There are at most Z ( )n vectors € € {0, 1} such that P(e) # 0.
=0

Proof. We denote the claim of the lemma, parameterized by the input cardinality m and the quality
cardinality ¢, by C(m,q), and we prove this claim by induction on m and ¢q. Base case and inductive

step are as follows:
1. Base case: Yg,m € {1,2,...}: C(1,q), C(2,q) and C(m,1)
2. Inductive step: Vq € {2,3,...}, Vm € {3,4,...}: C(m—-1,q—1)AC(m,q—1) = C(m,q)

For m = 1, note that R = {0} contains only a single point, and since the sets P(e) are disjoint there can
be at most 1 = ({)n nonempty sets P(e). In fact, using assumption (), we have P(e) # 0 <= e =0.
For m = 2, the ng inequalities partition R! into at most 1 +ng = ( )n + ( )n1 intervals. For ¢ = 1 and

> 3, the n parallel hyperplanes Hi1, ..., H,; partition R™ ! into at most 1 +n = (é)no + (})nl parts.
Now let ¢ > 2, m > 3, and assume that C(m — 1,¢ — 1) and C(m,q — 1) are true. From C(m,q — 1) it
follows that the system {Hjx : j € [n], k € [¢ — 1]} cuts R™~! into at most

m—1 q—l )
> (1)

parts. For every j € [n], the hyperplane Hj, is isomorphic to R™~2, and for every j' € [n], k € [¢ — 1],
the intersection Hj, N Hjq is either empty or an (m — 3)-dimensional affine subspace of Hji. Since the
map Hj, — Hj, N Hjq preserves parallelism, C(m — 1, ¢ — 1) implies that the hyperplane Hj, is cut by
the system {H;, N Hj,: j' € [n], k € [¢— 1]} into at most

m—2 Q71 )
> (")

parts. If we start with the partition of R™~! given by the system {Hji : j € [n], k € [¢ — 1]} and add
the hyperplanes Hiq, Hag,. .., Hynq one by one, then every hyperplane adds at most 221_02 (qzl) n parts

to the partition, and the number of parts into which R™~! is cut by H is at most

(e (e B () B

R )R

Remark 1. Note that the proof of Lemma [3 also provides a recursive method to determine the vectors

e with P(g) # () in polynomial time.



Remark 2. The upper bound given in Lemma [3] is best possible, i.e., for all m, ¢ and n, there exist
instances in which the number of vectors € with P(g) # 0 equals 221_01 (9)n’. In fact, this bound is
obtained by almost all systems 7. To make this statement more precise, we say that a system H of
ng hyperplanes Hjj, in R™~!, consisting of g sets of n parallel hyperplanes, is in general position if the

intersection of every set of m of these hyperplanes is empty and

Vte[mfl] V(jl,...,jt)e[n]t V(kl,...,kt)e[q]twithkl<k2<~~~<kt

Hjgy N Hjyg, N+ 0 Hjyg, is an (m — 1 — t)-dimensional affine subspace of R™*,

The bound in Lemma [Blis obtained whenever the system # is in general position, and this can be seen
by checking that in this case all estimates in the induction proof are tight. For m = 1, we have that
P(0) = {0} # (. For m = 2, the system H is a list of ng points, and H is in general position if these
points are distinct, in which case it partitions R™~! into 1 + nq parts as required. For ¢ = 1, the n
parallel hyperplanes Hyy,..., H,; in general position partition R™~! into exactly 1 4+ n parts. For the
inductive step, note that the system of intersections {H;/x N Hjq @ j' € [n], k € [¢— 1]} forms a system
of hyperplanes in general position in H},, and therefore the inequalities in the inductive step are satisfied

with equality.

Theorem 1. For every positive integer m, the pooling problem with one pool and m inputs can be solved

i polynomial time. More precisely, it can be reduced to solving at most

S (0)x

linear programs with m +n variables and m+n(q+ 1) + 2 constraints, where q is the number of qualities

and n is the number of outputs.

Proof. We claim that the pooling problem can be solved by choosing a minimum cost solution obtained
from solving the problem LP(J(e)) for every e with P(¢) N A™~! #£ (), and by Lemma [3] the number of
these linear programs is bounded as claimed. Clearly, B = min{val(J(g)) : P(e) N A™~! =£ (} is an
upper bound because a solution for LP(J(¢)) is always feasible for the pooling problem. By Lemma [2
for every z € A™~! there exists some € with J(z) = J(g), and using Lemma [l it follows that B is also

a lower bound. O

We note that this result was obtained, independently, by Haugland and Hendrix [14].

4 Remaining open problems

To further characterize the complexity of the pooling problem, the following open problems could be
addressed in the future [12, [13]:

1. For all the cases that can be solved in polynomial time by reduction to polynomially many linear
programs of polynomial size, does there exist a strongly polynomial algorithm, i.e., an algorithm
that is polynomial in the number of vertices and qualities?

2. Is the pooling problem with one quality and in-degrees at most two polynomially solvable?

3. Is the pooling problem with one quality and out-degrees at most two polynomially solvable?

4. Do polynomial algorithms exist for the pooling problem with two pools and some bounds on the

number of inputs, outputs, and qualities?



Acknowledgements This research was supported by the ARC Linkage Grant no. LP110200524,
Hunter Valley Coal Chain Coordinator (hvcce.com.au) and Triple Point Technology (tpt.com)). We would

like to thank the two anonymous referees for their helpful comments which improved the quality of the

paper.

References

1]

[11]

[12]

M. Alfaki and D. Haugland. A multi-commodity flow formulation for the generalized pooling problem.
Journal of Global Optimization, 56(3):917-937, 2013.

M. Alfaki and D. Haugland. Strong formulations for the pooling problem. Journal of Global Opti-
mization, 56(3):897-916, 2013.

C. Audet, J. Brimberg, P. Hansen, S. Le Digabel, and N. Mladenovié¢. Pooling Problem: Alternate
Formulations and Solution Methods. Management Science, 50(6):761-776, 2004.

A. Ben-Tal, G. Eiger, and V. Gershovitz. Global minimization by reducing the duality gap. Mathe-
matical Programming, 63(1-3):193-212, 1994.

N. Boland, T. Kalinowski, and F. Rigterink. Discrete flow pooling problems in coal supply chains. In
T. Weber, M. J. McPhee, and R. S. Anderssen, editors, MODSIM2015, 215 International Congress
on Modelling and Simulation, pages 1710-1716, Gold Coast, Australia, December 2015. Modelling

and Simulation Society of Australia and New Zealand.

N. Boland, T. Kalinowski, and F. Rigterink. New multi-commodity flow formulations for the pool-
ing problem. Journal of Global Optimization, 2016. Advance online publication, 42 pages. DOI:
10.1007/s10898-016-0404-x.

N. Boland, T. Kalinowski, F. Rigterink, and M. Savelsbergh. A special case of the general-
ized pooling problem arising in the mining industry. Optimization Online e-prints, July 2015.

optimization-online:5025.
R. C. Buck. Partition of Space. The American Mathematical Monthly, 50(9):541-544, 1943.

C. W. de Witt, L. S. Lasdon, A. D. Waren, D. A. Brenner, and S. A. Melhem. OMEGA: An Improved
Gasoline Blending System for Texaco. Interfaces, 19(1):85-101, 1989.

S. S. Dey and A. Gupte. Analysis of MILP Techniques for the Pooling Problem. Operations Research,
63(2):412-427, 2015.
A. Gupte, S. Ahmed, S. S. Dey, and M. S. Cheon. Relaxations and discretizations for the pooling

problem. Journal of Global Optimization, to appear. Preprint: optimization-online:4883,

D. Haugland. The hardness of the pooling problem. In L. G. Casado, I. Garcia, and E. M. T.
Hendrix, editors, Proceedings of the XII global optimization workshop, mathematical and applied
global optimization, MAGO 2014, pages 29-32, Malaga, Spain, September 2014.

D. Haugland. The computational complexity of the pooling problem. Journal of Global Optimization,
64(2):199-215, 2015.

D. Haugland and E. M. T. Hendrix. Pooling Problems with Polynomial-Time Algorithms. Jour-
nal of Optimization Theory and Applications, 2016. Advance online publication, 25 pages. DOI:
10.1007/s10957-016-0890-5.

10


http://www.hvccc.com.au
http://www.tpt.com
http://dx.doi.org/10.1007/s10898-016-0404-x
http://www.optimization-online.org/DB_HTML/2015/07/5025.html
http://www.optimization-online.org/DB_HTML/2015/04/4883.html
http://dx.doi.org/10.1007/s10957-016-0890-5

[15] C. A. Haverly. Studies of the Behavior of Recursion for the Pooling Problem. SIGMAP Bulletin,
95:19-28, 1978.

[16] B. Rigby, L. S. Lasdon, and A. D. Waren. The Evolution of Texaco’s Blending Systems: From
OMEGA to StarBlend. Interfaces, 25(5):64-83, 1995.

[17] M. Tawarmalani and N. V. Sahinidis. Convezification and Global Optimization in Continuous and
Mixed-Integer Nonlinear Programming, volume 65 of Nonconvex Optimization and its Applications.
Springer US, 2002.

[18] V. Visweswaran. MINLP: Applications in Blending and Pooling Problems. In C. A. Floudas and
P. M. Pardalos, editors, Encyclopedia of Optimization, pages 2114-2121. Springer US, 2009.

11



	Boland_2017_Bounding.pdf
	Boland_2017_Bounding.pdf
	1 Main results
	2 Proofs of the theorems
	2.1 Characterizing the convex hull gap in terms of cuts
	2.2 The lower bound
	2.3 The upper bound
	2.4 Characterization of equality



	Boland_2017_Polynomially.pdf
	1 Introduction, motivation and problem definition
	2 Known complexity results
	3 The pooling problem with one pool and a bounded number of inputs
	4 Remaining open problems


