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Abstract We consider the random Euclidean assignment problem on the line between two sets
of N random points, independently generated with the same probability density function o. The
cost of the matching is supposed to be dependent on a power p > 1 of the Euclidean distance
of the matched pairs. We discuss an integral expression for the average optimal cost for N > 1
that generalizes a previous result obtained for p = 2. We also study the possible divergence
of the given expression due to the vanishing of the probability density function. The provided
regularization recipe allows us to recover the proper scaling law for the cost in the divergent
cases, and possibly some of the involved coefficients. The possibility that the support of g is a
disconnected interval is also analysed. We exemplify the proposed procedure and we compare
our predictions with the results of numerical simulations.

1 Introduction

Random Euclidean assignment problems (REAPS) are combinatorial optimization problems in
which we couple points randomly generated on a given d-dimensional domain 2 C R¢, in such a
way that a certain cost function is minimized. To be more precise, let us call = := {x;};=1,..n C
Rand T = {y;};j=1,...~ C {2 two sets of points, both of cardinality /N. All points are supposed
to be identically and independently distributed over {2 according to some probability density
function (PDF) o: 2 — R*. We also suppose that a certain weight function w: 2 x 2 — R* is
given, in such a way that w(x;,y;) = w (||x; — y;||) is the cost of the coupling (x;,y;), [|xi —y; ||
being the Euclidean distance between x; and y;. Then, denoting by Sy the set of permutations
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o of N elements, we search for an optimal assignment o, such that

N

N
_ 1
E[.:, = Urg‘ls.ljlv AT Z Xiayo(z) = N 4 tho’*( ) (1)

Observe that an optimal assignment always exists but it is not unique in general. From the
computational point of view, once the sets of points = and 7" and the weight function w are given,
finding the minimum cost permutation is an “easy” problem, being the assignment problem in the
P complexity class [1]. However, due to the randomness of the point positions, we are typically
interested in the average properties of the solution, e.g., in the average optimal cost (AOC)

M=

1
ey =¢[2,7] = min — w (Xi,}’o—(i))a (2)

ocESN prt
where we have denoted by ® the average over all possible realizations of the point sets = and T°
over (2 according to the law p.
In the available literature on the REAP, the domain {2 is typically supposed to be connected,
and the points to be uniformly distributed over it. Many results are available for this specific
formulation of the problem, in particular assuming the weight function

wp(x,y) = [lx —yll’, peRT. (3)

For example, in Ref. [2] the scaling of the AOC in the REAP with weight function w, for
uniformly distributed points on the unit square has been derived, whereas in Ref. [3,4] the
coeflicient to this scaling has been obtained for p = 2 both on the unit square and on the torus,
a result later rigorously proved in Ref. [5]. The scaling properties of the AOC with p = 2 in
the case of Gaussian distributed points on the plane has been recently studied in Refs. [6,7].
Higher dimensions have been considered in Refs. [3,4], where the weight function wy has been
adopted, again assuming uniformly distributed random points on the d-dimensional hypercube.
The problem greatly simplifies in the d — 400 limit, to be taken before the N — 400 limit,
and indeed the infinite dimensional case has been the first one to be considered in the physics
literature. The simplification is due to the fact that, in this limit, the correlation among the
weights w,(x;,y;) disappears, and the average over the disorder can be easily tackled using the
replica trick [8]. This fact has been first discussed in a series of seminal works by Orland [9]
and Mézard and Parisi [10,11]. In their treatment of the problem, Mézard and Parisi considered
p — 400 as well, in such a way that 4/p = r + 1 for some r > 0. They proved that, in this mean-
field version of the original Euclidean problem, the AOC depends on r only. Their exact results
have been later rigorously proved [12,13,14], and their techniques have been extended to calculate
both finite-size corrections in the mean-field model [11,15] and finite-dimensional corrections [16,
17,18]. The results obtained by Mézard and Parisi on random matching problems paved the way
to the application of statistical physics techniques, in particular from the theory of disordered
systems, to the study of combinatorial optimization problems in presence of randomness [8].
Since their original contributions, the replica trick and the cavity method have been applied to
many random optimization problems, and inspired new efficient algorithms for their solution,
such as the survey propagation algorithm [19,20,21].

The REAP is also naturally related to the Monge-Kantorovich transportation problem be-
tween probability measures in the continuum [22]. In the Monge transportation problem we
suppose that two non-negative mass distributions p4(x) and pg(x) are given on a compact con-
vex domain 2 C R? satisfying the overall mass balance condition /, 0 PA(X) dlz = /. o PB( d x.
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Let us now consider the set M of all maps p: 2 — 2 that transport the mass distribution p4
into the mass distribution pp,

M(pa,pp) = {u: 02— 02 st f;rl(X) pa(x)d®z = [, pp(x)d?z VX C 2 Borel set}, (4)

and let us assume that a transportation cost function e(u; pa, pg) is given, e.g.,

(i pas pz) = /ﬂ w(x, w(x))pax)d, (5)

for some cost function w. In the optimal transportation problem we ask under what conditions
a transportation map

. _ - . 6
© arg‘?élj\r;s(u,pmps) (6)

that minimizes the transportation cost exists, and what are its properties. The final goal is
to find the expression of p*. Kantorovich proposed a more general approach to the problem.
The idea is to work in the set I1(pa, pp) of “transportation plans”, i.e., of probability measures
m: §2 x 2 — RT having marginal p4 and pp respect to their first and their second argument
respectively. The cost in Eq. (5) can be written in terms of the transportation plan 7 as

cmipapm) = [ wbey)dnixy), (7)
2% 82
We search therefore for the optimal transport plan 7% = mingem(y, ) (75 04, pB). Kan-

torovich’s formulation is more general and allows to obtain rigorous results on the existence
of the optimal transport plan [22]. It is evident that, in both formulation, we can easily recover
the assignment problem as discrete version of the transportation problem, considering the two
atomic measures

1 & 1 &
PA(X):NZ5(d)(X—Xi)a PB(Y):NZfS(d)(Y—Yj)- (8)

Moreover, if we adopt the weight function in Eq. (3) with p > 1, the transportation cost between
this two densities is the (pth power of the) so-called p-Wasserstein distance between p4 and pp,
a cost function widely investigated in optimal transportation theory. However, in the REAP, an
additional complication appears: indeed, as discussed above, the transportation cost of a given
instance of the problem is not very informative, and we have to average the Wasserstein distance
on all possible realizations. Remarkably, despite this complication, information on the AOC for
d > 1 in the N — oo limit can be still recovered, observing that the optimal map p* has
to be infinitesimal, because both the empirical densities weakly converge to the same PDF p.
A linearization simplifies the highly nonlinear transportation condition implied by Eq. (4) for
regular transportation maps (the so-called Monge-Ampére equation) and allows us to obtain the
AOC for p =2 and p uniform on the hypertorus of dimension d > 1 [3,4,5].

Moving from these recent results, in the present paper, we study the REAP in the lowest
possible dimension, i.e., d = 1. The one-dimensional REAP is particularly simple to solve when
convex weight functions w are considered. Using the weight function in Eq. (3) with p > 1, and
assuming the points uniformly distributed on the interval, the problem has been discussed and
solved in Refs. [23,24,25], where a special correspondence between the optimal permutation and
a Brownian bridge process on the interval has been found in the thermodynamical limit [23,26].
The p < 0 case is also related to Gaussian processes and it discussed in Ref. [24]. For results and
details on the 0 < p < 1 case and the no-crossing rule for concave costs, see for example Refs. [27,



4 Sergio Caracciolo et al.

23]. By means of the aforementioned relation between the REAP and the Monge-Kantorovich
theory, the treatment for p > 1 in the uniform distribution case given in Ref. [25] has been later
extended to a generic distribution on the line, and a general formula for the AOC has been given
for the case of the REAP, assuming a quadratic weight function wsy [4]. For generic p > 1, the
AOC is typically ey = O(N~"/?). This scaling relation, however, fails whenever the integral

D% (2)P% () .
| e ©)

oP~1(x)

8

diverges, where
o) = | w(©)0la—6)a (10)

is the cumulative function'. The authors also derived two-sided scaling bounds in the case of
a log-concave PDF o(x) on the real line, i.e., PDFs such thato(fz + (1 — 0)y) > 0°(2)0* =% (y)
for 0 < 0 < 1, showing that an anomalous scaling can appear in this case. Indeed, as stressed
in Refs. [4,28] the AOC can be divergent depending on the properties of p. In this case, the
expression for the optimal cost must be properly regularized, and an anomalous asymptotic
behavior of ey may appear [4]. Here we will present a derivation of the general expression for
the AOC in the REAP on the line, extending the arguments in Refs. [4,25] to any value of p > 1
and, moreover, we will give details on the delicate regularization procedure when the scaling of
en is anomalous, not restricting ourselves to log-concave densities, and extracting, whenever it
is possible, the proper scaling coefficients.

The paper is organized as follows. In Section 2 we will present the general theory for the
REAP on the line. In Section 3 we will discuss the problem of the anomalous scaling of the AOC
in the case of gapless support of p, we will give the recipe for the regularization procedure to be
applied to the general formula presented in Section 2, and we will exemplify our results studying
different types of PDFs and deriving the scaling of the AOC in all cases. In Section 4 we will
consider the effect of the presence of a gap in the support of p. Finally, in Section 5 we will give
our conclusions.

2 The random Euclidean assignment problem on the line

Let us start introducing the REAP on the line and discussing its specific properties. As stated
in the Introduction, we will consider a PDF p(z): R — R™ on the real line, ijO: o(z)dz = 1.
Here and in the following we denote by

2 ={z € Rlo(z) > 0} (11)

the support of o, and therefore p(z) = 0 Va2 € R\ £2. We will also denote by §2 the closure of £2,
possibly including the points at infinity. The cumulative function @(z) and the complementary
cumulative @(x) := 1 — &(z) are given by

o) = [ " p©)de=1 - d(a). (12)

Let us suppose now that two sets of points both of cardinality N, = = {z;};=1,. y and 1 =
{yi}i=1,... N, are generated on the line, independently and with the same PDF p. We will assume

1 Here and in the following 6(z) is the Heaviside function, such that 6(z) = 1 if z > 0, 6(z) = 0 otherwise.
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that the points in = and the points in 1" are labeled in such a way that z; < z;41 and y; < yi41
fori=1,...,N — 1. We search for the optimal permutation o, € Sy such that

N

_ 1

el=2, 7] = Urg}gn — Z [Yor(iy — 4|F = N Z Yo, i) — 2P, pER. (13)
i=1

It can be proved that, independently from the PDF p adopted, the optimal permutation is simply
given by o, (i) = i, provided that p > 1 [28,27,23]. This result greatly simplifies the calculation.
If we introduce the transport field

Gk = Yk — Tg, (14)

then we can write
en =257 Z/W’Pr b € dg). (15)

where we have used the notation z € dx < 2z € (z,z+d ). The distribution of the kth transport
field ¢ can be obtained observing that

Pr[z, € dz] = (]]\;)@N_k(x) do*(z), (16)

and therefore

Pri¢, € d¢] = ( > // —y+ )N F(2)dN R (y) d DF () d DF (y). (17)

The evaluation of ey can be performed writing?

1 , No/N\2_ B .
5N:ﬁ//9m|y*fﬂl ;(k) PN ()N (y) d ¥ (x) d B (y) (18a)

1 () P = =
=— // ly — z|P o Fy {1 —N,1-N;1; Pz) ly) doN (z) AN (y). (18b)
N J]axe P(z) D(y)
Up to now, no approximation has been performed. Being interested in the case of very large
number of points, we observe that a nontrivial large N limit of Eq. (17) can be obtained setting,
for each value of k, k = (N + 1)s and introducing the variables £ and 7 such that

§ 1
Pr)=s+—=, Py =s+— 19a
@) =5+ F B =s+ (192)
in such a way that s is kept fixed when N — +oo. This rescaling has a clear interpretation
if we observe that an optimal assignment configuration between = and 7" for p > 1 can be
mapped, through the cumulative function @, to an optimal assignment configuration of the same
type between points uniformly distributed on [0, 1], being @ ordering preserving. As shown in

2 To obtain Eq. (18) we have introduced the Gauss hypergeometric function

k k—1
2Fifa,bc; 2] i= Yo Bk 20 () = T]A (e 4 ),

(c)k

and we have used the fact that

N 2 _ _ k
Zk:l (]IX) k2zk:N222Z0:07(1 N)(’D(i N)’“ZIQ—!:NQZQFl [1-N,1-N;1;z].
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Refs. [24,25], the optimal assignment between random points uniformly distributed on the unit
interval is asymptotically equivalent to a Brownian bridge process after a rescaling of the type
in Eq. (19a) is performed. This also implies that the (rescaled) transport field itself can be
expressed, in the N — +oo limit, in terms of the Brownian bridge process composed with the
(inverse) cumulative function ¢~'. Assuming that 2 = {2 and that (2 is connected — i.e., that
(00@71) (s) #0 for all s € [0,1] —, we have

- § ) 1 § 1
s+ —-—=)=d"Hs)+ ———+0 , 19b
( VN =) VN(s) VN (190)
where we have introduced
U(s) = (00 @) (s). (19¢)
A similar equation holds for @~! (s + 7/v~). This fact suggests us the following rescaling of ¢,
to obtain a nontrivial N — +oo limit,

‘P(S)
- . 19d
Ok ~ (19d)
We remark here that ] 1
— <s<1]l] - —- 2
N+1— 5= N+1’ (20)

a fact that will have important consequences in the following. We obtain, at the leading order,
the following PDF for ¢,

2

Pre(s) e del =ds [[ 0 (“”‘ Zﬁlfs>>>exz7§es_<fizg§))dfd”

(21)
PV ZC N G20
—d<p2 ws(l—s)e p{ 43(1_3)@ }
Eq. (18a) can be written replacing the sum over k with an integral over s as follows
Loosb(1—s)8 [+ T
Np/2€N:/O ds[ipl(s)]p)/ |g0|p 2\f de+o(1) (22a)
_r et OS]
¢#« 2>A | ds e (22b)
L2 (vl [ g B C
- Fr () [t e 22

that appears as a generalization of the expression obtained, using a different approach, in Ref. [4]
for p = 2. This result can be stated in a slightly different way saying that, if o(x) has compact
and connected support, then

e 2 () [t (1) -

The finiteness of the integral appearing in Eq. (22d) guarantees the typical scaling eny =
O (N~"/%) of the AOC for N > 1, compatibly with the results of Ref. [28]. We say that the
AOC has an anomalous scaling whenever the integral diverges. We will show now how informa-
tion on the anomalous scaling can be extracted from the very same expression in Egs. (22d) by
means of a proper regularization.
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3 The problem of regularization

The recipe provided by Egs. (22) for the calculation of the asymptotic AOC might fail due to
the presence of divergences, that we have neglected assuming 2 = 2 connected. This is indeed
the case for some PDFs. To explore this possibility, we will now relax the condition 2 = {2, but
not the assumption that the closure §2 is connected. The set 2 \ {2 is therefore given at most by
isolated points (possibly at infinity). We will consider a disconnected 2 in Section 4.

The divergence of the expression in Eq. (22) suggests that limy N"/?cy = 400, but gives no
hints about the scaling of N*/2c 5 with N. In this case, a regularization must be performed to take
into account the discrete nature of the problem, i.e., the finiteness of N. Such a regularization
will allow us to extract information on the anomalous scaling of the AOC and, possibly, on
the coefficients appearing in the scaling law. Under the hypothesis {2 # 2 with {2 connected,
the expression in Eq. (22b) may diverge due to the presence of a point z, € 92 (possibly at
infinity) such that lim, ., o(xz) = 0. In particular, denoting by s. = lim,_,,, ®(x) € [0,1], a
non-integrable divergence appears in Eq. (22b) if

0] (51/”1/?) if s, =0,
U(s)=q0(ls—s.)  if0<s <1, (23)
0 ((1 _ 5)1/2+1/p) if s, = 1.

Assuming that {2 is connected, £2 # 2 does not automatically imply the presence of an anomalous
scaling of the AOC: this is therefore a necessary, but not sufficient, condition.

The divergence can be avoided by means of a cut-off. The correct cut-off to be adopted is
suggested by the approximations we have performed to obtain Egs. (22) from Eq. (18), that is
an exact expression.

A first regularization rule is obtained by taking into account Eq. (20) and therefore substitut-
ing fol ds — fi;‘/ "d s in Eq. (22b), where ¢y and ¢; are two positive regularizing constants that
are unspecified at this level. This regularization is required to obtain the proper leading scaling
of the asymptotic AOC only if a nonintegrable singularity appears in the integral in Eq. (22b)
at s, = 0 and/or s, = 1, and it provides information on the scaling of the o(1) corrections
otherwise.

If a nonintegrable pole s, € (0,1) is present, Eq. (19a) suggests to incorporate a finite-size
correction removing an open ball centered in s, having radius /v~ for some positive regularizing
constant ¢, to be determined. Indeed, in Eq. (19a) we have approximated the quantity @(zy),
image of the position of the kth point through the cumulative @, with its average value s =
k(N + 1)~ introducing an error that scales as O (1/VN).

In all cases, it is clear that the coefficients in the AOC scaling obtained after the regularization
will depend on the introduced regularizing constants, that have to be determined by means of a
fit procedure. We will give now some examples of the approach described above, comparing the
obtained predictions with the results of numerical simulations.

3.1 Applications

We apply the considerations above to a series of PDFs g and we derive the asymptotic scaling of
the corresponding AOC, always assuming a weight function in the form in Eq. (3) with p > 1.
As preliminary observation, note that, given a REAP with PDF p and AOC ey, introducing the
variable x — & = Ax +n with A > 0 and n € R, it is easily seen that the old problem is mapped
into a new problem with §(2) = %g(z;") and &y = Mey. The results below can be therefore
easily extended to more general PDFs involving nontrivial distribution parameters.
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8.1.1 Absence of singularity: flat distribution

Let us start from the simplest case, namely the REAP on the unit interval 2 = [0,1] with
points extracted with uniform distribution o(z) = 6(z)8(1 — x). Many results, both numerical
and analytical, are available in the literature on this case [5,23,24], both with open and with
periodic boundary conditions, in particular for p = 2 [3,25,29]. The flat PDF case requires
no regularization, being ¥(s) = 1 and therefore we will briefly recall the final result only as an
application of Eq. (22b) for the sake of completeness and for comparison with other cases studied
below. The integral in Eq. (22b) converges for any p > —2 and we obtain

T(et1) 1 1
EN = il N +o (Np/2> . (24)

The expression above corresponds to the asymptotic AOC for the REAP only for p > 1. The
result for p = 2, namely limy Ney = 1/3, can be derived by direct inspection observing that an
exact formula is easily obtained for all values of N,

1o L (N [ _ 11
=y k() Jf o ) ey = g 05)

Numerical evidences for the formulas above can be found in the literature [3,23,24], see also
Fig. 3a.

3.1.2 Singularity for s, € {0,1}

Let us now consider a set of examples in which the REAP is given on the line, and such that
U (s,) = 0 for a value s, € {0,1}. We consider both exponentially decaying PDFs (the exponential
distribution and the Rayleigh distribution) and power-law decaying PDFs (Pareto laws), deriving
the proper scaling of the AOC in all discussed cases.

FExponential distribution Let us start considering the exponential distribution,

o(x) =e "0(z), D(x)=(1—e")0(x). (26)

In this case, £2 = [0, +00) and a non-integrable singularity may appear in Eq. (22b) for z — +oc0.
For 1 < p < 2 Eq. (22b) is convergent and the AOC is

N*ey —fr(p"gl)/o <1SS)Eds—l—o(l)zf(p—kl)F(I—2)+0() (27)

The prediction above is fully consistent with numerical results, see Fig. 1a. It is evident, however,
that a divergence appears when p = 2. Indeed, with reference to Eq. (23), we have that ¥ (s) =
1—s=0((1-s)/2*") if p > 2. To better understand the nature of this divergence, it is
useful to calculate ex directly for p = 2 applying Eq. (18), taking advantage of the fact that the
computation can be performed exactly in this case for any value of N,

NEN:ZRQ( ) /ds/ dt n® =2 (s) " (1 9V - ¥

(28)

N 6N2 N2

ESI N

1 1 1
:2HN22111N—|—27E+——|—0<),
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where Hy is the Nth harmonic number and ~g is the Euler’s gamma constant. In Fig. 1b
we numerically verified the expression in Eq. (28). The appearance of the divergence in our
integral expression in Eq. (22b) is therefore due to an actual (logarithmic) divergence of Ney
for N — +o0. Following the criterion given in Section 2, Eq. (22b) for p > 2 must be regularized

as
P 1—¢/N 5
NsNQQF(p;l)/ (18 > ds
ﬁ 0 - S (29)

op+1 p+1 c N\ 147/ pp P c
- r (1_7) F [7,7 ;P 2;1—f].
(p+2)/7 ( 2 ) N 2y g Thg T N

The expression above must be interpreted as a regularization-dependent asymptotic formula for
the AOC. In particular, the large N expansion will provide us the scaling properties of the
optimal cost, up to some coefficients possibly depending on the regularization. For example, for
p = 2 the expression above becomes

Ney =2InN —2loge — 2+ o(1), (30)

that is perfectly compatible with the exact formula in Eq. (28), whereas the finite-size correction
depends on the regularization c. With reference to Eq. (28), we can infer that ¢ = e”72~1. For
p > 2 we can expand Eq. (29) as

, 2p+1cl—P/2 D+ 1 P P
N2y = r NE-1 (er) . 31
N o avE ( 2 ) o (812)

In particular, for 2 < p < 4 we have

optlcl=r/2 (p+1> »

NP2

p_q p
v =gl () +r(1-5) T+ D +o(1). (31D)

We obtain therefore the scaling ey = O (N _1) for the leading term but we cannot give a
prediction for the coefficient in front of it, due to its dependence on the regularization constant
c. We have, instead, a complete analytic prediction for the finite-size correction. For p = 4, a
new logarithmic correction appears. In this case, indeed, our formula in Eq. (29) gives
9 12

Ne:?N724lnN+O(1). (31c)
Once again, the coefficient of the leading term is unaccessible, despite the fact that the correct
scaling is recovered, but we obtain a prediction of a logarithmic correction, with its coefficient.
We do expect, but it is not obvious a priori, that the value of ¢ appearing in Eqgs. (31) is the
same that we have obtained for p = 2. Performing a fit on our numerical results, presented in
Fig. 1c, we get ¢ = 0.203(2) for p = 3, 0.2084(4) for p = 4 and ¢ = 0.2069(5) for p = 5, that are
all very close to the value of ¢ = 0.206549 ... analytically obtained for p = 2.

Rayleigh distribution As further example of regularization in the case of a PDF with exponential
tail, we consider now the Rayleigh distribution,

2

o(x) =we % 0(x), @)= (1- e%) 0(x). (32)

In this case 2 = (0, +00) and we have that ¥ (s) = (1—s)y/—21n(1 — s) that is infinitesimal both
in s =0 and in s = 1. In particular, ¥(s) = v2s + O (83/2) for s — 0 and therefore, according
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(a) Values of en in the case of exponentially dis-
tributed points, obtained for p € (1,2) compared
with the theoretical prediction in Eq. (27) (smooth
line). The asymptotic value of N*/?¢ for each value
of p has been obtained fitting the numerical results
for N up to 2.5 - 10° points, assuming the scaling

f(N) = e+aNZ L
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(¢) Numerical results for the AOC for p > 2 in the
case of exponentially distributed points. The smooth
lines are fits obtained assuming the scaling behavior
in Egs. (31).
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(b) Numerical results for the AOC for p = 2 in the
case of exponentially distributed points, showing a
logarithmic divergence in agreement with the predic-
tion in Eq. (30). The smooth line is the prediction in
Eq. (28).
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(d) Plot for exp [exp (Ney)] ~ N°™® in the case of
Rayleigh distribution and p = 2, to be compared with
the theoretical prediction in Eq. (33).

Fig. 1 AOC in the case of exponential distribution and Rayleigh distribution. Error bars are represented but
smaller than the markers.

to Eq. (23), there are no integrability issues for s — 0 for any value of p > 1. On the contrary,
fors »1W(s)=0((1- 5)1/2+1/p) for any p > 1. The integral is therefore always divergent and
a regularization is needed. We proceed in the usual way, restricting ourselves to the p = 2 case,

=~ 5 1 N teo dez
Nen =~ —————ds = Inln — ——— =Inln NV 1). (33
N /0 s—1In(1—2s) § VE+DDC+A/C 2z e Fol). (33)

Our results have been numerically verified, as shown in Fig. 1d.
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Pareto distribution Let us now consider a power-law decaying PDF, e.g., a Pareto distribution,
¢ -1

xa

00 (x) = x::_l&(x —1), Pu(z) = Oz —1), o> 0. (34)

Here we have 2 = [1,+00). If we consider

2a
< —, 35
b o+ 2 (35)
Eq. (22b) gives a finite result, namely
2P 1\ [t e p_»p
lim N*/?ey = r ptl / s2(1—s)27="Pds
N aP\/T 2 0

(36)

» rE+)r-35e)rty)
ar/r r2-2) '
This formula has been verified, for a set of values of p and «, in Fig. 2a. When (2 — p)a: < 2p the
integral does not converge (in particular, does not converge for any value of & when p = 2). Indeed,

with reference to Eq. (23), Wa(s) = a(l — s)'T#, and, therefore, a non-integrable singularity
appears for s, = 1 when 14 1/a > 1/2+1/p. We can proceed regularizing the integral for p > 22

a+2?
2v 1\ [1F p_p
N ey ~ F(m—)/ s2(1—s)2"a"Pds
0

aP\/T 2

ol () c\ 5+l P pa+2 p c
L P T RS R

aP T p+2 N 2 2 a '2 N (37)

ol D(PF)  (nypERE-l pat2 20
— aP~1/m 2p+ap—2a (?) +o NP7za fOI’p > a+2?
2 2 2
%IHN—%(H,,/Z—FIHC)—Q—O 1) for p = 5.

For p = 2, for example, we find

2
2 __(X)= "Lo(NEY) for0<a <2,

1 /N 2/ al(a—2) \¢
New=4 () Ty s o) for o = 2, 38
—ﬁ—l—o(l) for a > 2.

In Fig. 2b we numerically verify all the scaling properties above for p = 2 and a = 3,4, 5.
3.1.8 Singularity for s, € (0,1)

Let us now consider a PDF such that ¥(s,) = 0 for 0 < s, < 1 and let us derive the scaling
properties of the corresponding AOC in this case. As an example, we consider

_ 2cos?(amx)

1+ sinc(270)

o (z) = xl + si%lc(27rxa)
1 + sinc(27ra)

0a() 0(z)0(1 —=z), «a€(0,1], (39a)

0(z)0(1 — x). (39b)

Here we have used the definition sinc(x) = % The distribution above recovers the uniform
one for a — 0 and it has a (double) zero for z = 1fa € [1/2,1] if @ € [1/2,1]. The support is
therefore 2 = [0, 1] \ {1/2a}. In particular, for o € [1/2,1], we have
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5 104 LA L AL B A AL BN B B
41 - 103 E . 2 E
2, 2l J
W I | 10 E 3
§Z s z g :
=z = 10t =
ERL 1 ; ;
10° ¢ E
1+ b r 3
| | | | | | | 10_1 gmu\ T Y A T B A W Y1 B W E

3 35 4 45 5 55 6 10° 10t 10 10° 10t 10

o N
(a) Values of ey obtained for p = 1.1 and p = (b) Numerical results for the AOC for p = 2 and
1.2 and different values of «, compared with the different values of a. The fits are obtained using a
theoretical prediction in Eq. (36) (smooth lines). fitting function in the form given by Eq. (38); we
The asymptotic value of N*/2¢ y for each value of p obtained ¢ = 0.0668(5) for o = 3, ¢ = 0.0939(5) for
has been obtained fitting the numerical results for o =4 and ¢ = 0.1121(6) for a = 5.

N up to 10° points, assuming the scaling f(N) =

at2
e+ e NP3a L,

Fig. 2 AOC in the case of Pareto distribution. Error bars are represented but smaller than the markers.

(6ra)/®

v,(s) =
5)=7 2 4 2sinc(27q)

(s — s*)2/3 +o ((s - s*)2/3) ,

1 1

—— . (40
2a 1 + sinc(27a) (40)

with s, =
Depending on the value of «, the general exposition given in the present Section implies therefore
three different regimes of the asymptotic AOC.

For a € (0,1/2) the asymptotic AOC is finite for any value of p > 1. The integral in Eq. (22b)
has been evaluated numerically and the prediction has been compared with our numerical results
in Fig. 3a, where a perfect agreement is found.

When a = 1/2 the singularity s, moves to 1. We obtain the regularized integral

N&-1 for p > 6,

C1/z 2 P
2P 1\ (w2 (0)Pa

N™Peny = =T (p-i—)/ mdxw—i—o(l)u In N for p =6, (41)
e 2 0 o0 ()

constant for 1 < p < 6.

We verified the scaling above in Fig. 3c. In the p = 6 case, in particular, we have

160
27t

Niey In N +O(1). (42)

For a € (1/2,1], instead, there is a singularity in s, € [1/2,1) and the regularization procedure

has to be modified. In this case we have to exclude from the integration domain a ball centered
in s, and radius O(1/v~N). Observing that

2. (2a(1 + silnc(2a7r)) * \/CN> - % + ;i/gdl ;Szirj(ﬁzm» o <\/1N>
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and denoting the “regularized” domain by

2 =00\ (55 - T 30+ ) (a4)

we can write the regularized integral as

2p

N¥* for p > 3/2,
+o(l) x<InN for p = 3/2, (45)
constant for 1 < p < 3/2,

Lol

op 1 D (2)D
When= Zo(241) [ a2
™ 24

e\ 2 =

Qo

=
~—

where we limited ourselves to the scaling behavior of the AOC. In Fig. 3b we present our numerical
results for p = 2 and p = 3. In both cases, the scaling predicted in Eq. (45) is confirmed. For
p = 3/2, in particular, we find

. I (1a 1+ sinc(2ma) — o2&
Wy = o TOD (et 5

3/4
~ 6a (1 + sinc(2ma)) ) N +O0(1). (46)

In Fig. 3d we show our numerical results for this case, once again in agreement with the prediction.
Observe that the different regularization applied in this case implies a completely different scaling
of the asymptotic AOC respect to the one obtained for s, = 1.

4 Assignment on disjoint intervals: an example

In the examples above, and in the general remarks in Section 3, we have always assumed that
the domain (2 is such that 2 is a connected interval, and therefore @ is an invertible function
on 2. This is not the case if the domain {2 has a “gap”. In this Section we will study the effects
of such a gap on the asymptotic AOC. We will limit ourselves to the case 2 = AU B with A,
B connected intervals such that AN B = . In the following we will assume that Vz € A and
Vy € B, z < y. To avoid complications due to the presence of singularities in the integrals, we
will also assume that £2 = 2. The lack of invertibility of @ is due in this case to the fact that
limy ssup 4 P(x) = limy_yine g P(x) = §, despite the fact that a = sup A # inf B = b. We expect
that our approach proposed in Section 2 fails in this situation, because the transport field ¢ in
Eq. (14) is not infinitesimal in general for N — +o0.

In the simple case mentioned here, 2 = AU B with AN B = (), the exact formula in Eq. (18)
can be written as

ev = [ 4ol S [0 + 5P 0) + 5 70) + 5P 0)]. 1

k=1

In the expression above, the quantity
i (¢)d o = Prlgy € d,ay € X, yp € Y]
N\? _ _ _ _
—do(y) [[so-y s @ @E F ) ad @ adte) 6
XXY

is the joint probability that the kth transport field ¢p = yp — xp takes value in the interval
(¢, +d @), z, € X and yr € Y. We expect that, to obtain a nontrivial N — +o0o limit from
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1.5

(a) Values of ex in the case of points distributed
with PDF given in Eq. (39), obtained for different
values of p and a for which limy N*/2ey is finite,
compared with the theoretical prediction obtained
using Eq. (22b) (smooth lines). The limit curve for
a =0, given by Eq. (24), is also represented (gray),
along with the numerical results for the asymptotic
AOC in the uniform distribution case.

T

108 |- =

NE 105, |
z,

107 - 8

1071 8

Lol Lol Loyl Loyl Lol
10* 102 103 104 10°
N

(c¢) Numerical results for the AOC in the case of points
distributed with PDF given in Eq. (39) with o = 1/2.
The represented fits have been obtained assuming a
fitting function f(N) = N*/6=1(e; 4 <2/N) 4 €o. The
obtained scaling laws are in agreement with the pre-
diction in Eq. (41).

T
107 | g

& 10t E
= = ]
= i i
I s

L ? M /6 |

. s~ T

10° | RS E

P I .

L Ll Lol Loyl Lol | \\HHi

10t 107 103 10 10°
N
(b) Numerical results for the AOC in the case of points
distributed with PDF given in Eq. (39) with a = 1.
The smooth lines are fits obtained a scaling of the type
f(N) = N?/5='/2 (¢1 4 e2/N) + €o. The obtained scaling
are in agreement with the prediction in Eq. (45).

0.8 |ep =3/ witha =1 .|
ap =6 with a =1/ =
0.6 - 8
2,
w
T 04} 8
2
0.2 8
Ok i Ll Ll Ll
10! 102 103 104
N

(d) Numerical results for the AOC in the case of
points distributed with PDF given in Eq. (39) in
the cases in which a logarithmic divergence appears.
The smooth lines are fits obtained assuming a scal-
ing f(N) = €ln N + €0 + €/in N, where € has been
provided by the predictions in Eq. (46) and Eq. (42).

Fig. 3 AOC in the case of of points distributed with PDF given in Eq. (39). Error bars are represented but

smaller than the markers.
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pgcAA) and p,(GBB), we have to rescale ¢y, following Eq. (19), due to the fact that matched points

in the same interval can be arbitrarily close in the thermodynamical limit. Indeed, we can repeat
the same calculations in Section 2 performing the rescaling in Egs. (19) and recovering, with the
same caveat, a limiting distribution exactly in the form given in Eq. (21),

N N
1 1
=P —_\"p
N2 r[¢k€d¢,xkeA,ykeA]+Nk§:1 r[¢r € d¢,x1, € B,y € B

_ ! ¥(s) @ ()]
= dcp/o dsm exp {48(1_8)@2} +o(1). (49)

This formula is exactly the expression we would have obtained if £2 were connected. If convergent,
as it will happen under the hypotheses adopted here, this contribution will give a O(N~"/) term
in the expression of e for N > 1.

On the other hand, the last two contributions in Eq. (47) corresponds to the matching trans-
port between the two components of (2, i.e., A — B or B — A, and therefore the transport
field in this case is of the order of the distance between A and B, namely inf B — sup A. The
asymptotic rescaling given in Egs. (19), therefore, cannot be applied to this term. However, from
the fact that two matched points zj and yj have |®(zy) — P(yx)| = O (L/VN), if 2, € A and
Yr € B this implies that

< Sk o Mk
Pxp) =8+ ——, & =5+ — 50
with & < 0 and n, > 0, and therefore
&k ( 1 ) Mk ( 1 )
=06+ —=—"—+40(—=], ypr=0b+ +o| —= |, 51
VNo(a) ' “\VN VNo) " “\VN oy

where @ = sup A and b = inf B and, under our hypotheses, o(a) # 0 and o(b) # 0. The relations
above suggest the rescaling ¢, — b—a+ %x/vN for k = Ns+ 1/2. A nontrivial distribution for ¢
is obtained assuming s = § + 9/v/~N. Indeed

1 N

NZPY[% €do,x € Ay, € B
k=1

N 2 B 1
i\;b;(]:) /OdUk/§ dvk6(¢7©71(v)+¢71(u))(17U)N7k(17'l})N7k

—0 2 —a 2

R +oo do 0 +o00 . E exp (—7(5 22(—1"{2) ) )
~dp 2 de| dns(e-—L =0

e VNS o) " ola) 275(1 — 3)

o(a)o(b) o(a)p . o(b)p .

d¢ | e o [Erf (w/r(l—g)) Erf(mﬂ 6(p)  ela) # e(b),

Ry —— 2 52
VN 2 s iééf)fé) PN .

4 (a)sﬁz\/ﬁe(@) o(a) = o(b),

1
=—=Pr[pedp, A— B]. (52)

VN

In a similar manner the expression for Pr[¢p € d¢,B — A] can be obtained. Collecting our
results, we can write down the contribution to the asymptotic probability for ¢ given by the

+




16 Sergio Caracciolo et al.

matching between points of different subintervals as

e —e®@lel \ _gopf _e@lel
~ 4/25(1—3 /25(1—38
d¢ ) o(a)o(b) (2 (22(9)(2)9(a§) ( )) o(a) # o(b),
UN ), L s

0 (a)|@‘2m Q(a) = Q(b)'

Pr[¢(s) € d¢, A < B] =

Observe that the previous contributions are not normalized in ¢. This is due to the fact that they
appears as O(1/vN) corrections to the distribution Pr[p(s) € d¢] that has Eq. (49) as leading
term: higher order corrections to Prl¢y € d ¢,z € A,yi € A] and Pr[oy € d ¢,z € B,yi, € B,
that would guarantee for N > 1 the total integral of the corrections to Prp(s) € d ¢] to be zero,
have not been computed. This will be irrelevant for our final computation, because the matching
field is O(1/v~N) when matching points in the same interval, but O(1) when matching points in
different intervals. The final result is

b—alp [T .
= Pri¢(s) ed@, A+ Bl +o

NN ). ¢1N>

. QbJN“p\/g(lwig’)jLo <\/1N> . (54)

irrespectively from the fact that o(a) = o(b) or not. Remarkably, the coefficient in front of the
leading term does not depend on g(x) but only on the average fraction of points that are in
each of the two subintervals, i.e., on §. Moreover, the obtained scaling can be intuitively justified
observing that the number of points of = that are expected to fall, e.g., in A are N§, but the
fluctuations to this number scale as v/N. The same reasoning applies to 7. This means that
O(\/N ) points in A have necessarily to be matched with points in B with a matching cost that
is O(|b — a|?), giving a final O(1/vN) contribution to epn.

Uniform distribution with a gap To better exemplify this situation, let us consider the following
PDF on 2 = [0,1/2 — @/2] U [1/2 + @/2,1] with @ € [0,1) and ¢ € (0, 1),

2L if p € [0,12 — ),

l—«
Oag(r) = 220 if € 124 o/, 1], (55)
0 otherwise.

A gap of width « is present in £2 = {2 when a # 0. With reference to the notation adopted in this
Section, in this case § = ¢ for any value « € (0,1) and therefore Eq. (54) applies immediately,
giving us

a0 (L), -

This scaling law has been numerically verified. In Fig. 4a we consider ¢ = 1/2 and p = 2, whereas
in Fig. 4b we assume g = 3/4 and p = 4, in both cases with different values of a. The prediction
in Eq. (56) is in perfect agreement with the numerical results.
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(b) Numerical results for the AOC in the case of points
distributed with PDF given in Eq. (55) with ¢ = 3/4
and and p = 4. The fits are obtained assuming a scal-
ing f(N) = 1/ay/3/xa*N*/2 + e//N, where € is a fitting
parameter . The dashed line represents the asymptotic
limit for ¢ = 0 predicted by Eq. (22).

(a) Numerical results for the AOC in the case of
points distributed with PDF given in Eq. (55) with
q = 1/2 and p = 2. The fits are obtained assuming a
scaling f(N) = a?4/N/x + ¢, where ¢ is a fitting pa-
rameter. The dashed line represents the asymptotic
limit for ¢ = 0 predicted by Eq. (22).

Fig. 4 AOC in the case of of points distributed with the “gapped” PDF given in Eq. (55). Error bars are
represented but smaller than the markers.

5 Conclusions

We have discussed the REAP on the line with convex weight cost w(x,y) = |z — y|P for p > 1,
assuming the points to be independently and randomly distributed on the line, according with
a PDF p(z): R — R*. We have given a general expression for the asymptotic AOC N*/?ey
and we have shown that this general expression is possibly divergent, due to regions of very
low density of points, i.e., to the zeros of o(z). We have provided a recipe to take into account
the effects of the discreteness of the problem when, denoting by 2 = {x € R: o(z) > 0}, the
set 2 \ 2 is made up by isolated points (possibly including the point at infinity). We have then
exemplified our approach, applying our recipe to a set of examples, extracting the exact scaling of
the asymptotic AOC and, if possible, the coefficients appearing in it. Finally, we have considered
the case in which the set {2 has a gap, i.e., is composed by two disjoint intervals, showing that,
in this situation, the effect of fluctuations in the number of points falling in each sub-interval
dominates the asymptotic AOC.

The present work extends and completes the analysis given in Refs. [4,25] for the quadratic
REAP. The importance of the discussed regularization is however not restricted to the one-
dimensional random assignment. Indeed, the same formulas for the AOC discussed here ap-
pear in other one-dimensional random optimization problems, such as the random Euclidean 2-
matching [30] and the Traveling Salesman Problem in the bipartite and the monopartite case [31,
32]. The understanding of the proper regularization to be adopted, when the simpler expression
cannot be used and an anomalous scaling appears, is therefore relevant for a larger class of op-
timization problems, to which the analysis presented here can be applied. Finally, in Ref. [4] an
integral expression for the asymptotic AOC is given for d > 1. As the authors stress therein,
the higher dimensional case might also require a regularization, depending on the properties of
the domain and of the PDF adopted to extract the points. The criteria for such a regularization
remain an open problem for future investigations.
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