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Abstract—Modern large-scale infrastructure systems have typ-
ical complicated structure and dynamics, and extensive simula-
tions are required to evaluate their performance. The probabilis-
tic collocation method (PCM) has been developed to effectively
simulate a system’s performance under parametric uncertainty.
In particular, it allows reduced-order representation of the
mapping between uncertain parameters and system performance
measures/outputs, using only a limited number of simulations;
the resultant representation of the original system is provably
accurate over the likely range of parameter values. In this
paper, we extend the formal analysis of single-variable PCM to
the multivariate case, where multiple uncertain parameters may
or may not be independent. Specifically, we provide conditions
that permit multivariate PCM to precisely predict the mean of
original system output. We also explore additional capabilities
of the multivariate PCM, in terms of cross-statistics prediction,
relation to the minimum mean-square estimator, computational
feasibility for large dimensional parameter sets, and sample-
based approximation of the solution. At the end of the paper, we
demonstrate the application of multivariate PCM in evaluating
air traffic system performance under weather uncertainties.

Index Terms—Air traffic flow management, dynamical
simulation, uncertainty evaluation.

I. INTRODUCTION

HERE is a growing need to effectively and strategically

manage large-scale infrastructure systems, such as air
traffic systems, power grids, and environmental systems. These
systems are typically subject to a wide range of uncertainties,
which significantly complicate the evaluation and management
of system performance. To give some examples, flow con-
tingency management solutions are being developed for air
traffic systems, which seek to automatically generate manage-
ment plans over a 2-15 h lookahead time that are robust to
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weather uncertainties [26], [27]. In analogy, strategic resource
scheduling and real-time surveillance/control algorithms are
sought for the power grid, that are flexible to uncertainties
in renewable generation and load, and robust to complex and
uncertain fault events [12], [29]. As a step toward real-time
management, techniques are needed for accurate yet computa-
tionally efficient evaluation/prediction of system performance
over a range of parametric uncertainties. To address this need
in broad infrastructure system applications, this paper develops
a systematic method to effectively evaluate output statistics for
systems with multiple uncertain input parameters.

System uncertainty evaluation problems are typically ad-
dressed from two angles: analytical solutions and simulations.
However, because of the large scale and complicated nature
of large-scale infrastructure systems, analytical solutions for
system dynamics are typically unavailable; therefore, simula-
tions using complicated computerized models are the primary
approaches for uncertainty evaluation. Monte Carlo methods
have been widely used to evaluate system performance un-
der uncertainty by practitioners in many application domains
[34]. Broadly, Monte Carlo methods have three main steps:
1) generation of a large number of samples covering the
range of parameter uncertainties; 2) simulation of system
performance for each parameter sample; and 3) summary of
simulation outputs to obtain the system-performance statistics.
Often, Monte Carlo methods may not be suitable for large-
scale infrastructure applications, because of their inherent
computational cost. Specifically, Monte Carlo methods typi-
cally require evaluation of a large number of simulations of the
mapping of interest; since infrastructure-network simulations
are rather computationally intensive, such exhaustive simula-
tions are often impossible (especially when real-time decision-
making is needed).

Driven by this limitation, our group (as well as others) have
sought for alternative simulation methods to effectively eval-
uate parametric uncertainties. Our philosophy is that a limited
number of simulations, if appropriately chosen, can provide
adequate approximations of the mapping between uncertain
input parameters and system performance over the range of
likely parameter values. In particular, an adequate low-order
mapping allows us to obtain statistical characterizations of
system performance, and to evaluate system performance at
any particular parameter value of interest. How to smartly
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choose the values of input parameters as simulation points
and to construct the low-order mapping that allows best
characterization of system-performance statistics is the key.

The probabilistic collocation method (PCM) is a method to
evaluate the uncertainty of computationally expensive models
at a low computational cost. It suggests a smart way of
selecting simulation points to construct a low-order polyno-
mial mapping between uncertain parameters and output or
performance variable, that performs well over the likely range
of parameter values [25], [32]. The idea behind PCM is
as follows. Although system parameters are uncertain, we
typically have some statistical knowledge about the parametric
uncertainties; smartly utilizing this information allows us to
find representative simulation points, from which a reduced-
order mapping of high fidelity can be constructed. In particular,
it was proved in [12] that the low-degree polynomial mapping
generated by PCM is able to predict the mean output (per-
formance) correctly, even if the actual mapping is a much
higher degree polynomial. In [29], we further explored the
statistical performance of PCM, and the practical use of it
when data or empirical low-order statistics is available instead
of the probabilistic density function (pdf).

Several studies have detailed applications of PCM in
transportation- and power-network management [12], [16],
[17], [23]. While these efforts are promising, a limitation
is that only one uncertain input parameter is considered. In
practice, large-scale infrastructure systems typically involve
multiple (sometimes a large number of) spatially/temporally
distributed uncertain parameters. In these cases, more than
one uncertain parameter (which may be correlated) may exert
significant impact on system performance or other output
variables. Thus, we are motivated to develop smart simula-
tion techniques analogous to PCM, and to understand their
effectiveness and cost, when multiple correlated, uncertain
parameters are present. Specially in this paper, we extend the
formal analysis of the single-variable PCM to the multivariate
case, where the uncertain parameters may or may not be
independent.

The essence of our multivariate PCM approach lies in the
smart selection of simulation points. Parsimonious selection
of sampling points is needed for a range of applications, and
has been widely studied (including in the specific context of
uncertainty evaluation and mapping identification for complex
systems). Here, we provide a brief and incomplete review
of these methods, focusing primarily on differentiating our
approach from related ones. For the purpose of polynomial
interpolation, Chebyshev nodes are widely used to overcome
the Runge’s phenomenon observed in using equally-spaced
sampling [5]. For the purpose of uncertainty evaluation, be-
sides Monte Carlo methods (also called random samping),
several other techniques have been proposed. For instance,
the stratified sampling and Latin Hypercube Design (LHD)
and their variants were developed to improve the coverage
and projective properties [13], [15], [18]. Multiple steps are
involved in these methods: first the space is subdivided to en-
sure full coverage, and then random sampling is used for each
portion. These above methods are primarily designed to ensure
appropriate coverage of the sampling space and to select

IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: SYSTEMS, VOL. 44, NO. 10, OCTOBER 2014

sampling densities in the space, rather than to guarantee
accurate estimation of output statistics. Gaussian Quadrature
techniques also have been widely studied for uncertainty
evaluation, both under the heading of PCM and using other
terminology [14], [33], [35]. When multiple independent input
parameters are involved, [14], [32], [33] suggest different pro-
cedures to select simulation points, among which [14] involves
the most number of points. Gaussian Quadrature techniques
have also been used to solve ODE/PDEs with uncertain pa-
rameters [6], [11], [16], [19]. These works mesh finite element
decomposition in space and collocation methods on random
variables, to approximate continuous high-dimensional solu-
tions. All these works are relevant to our study, as they also
consider the utilization of Gaussian Quadrature techniques
when multiple uncertain variables are present. However, the
purpose of our investigation in this paper is different from
these studies in two aspects. First, these studies consider the
approximation of system mapping using expansions of or-
thogonal polynomials (e.g., Hermite for Gaussian distribution,
Laguerre for Gamma distribution, Jocobi for Beta distribution,
and Legendra for Uniform distribution) with small error,
instead of general polynomial system mapping and its low-
order approximation that predicts precisely the same statistics
as we do. Second, their studies are not focused on understand-
ing how correlations in parametric uncertainties may affect
expected performance while our study does consider correlated
uncertainty.

Our major contribution here is a formal investigation of the
properties of PCM for systems with multiple uncertain input
parameters (see also [37] for the brief conference version).
Specifically, we: 1) identify precise conditions on mapping
functions and distributions to permit zero-error mean predic-
tion, in both the independent and correlated cases; 2) in turn
develop algorithms that obtain the best statistical performance;
and 3) provide additional performance analyses, such as
cross-statistics prediction, relation to minimum mean square
estimation (MMSE), and computational feasibility analysis
for large dimensional data. The multivariate PCM method
that we develop overcomes the inadequacies of analytical
uncertainty evaluation methods that do not work for complex
infrastructure systems and Monte Carlo simulation methods
that are computationally costly. In addition, our theoretical
development provides a comprehensive understanding of the
precise performance of PCM in multivariate settings and in-
forms its practical use in performance evaluation and real-time
decision making in large-scale infrastructure-type applications.

The remainder of the paper is organized as follows. In
Section II, we describe and evaluate multivariate PCM when
input parameters are independent. In Section III, we discuss
further properties of the independent multivariate PCM, and
computational issues. In Section IV, we provide results of
the multivariate PCM when parameters are correlated. In
Section V, we discuss the practical use of PCM when data or
empirical low-order moments on low-order parameters, rather
than explicit distributions of these parameters, are available. In
Section VI, we present two examples to demonstrate the use
of multivariate PCM to evaluate air traffic system performance
under weather uncertainties. Section VII concludes the paper.
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Fig. 1. (a) Joint probability density function fx y(x,y). (b) Original map-
ping g(x, ¥). (c) Reduced-order multivariate PCM mapping g*(x, y). The black
dots represent PCM points.

II. INDEPENDENT MULTIVARIATE PCM

In this section, we consider a costly-to-simulate system with
multiple input parameters subject to independent uncertainties.
To effectively evaluate the dependence of system output on
these input parameters and to obtain the statistics of system
output under uncertainty, we study how to smartly select
a limited number of simulations to construct a low-order
polynomial mapping between the inputs and the output with
good statistical performance.

A. Simple Two-Variable Case

To simplify the development of multivariate PCM, we first
focus on the two-variable case. Specifically, let us consider
a system of interest, for which we wish to identify the
mapping between two variable input parameters x and y and
an output of interest that is functionally dependent on the
two parameters, say g(x, y). Unfortunately, it is costly to
compute the output for an input pair (e.g., because it requires
a time-consuming simulation or a costly experiment), and
hence we can evaluate g(x, y) for only a limited number of
pairs (x, y). With this limited ability to probe the system,
we seek to accurately identify the mapping over a useful
range of parameter values. More precisely, we model the two
input parameters, for the evaluation task of interest, as inde-
pendent random variables with known probability distribution
fxy(x, y) = fx(x) fr(y).

We propose a technique for selecting input pairs for simula-
tion and in turn approximating the mapping of interest, which
we call the two-variable PCM. The conceptual basis for the
two-variable PCM (which is analogous to the one-variable
case) is the following. A sparse number of points (pairs)
are selected for evaluation, and these evaluations are used to
obtain a low-degree polynomial mapping between the input
parameters and the output; the points are specially selected, in
such a way that the obtained low-order polynomial mapping
can predict the mean output correctly even if the mapping
in reality is of a much higher degree (see Fig. 1 for an
illustration).

1) Main Results: In this section, we first illustrate the
algorithm of the two-variable PCM in finding the PCM simu-
lation points, the coefficients of the low-order PCM mapping,
and then the predicted output mean. We then in Theorem
1 formalize that the low-degree approximation achieves the
same mean as a higher-degree mapping of a general form,
if simulation points are selected according to the algorithm.
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A simple example then follows to illustrate the use of two-
variable PCM. The rest of the paper extends this theorem in
multiple directions toward: 1) more than two input variables;
2) dependency among the input variables; 3) different general
forms of original mappings; 4) further statistical performance
analysis; and 5) input variables whose distributions are not
explicitly known but specified by sample data.

Algorithm: The following algorithm shown in Table I, based
on the distributions of random variables X and Y, fx(x) and
fr(y), constructs a low-order mapping of the form

n—1m—1

g, =YY By ey

=0 j=0

with the statistical property suggested by Theorem 1, where
the coefficients B; ; € R.

In Theorem 1, we prove that a two-variable mapping g(x, y)
with the degrees of x up to 2n — 1 and y up to 2m — 1 can
be approximated by a low-order mapping g*(x, y) with the
degrees of x up to n — 1 and y up to m — 1, with the same
expected values. We note that identifying the low-order PCM
mapping g*(x, y) requires evaluating g(x, y) at the simulation
points (x;, y;), where x; and y; are the roots of the orthonormal
polynomials #,(x) and k), (y), respectively. Please refer to
Appendix A for the proof.

Theorem 1: Consider a two-variable mapping g(x, y) of the
form

2n—12m—1

g, M) =D > Ay 2
i=0  j=0

where the coefficients A;; € R, and n and m are integers
greater than 1. With the assumption that the two variables
x and y follow independent distributions fx(x) and fy(y),
respectively, the mapping g(x, y) can be approximated by a
low-order mapping g*(x, y) of the form shown in (1), such
that E[g(x, y)] = E[g"(x, y)].

2) Discussion and Example: Now let us discuss the effi-
ciency of the independent two-variable PCM. As the original
mapping g(x, y) is a polynomial with x up to the degree of
2n—1 and y up to 2m — 1, a total of (2n)(2m) simulations are
required to uniquely identify the mapping. However, identify-
ing g*(x, y) requires only nm simulations, as there are n roots
for h,(x) and m roots for A/, (y). As such, the two-variable
PCM can reduce the number of simulations by 3 nm.

Finally we use a simple example to illustrate the procedure
and performance of the independent two-variable PCM as
shown in Fig. 1. We consider a two-variable mapping g(x, y) =
Xy =2y 43x°) —4x°0y? + 550y — 6x° — 2x4y +4xtyt — 6x*y +
8x*y? —10x*y+12x*+3x3y° —6x3 y* +9x3y3 — 1243 y? +15x3y — 18x —
45?2y’ +8x%y* —12x%y3 +16x%y? —20x% y+24x% +5xy° — 10xy*+15xy° —
20xy*+25xy —30x — 6y +12y* — 18y*+24y? —30y+36 as shown in
Fig. 1(b). Assuming that x is normally distributed with mean
13 and variance 4.6225 and y is uniformly distributed between
5 and 20, we show that the mapping can be well approximated
by a polynomial with the degrees of x and y each up to 2.

To do that, we choose 9 simulation points based
on the pdf of x and y, according to Step 1 in
the algorithm. The locations of the simulation points
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TABLE I
ALGORITHM FOR THE INDEPENDENT TWO-VARIABLE PCM

Step 1:  Simulation point selection
1.1 Compute the orthonormal polynomials of degree ¢ for the random variable X, h(x), fori =1,...,n
according to the following:
a) Initialize H_1(z) = h_1(z) =0 and Ho(z) = ho(z) =1
b) For i=1ton
1
Hi(z) = whi-1(z) = {whi—1(2), hi—1(2)) hi-1(2) — (Hi-1(2), Hi-1(2)) 2 hi-2(x),
hi(z) = Hi(z)/ (Hi(z), Hi(z)) 2.
End
Note that H;(x) represents the orthogonal polynomial of degree ¢ for the random variable X.
The second equation in the FOR loop normalizes H;(z). (p(x), ¢(z)) denotes the integration
operation [ p(z)q(z) fx (x)dz.
1.2 Find the roots of hp(x) = 0 as the n PCM simulation points for X, denoted as z1, x2,, ..., Tn.
1.3 Repeat 1.1 and 1.2 for the random variable Y and obtain the orthonormal polynomials hg.(y),
for j = 1,...m, and the m PCM simulation points for Y, denoted as 1, y2, ..., Ym.
Step 2:  Evaluation of system outputs at selected simulation points
2.1 For each simulation points (x;,y;) where 2 € {1,..n} and j € {1...m}, run simulation and
find the associated output g(x;,y;).
Step 3:  Identification of Mapping Coefficients
3.1 Find the coefficients b; ; in the low-order PCM mapping: ¢*(z,y) = ?:—01 Z;”;Ol bi,jhi(x)h’; (y) following:
n—1,m—1T g(eysv1) 7 [hp—1(@z1)hl, 1 (y1) By —1(z1)h{ (y1) ho(z1)h{(y1) ]
bn—.l.O g((Ellyrm) hrn,—i(wl)’v";rnfl(ym) hnfl(il’lv)h'()(ym) }LO(CI’l)}L(,)(ym)
= Kk—1 , where K =
b0, m—1 9(@n, v1) By —1 ()Rl 1 (y1) By —1 ()Rl (1) ho (@)l (v1)
50,0 r9(@n, ym) Lhn 1 @n)h () hp_1 (2R (m) ho (@)l (ym )]
3.2 The predicted output mean is by o.
3.3 Reorganize terms in the low-order PCM mapping, and obtain coefficients 5 ; in the

n—1

low-order PCM mapping: g*(z,y) = >,

-1
>0

Bi’jxiyj.

are (9.2761, 6.6905), (9.2761, 12.5000), (9.2761, 18.3095),
(13, 6.6905), (13, 12.5000), (13, 18.3095), (16.7239, 6.6905),
(16.7239, 12.5000), and (16.7239, 18.3095) as shown in
Fig. 1(a). We then evaluate g(x, y) at these 9 locations ac-
cording to Step 2, and obtain the coefficients of the lower-
oder PCM mapping according to the Step 3. The resulting
PCM mapping up to the order of x?y? is shown in Fig. 1(c).

From Fig. 1(a), we see that the 9 simulation points are
located at the range of likely parameter values, in response to
the probability distributions of x and y. Comparing Fig. 1(b)
and (c) shows that the PCM mapping g*(x, y) approximates
g(x, y) very well over the likely domain of parameter values,
despite the significantly reduced mapping orders and number
of simulations required for the construction.

B. General Theorem and Procedure on Independent
Multivariate PCM Mapping

Theorem 1 can be easily generalized to the multivariate
PCM with more than two variables, as shown in Theorem 2.
Please refer to Appendix B for the proof.

Theorem 2: Consider a multivariate mapping g(xi, x2, ...,
X,,) of the form

2n1—12n—1  2n,—1 m
ki
g1 Xgs e X)) = D> Y Ak, [ B
k=0 k=0 k= i=1

where the coefficients Ay, . x, € R, and ny, ny, ..n, are
integers larger than 1. Assume that the variables x;, x, ...,

X, follow independent distributions fx,(x1), fx,(x2), ..., and
fx,, (xm), respectively. Then, the mapping can be approximated
by a low-order mapping g*(xi, X2, ..., x;;) of the form

ni—1ny—1 ny,—1 m

* ki

g1 X X)) = YD > B, [ @
k1=0 k=0 k= i=1

such that E[g(xi, x2, .. ., Xn)], where
the coefficients By, .,

Theorem 2 shows that the independent multivariate PCM
method can significantly reduce the number of simulations
needed to construct a low-order mapping of the same mean.
Similar to what we have argued in the two-variable case,
constructing g(xi, x2, ..., X,,) as shown in (3) requires at
least 2™IT2 n; simulations. This is because 2n; simula-
tions are required to uniquely identify each variable up to
the degree of 2n; — 1. However, the reduced-order mapping
g*(x1, X2, ..., X;y) as shown in (4) requires only IT72n; simu-
lations evaluated at the roots of each A/, (x;). The independent
multivariate PCM can thus save (2" — I)IT/Z n; simulations
without introducing any error to the mean prediction.

To complete the presentation and facilitate the use of the
independent multivariate PCM, we briefly summarize the
procedure to find the PCM mapping in its general form
[as shown in (4)].

Step 1 (Simulation Point Selection): ~As a generalization
to the two-variable case, I172,n; simulation points are required
to identify a m-variable PCM mapping shown in (4). Due

o Xm)] = E[g*(x1, x2, ..
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to the independence of variables, we only need to identify
n; points along the dimension of each x;, for i € {1, ..., m}.
Combinations of the n; points along each dimension constitute
the set of n,...n,, simulation points. The n; points associated
with random variable x; are the roots of the orthonormal
polynomial hﬁli(xi), which can be found through the recursion
illustrated in Step 1 in the algorithm in Section II-A.

Step 2 (Evaluation of System Outputs at Selected Simulation
Points):  For each simulation point identified in Step 1, we
find the associated output through simulation. In total, IT{Z,n;
simulations are needed. We stress that in many applications,
this is the most time-consuming step. As the multivariate PCM
can significantly reduce the number of simulations required to
produce a mapping with correct mean prediction, this method
is of significance to find high-dimensional mappings that are
common to large-scale infrastructure applications.

Step 3 (Identification of Mapping Coefficients): Using the
simulations in Step 2, we can explicitly express the low
order mapping g*(xy, ..., X,;) by identifying the coefficients
in its orthonormal polynomial form. This result is a simple
generalization of Step 3 of the algorithm in Section II-A for
the two-variable case. In particular, the coefficients ay, .
be calculated using the matrix operation in (5). The vector a
is arranged in a descending order of the subscripts starting
from the last bit to the first bit, and the vector g is arranged
in an increasing order of the root indices (i), again from the
rightmost entry to the leftmost entry, where 1 <i <n,,

Any—1,...onpy—1 8(X131), X2(1)» +--s Xm(1))
An,—1,..0 g(x11), xz(i)', o X))
. = =2 =1 | 8(X1(1)> X2(1)5 +++s Xm—1(2)» Xin(1))
Apy—1,..0-1—2,0 g(xm), X2(1)» ~-:xmfl(2), Xin(np))
L Clo,i..,o ] 8(X1(ny)» xz(n;), coos X))

(&)

Here, L € R™M"tm>xMn2-n takes the following form:

hCery)- A (X))

By, 1 (x1))-hy (X))
hCery)- A (X))

h,l,l_l (x1y)--hy 1 (m2)

[LES €TI0 I/ Y € Y IR T SRR N T CnY)

In each row, the subscripts of & are arranged in a descending
order fromn;—1,n,—1, ...,n,,—11t00, 0, ...0. In each column,
the indices of roots are in an increasing order from 1, 1, ..., 1
tony, na, ...n,. The coefficients Bk, k, shown in (4) can then
be easily derived from ay, .,

III. PROPERTIES OF INDEPENDENT MULTIVARIATE PCM

As proved in Section II, the independent multivariate PCM
can find a low-order polynomial mapping that correctly pre-
dicts the mean of the original higher-order mapping. In this
section, we further characterize the performance of the inde-
pendent multivariate PCM mapping. In particular, we show
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in Section III-A that the low-order mapping also predicts the
correct cross-statistics. We then compare its performance with
that of the MMSE. In Section III-B, we briefly discuss the
numerical capability of the independent multivariate PCM in
processing high-dimensional data.

A. Performance of Independent Multivariate PCM

In Theorem 3, we show that the low-order independent
multivariate PCM can precisely predict the cross-statistics up
to certain degree. Please refer to Appendix C for the proof.

Theorem 3: Consider the wuse of a multivariable
PCM mapping g (X1 X2y vees X)) of the form
ZZI‘_OI km—O Bk, Koy L1y x5 to  approximate
an origmal polynomial mapping g(x1, x2, ..., xp,) of the
form SRS LS Ak ek T XN, for
all p; € {0,...,n; — 1}. Assuming that all variables are

independent, the low-order PCM can correctly predict the
cross-statistics, that is

<Hx/‘> g (x1, X2, oons xm)]
i=1

(H x/‘) g(x1, X2, ...y xm)] (6)
i=1

for all [; € {0, ...,n; — 1 — p;}.

In Theorem 4, we discuss the relationship between the
independent multivariate PCM mapping and the MMSE
estimator. In general, a low-order PCM mapping may
not be the MMSE estimator among all polynomials of
the same degree. However, the performance of PCM is
attractive as reflected by the following two additional results:
1) the mean square error (MSE) performance of a PCM
mapping may not be improved by adding any polynomial
up to certain degree, and 2) a PCM mapping up to certain
degree is the MMSE estimator among all polynomials of
the same degree. Please refer to the Appendix D for the proof.

Theorem 4: Consider a multivariate mapping
ni+p ny+ A+ Pm
>y Z,Qz_{)’z e S Ak ok H "Xk for  some
Di S {O —1}. If a PCM mapping of the form
ny—lny—1 ny—1
ENX X2, X)) = DY Y Hh' (xi)
k1=0 kp=0  ky=0

is used to fit the original mapping, the mean square error of
the PCM fit cannot be improved by adding any polynomial
with the degree of x; up to n;, — 1 — p;. Moreover, the lower
order PCM mapping

ni—l-p;

X)=

k=0

N —1=pm m

Z akl kah’ (x:)

k=0

E
g (x1, x2, ...,

is the MMSE mapping, among all polynomials with the degree
of each x; up ton; — 1 — p;.

B. Discussion on Numerical Issues

We note that the performance of PCM may be affected by
numerical issues. As seen from (5), finding the coefficients
,,,,, nn—1, and then By, _; ., —1 in (4) (according to the
procedure discussed in Section II-B) involves solving a large

.....
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equation array. Numerical issues (such as the loss of precision
and even failure of getting a solution) may appear especially
when the dimension of the array is large. Instead of providing
a formal proof, we discuss the feasibility of this procedure
through comparing it with an alternative procedure. We first
describe the alternative procedure and then use the example
presented in Section II-A to compare the performance of
these two.

We note that once PCM points are selected and outputs at
those points are simulated, we can find the mapping coeffi-
cients By, 1. n,—1 directly, instead of using the orthonormal
bases. In particular

By 1, n—1 8(X1(1ys X2(1)5 +--» Xin(1))
By,—1,..0 8(X1(1ys X2(1)s ++vs Xm(n,))
y Byt =21 8(X1(1ys X2(1)» +ovs Ximn—1(2)> Xm(1))
By 1, npmi—2,0 8(X1(1ys X2(1)» -5 Xin—1(2)> Xm(ny))
L Bo,..0 i 8(X1(n1) X2(n2)» +++> Xm(ny))
where L' € R""2-m>mn2-Mn takes the following form:
-1 _
XXy X T ) K1) X0 Kncr))
1
(Xm))

—1 —
.Xll (X|(1))...xz1'” x?(xl(l))...xom(xm(z))

- L . :
X @)X G, < X X1 X 9 K, ))

In the matrix L', x¥(x; ;) represents the kth power of the
variable x; evaluated at the jth simulation point of the variable
x;. The L’ matrix is arranged as follows. In each row, the
superscripts of x are arranged in a descending order from
n—1,n—1,...n, —11t 0,0,..0. In each column, the
indices of roots are in an increasing order from 1,1, ..., 1 to
ny,ny, ...y

The feasibility of finding the coefficients B in (7) or a
in (5) is reflected by condition number, which describes the
accuracy of numerical solutions to linear equation arrays [7].
Condition number is defined as the ratio between the largest
and the smallest eigenvalues. We often consider the logarithm
of condition number to be the loss of accuracy, although
this estimation is not always precise. At the extreme, infinite
condition number means that the matrix is singular and the
equation array is unsolvable. We note that ill-conditioning
typically leads to a drastic failure in solving equations rather
than small numerical issues; hence, devising means for
increasing solution precision rather than possible impacts of
numerical errors may be the key concern. The possibility
for ill-conditioning is dependent on a number of factors,
including the number of variables, number of PCM points,
and probability distribution; the possibility for numerical
error arising from ill-conditioning may also depend on the
nature of the system mapping, and of course the precision
of the computing device. We here calculate and compare
the condition numbers of the two matrices L’ in (7) and L
in (5), respectively, for the example in Section II-A. The
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condition number associated with L is 2.53, and associated
with L’ is 9.54 x 10% which is significantly larger. This
simple comparison clearly shows the advantage of using
orthogonal bases (5) over the x and y bases (7) to calculate
PCM coefficients, especially for high-dimensional mappings.

IV. CORRELATED MULTIVARIATE PCM

The development in the previous sections is based on the as-
sumption that uncertain variables are independent. In realistic
modern infrastructure applications, system variables are often
correlated. In general correlated settings, the PCM mapping
obtained using the procedure described in Section II-B does
not predict the correct mean. In this section, we explore con-
ditions on the forms of original mapping and joint distribution
to maintain the correct mean statistics.

A. Main Results

We first discuss the case when the original mapping does
not contain any cross-terms among variables, and then the
general case when cross-terms are present. In the first case, a
low-order multivariate PCM mapping can be obtained in a way
very similar to the independent case. The proof is omitted as it
is a simple variation of the independent multivariate PCM [12].

Theorem 5: Consider a multivariate mapping g,(x],
X2, ..., X;y) of the form

m 2n;—1

xm)—ZZAlkx

i=1 k=0

®)

gn(x1, X2, ..
where the coefficients Aj, € R and n; is an integer larger
than 1, where i € 1,2, ..., m. Assume that the variables x,
X2, ..., X follow a joint distribution fx,x, x, (X1, X2, ...Xn).
The original mapping can be approximated by a lower-order
mapping g (x1, X2, ..., X,;) of the form
m ni—1

xm)—ZZszx

i=1 k=0

)

gr(x1, x2, ..

such that E[g,(xi, x2, ..., xu)] = E[g:(x1, X2, ..., X»,)], where
the coefficients B;ki eRforiel,2,...m

We now discuss the case when cross-terms are present. We
show that under certain assumptions on conditional moments,
a low-order PCM mapping can correctly predict the mean
of an original mapping up to certain degree. Please refer to
Appendix E for the proof.

Theorem 6: Consider a
X2, ..., X;y) of the form

multivariate mapping  g.(xy,

2n—12n—1—ky 2n—1—(k;+kz)

81 X2 X)) = DY Z (10)
k=0 k=0
2n—1—(k1+k2+...+km71) m
/ ki
Z kiy..., kaxi
k=0 i=1

where the coefficients A, , € R and n is an integer
larger than 1. Assume that the variables x;, x»,...,x,, follow a
joint distribution fy, x,...x, (X1, X2, ..., X;y), and the rth order
conditional moment of x; on X;j, ..., X, is a polynomial of

Xitl»----Xy With the total degree not greater than r. The original
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mapping can be approximated by a lower-order mapping
&5 (x1, X2, ..., X,) with the same mean. The degree of each
variable in g¥(x;, x2, ..., x,) is not greater than n — 1.

Theorem 6 shows that in the two-variable case, if the rth
conditional moment of one variable given the other is a rth
order polynomial, the low-order PCM mapping with each
variable up to the degree of n — 1 predicts the correct mean
when the total degree of the original mapping does not exceed
2n — 1. The procedure to pick PCM points here is different
from that in the independent case, in the sense that the point
locations are selected based on the marginal probability of
one variable, and the conditional probability of the other. In
particular, PCM points are selected through: 1) determining
the y-coordinates (denoted as yi, ..., y,) of the PCM points
according to the marginal probability of y and 2) finding
the PCM points’ x-coordinates according to the conditional
probability fxy(x|y;) for each selected y;.

B. Discussion on Reduction of Computation Load

Here, let us also discuss the reduction of computational
load. In the correlated case, the effectiveness of the
multivariate PCM is generally not as good as that in the
independent case. The original high-order mapping requires
C%_14m simulations, where C% denotes the combination of
p elements taken ¢ of them at a time without repetition.
However, the number of computations that can be reduced
is generally not easy to write in the closed-form, due to the
complicated conditional relationship. We here only discuss
the two-variable and three-variable cases.

In the two-variable case, clearly, identifying the low-order
PCM mapping g*(x, y) requires n> simulations to correctly
predict the mean output. However, as the total degree of the
original mapping is 2n — 1, 2n? +n simulations are needed to
identify all the coefficients in the original mapping. As such,
more than half of the simulation time can be saved. Finally, we
also note that to identify the low-order mapping, we need to
directly find B; ;, instead of ¢} at the orthogonal coordinates,
as e;; is a varying function of y. In the three-variable case, the
total number of simulations to identify g.(x;, x3, x3) equals
to 3n*+n’+%n, because g.(xi,x»,x3) has this number of
coefficients. Similarly, we can check that the low-order PCM
mapping requires n® — C> simulations. Hence, the number
of simulations that can be saved is %n3 +n*+ %n +C =
i+ in?+n.

C. Discussion on Assumption

We note that the assumption on conditional moments is the
key to ensure correct mean prediction in the correlated case
(see Lemma 3 and Theorem 6). Here, we use the two-variable
case to understand the generality of this condition, and then
show examples to illustrate this condition.

In the two-variable case, the rth conditional moment of x
can be written as

B(y) B(y)
/ x’fx‘yf(xly)dx = /

) o(y)

f((yy)) fxy(x, y)x"dx

PO pv(x, yydx

a(y)

fxy(x,y) dx

I Frr(x, y)dx

(11
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(@ (b)

Fig. 2. Two random variables x and y are uniformly distributed in (a)
parallelogram, (b) trapezium, and (c) irregular area. The conditional moment
condition is satisfied for cases (a) and (b), but not for (c).

If fxy(x,y) does not depend on x [i.e., fxy(x,y) is a
constant or a function of y], (11) can be further simplified
to

P 4B () — ot (9]
r dx = r+l
/a<,v> X frar el ) — a(y)
1 : i r—i
= (izzojﬁ(y)a (y)) (12)

for 0 <i <r. Clearly, if B(y) and a(y) are linear functions of
y, the conditional moment is a rth order polynomial of y.

Some examples are shown in Fig. 2. Specifically, in
Fig. 2(a), random variables x and y are uniformly distributed in
the parallelogram defined by 0 <y <2 and y <x < y+2. As
a(y) = y and B(y) = y+2 are linear functions of y, and more-
over fxy(x,y) = 0.25, the conditional moment requirement
is clearly satisfied, and hence the low-order multivariate PCM
predicts the correct mean. Similarly, in Fig. 2(b), a uniform
distribution in the trapezium (e.g., specified by the boundaries
a(y) = y and B(y) = 0.25y + 2) also satisfies the conditional
moment requirement. In Fig. 2(c), the variables x and y are
subject to a uniform distribution in the region 0 < y < 2,
y < x < J/20y+1. As B(y) = /20y +1 is nonlinear,
the conditional moment condition fails. Furthermore, we note
that the joint distribution does not have to be uniformly
distributed. As shown in Fig. 3(a), fxy(x,y) is % in
the area defined by 0 < y < 2 and y < x < 0.25y + 2.
As fxy(x,y) is only related to y, the conditional moment
condition holds. Fig. 3(b) is another example. In this case,
Sxr(x,y) is %ﬁe’@’mz/ 20" in an infinite area defined by
two parallel lines (e.g., y < x < y+2, —00 < y < 00). The last
example is concerned with three variables x, y, z. When these
three variables are uniformly distributed in a volume [e.g.,
specified in Fig. 3(c)], the conditional moment condition also
holds.

D. Comparative Example

We use a simple example to illustrate the advantage of
the correlated multivariate PCM approach. In particular, we
consider a two-variable mapping with the original form of
gx,y) = X+ Y+ +x 2y +xy+y+x2+y2+1 as
shown in Fig. 4(a). The two random variables x and y are
uniformly distributed in the parallelogram area bounded by
0 <y<2and y < x < y+2, which is marked by the
black dash lines in Fig. 4(a) with the joint pdf fxy(x,y) =
0.25. The independent PCM method does not work, as it
results in two simulation points outside the probability range
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3y+2-60

Fig. 3. First two are examples when the joint distribution is not uniform.
(a) Trapezium. (b) Infinite area bounded by parallel lines. In both cases, the
conditional moment requirements are satisfied. In the third example, x, y,
and z are uniformly distributed in a (c) 3-D volume. Every surface of this
volume is described by a linear function. The conditional moment requirement
is satisfied in this case.

9,00

Fig. 4. (a) Original mapping and the four PCM points generated using the
independent PCM method. (b) Four PCM points and low-order mapping
generated using the correlated PCM approach. (c) Four simulation points and
mapping generated by the LHD approach.

[see the red spots in Fig. 4(a)]. The correlated multivariate
PCM method following Theorem 6 results in the four PCM
points and the reduced-order mapping 1.33x—29.67y+23xy+7
[shown in Fig. 4(b)] which predicts the correct mean of the
original mapping 33.67. For illustration, we have also used
the LHD method [35] to generate four simulation points. The
produced low-order mapping 34xy —47y—11.96x+27 and the
four simulation points are shown in Fig. 4(c), with a predicted
mean of 35.7, different from the original mean.

V. EMPIRICAL DATA-BASED MULTIVARIATE PCM

The full pdf of input parameters may not always be available
in real applications. Instead, it is more common in practice that
the distribution of input parameters is described in one of the
following two forms: 1) sample data of input parameters based
on historical records and 2) low-order moment description of
the parameters. For the completeness of our presentation, we
extend the results in [29] and discuss the use of sample-data-
based and empirical low-order moment-based multivariate
PCM.

A. Large Dataset

The procedure to use the sample-data-based multivariate
PCM is summarized as follows: 1) finding from data the
moments of x; (and conditional moments in the correlated
case); 2) calculating the (conditional) orthogonal polynomials
according to (1) in [29]; 3) finding the roots of the orthogonal
polynomials as PCM points; and 4) following Steps 2 and 3
in Section II-B to obtain the low-order PCM mapping in the
independent case, or the brief discussion after Theorem 6 in
the correlated case.

Theorem 7: Consider that each tuple in the data sets
{11, X215 oy Xim1)s (X12, X225 ooy Xim2)s oees (X1 X2ps oony Ximp)} 18
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drawn from a joint distribution fx, x,,. x, (X1, X2, ..., X;;). With
the assumption that x;, x5, ... and x,, have finite moments, the
sample-data-based PCM mapping approaches to the pdf-based
PCM mapping with probability 1 as p — oo.

Proof: To prove that the sample-data-based PCM matches
with the pdf-based PCM with probability 1, we only need
to show that the PCM points obtained directly using sample
data converge to those obtained using the pdf, as p — oo.
As PCM points are the roots of orthogonal polynomials or
conditional orthogonal polynomials as shown in the proofs of
Theorems 1-6, it suffices to show that the coefficients of the
(conditional) orthogonal polynomials obtained using sample
data converge to those obtained using the pdf. This problem
is thus reduced to the convergence of sample (conditional)
moments to real (conditional) moments with increasing size
of data. The result follows naturally. Please refer to [29,
Theorem 4] for the details of the proof in a single-variable
case. |

B. Small Dataset and Low-Order Moments

In the case that neither the full pdf nor large sample data
sets is available, we may find PCM mapping based on very
limited information such as small data sets, or low moments
such as the mean and variance. Please refer to [29] for a
detailed treatment of PCM with sparse data or low moments.
We summarize the key procedure for the complete presentation
here.

The best approach to find PCM mappings in these cases is to
fit these low moments/small sample datasets with typical prob-
ability distributions (i.e., those are mathematically determined
by very small number of parameters, such as the Gaussian,
uniform, Gamma, and Beta distributions). Then, we can follow
the same procedure as that of the pdf-based PCM to find
low-order PCM mappings. Please refer to standard estimation
approaches such as the maximum-likelihood estimation [20].

The probability distribution to choose is generally not easy
due to the sparsity of information. Here, we briefly discuss the
guidelines to select distribution functions. First, the selection
should be application-dependent (see [20]). For instance, noise
is typically captured by the Gaussian distribution, whereas
waiting time is captured by the Gamma distribution. Second,
hypothesis testing techniques can help to determine the best
distribution. It also helps to understand the impact of choosing
different distribution functions. One example suggests that
choosing the Gaussian distribution instead of the uniform
distribution will result in more-spread-out PCM points that
better account for parameter values further away from the
mean, but at a cost of worse estimation close to the mean.
Rigorous analysis on the impact of higher moments on the
movement of PCM points have been studied in [29].

VI. APPLICATIONS TO AIR TRAFFIC FLOW MANAGEMENT

The development of multivariate PCM in this paper was
motivated by practical needs in the field of air traffic flow
management (ATFM), which is typically concerned with
managing traffic flows at a long lookahead time frame
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(e.g., 2-15h). As traffic flow management plans are decided
hours in advance, a wide range of weather possibilities exist.
Therefore, it is important to effectively evaluate the perfor-
mance of the air traffic system under uncertainty, so as to
design the best management strategies that are robust to such
uncertainty in real time. Here, we first provide a brief review of
the literature on the evaluation and design of ATFM strategies
at the long lookahead time, so as to make clear the contribution
of our proposed approach.

Simple models of uncertainty as scenario trees and dis-
turbances have been used to model uncertainty in ATFM;
stochastic programming and model predictive control tech-
niques have been applied on these models for decision-making
[1]-[3], [8], [9]. More complicated stochastic models such as
Bayesian networks and Markov chains have also been used
[21], [38]. As pointed out in these papers, these methods
become less effective when the scale and complexity of the
traffic system increase. As the air traffic systems have complex
nonlinear and intertwined dynamics [30], predicting their
performance may require system-wide simulations. The Monte
Carlo method has thus been studied [10], [22], [31]. The
Monte Carlo approach does not enable real-time analysis under
weather uncertainty, as the evaluation of system performance
under multiple (and even spatiotemporally correlated) weather
uncertainties requires time-consuming simulations for a large
number of weather ensembles to obtain converging perfor-
mance statistics. The multivariate PCM approach provides an
alternative effective way for such simulations.

In this section, we demonstrate the use of multivariate
PCM to evaluate the performance of air traffic systems under
weather uncertainties using two examples. As seen from these
examples, an important preliminary step for applying the mul-
tivariate PCM is to capture the range of weather uncertainties
using a number of random variables. Next, the PCM points
are selected along the dimension of each variable/parameter
and then these selected points are simulated to provide a fast
evaluation of traffic system performance. In the first simple
example, we assume that the basic properties of an uncer-
tain weather zone are captured by two independent variables
(intensity and duration) with simple distributions, and then
the total number of delayed aircraft (called backlog) for the
flow entering this single zone is evaluated. The purpose of this
example is not to precisely model uncertain weather, but to:
1) provide some background on air traffic flow management,
including the performance metric and the simulation model
and 2) show the practical use of PCM in the independent
case. The second more realistic example is concerned with
the evaluation of backlogs in two spatiotemporally-correlated
weather zones.

A. Simple Single Region Example

In this simple example, we consider a single region (e.g.,
a sector) in the airspace subject to severe weather prediction.
We aim to evaluate the impact of uncertain weather on the
congestion in the region. Let us first describe the simple
queuing model for our study. We note that realistic air traffic
system is much more complicated. However, the abstracted
model is justified based on the uncertainty present in the
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data at this time frame and the computational requirements
of real-time systems [28], [30], [38].

In particular, severe weather events reduce the capacity N[k]
(i.e., the maximum number of aircraft allowed to enter at time
k) of the region. The aircraft that are not allowed to pass due to
the reduced capacity can be modeled as waiting in the queue
at the boundary of the region [28], [30], [38]. The length of the
queue, named backlog B[k], is a natural performance metric
to capture the congestion of the region. The dynamics of the
queuing simulation model is shown below (see more details
at [38])

B[k] = max(B[k — 1] + x[k] — N[k], 0) (13)
where x[k] is the incoming flow. The equation suggests that
at each time step, a maximum number of N[k] aircraft can
enter the region; the remaining flow will wait to enter at the
next time step, together with the new incoming flow. We note
that the capacity N[k] varies with time k; in particular, the
presence of convective weather at time k reduces the capacity
NIk].

As weather duration and intensity may not be precisely
predicted at a long lookahead time, weather-induced capacity
reduction and the accumulated transient backlog become un-
certain. It is of practical value to predict the backlog statistics
under uncertain weather duration and intensity.

Assuming that no information about the two uncertain ran-
dom variables is available other than the ranges, we model both
variables as uniformly distributed for simplicity. In particular,
we assume that the severe weather starts at the current time,
but with uncertain intensity and end time. When the severe
weather is present, it reduces the number of aircraft to cross
the region in a unit time (20 min) N[k] from 6 to a, where a is
captured by a random variable uniformly distributed between
1 and 2.67. Moreover, we assume that the duration of severe
weather is a random variable uniformly distributed between
2 and 6h. When the severe weather completes, the capacity
raises back to 6. For simplicity, we assume that the incoming
flow (demand) x[k] to the region is a deterministic sequence
sampled from a Poisson process with the mean arrival rate of
3 per 20 min.

It is worthwhile to notice that the actual relationship be-
tween the output (total backlog for a span of 30 h from
the current time) and inputs (weather intensity and duration)
is nonlinear [28], [38]. We show here that based on the
distributions of weather intensity and duration, we can smartly
choose only a limited number of simulations to construct a
low-order multivariate PCM mapping that matches well with
the original nonlinear mapping obtained using Monte Carlo
simulations. Fig. 5(a) and (b) show the original mapping
and the 2 x 2-order PCM mapping using the algorithm in
Section II-A1. The two mappings match very well with a mean
square error of 2.4 within the probability range. The mean
total backlog obtained using the two mappings are 163.91 and
163.42, respectively. It is also interesting to notice that the
performance of mean predictor improves significantly when
the order of the PCM mapping increases from 1 x 1 (with
the mean backlog of 165.52) to 2 x 2, but not much when
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Fig. 5. (a) Original mapping between the input set including weather dura-
tion and weather intensity, and the output (30-h total backlog) obtained using
the Monte Carlo simulation. (b) Reduced-order multivariate PCM mapping is
based on the 9 sample points marked as red spots on the plot. (¢) Comparison
of the number of simulation runs needed to predict the correct mean total
backlog over a 30-h span. The blue curve shows the means predicted by the
accumulative Monte Carlo runs with the number specified on the x-axis. The
red thin line shows the true mean estimated by the value that the Monte Carlo
simulation (of two random variables) converges to. The red spot corresponds
to the nine simulation runs required for the PCM method to predict the true
mean.

the order is further increased to 3 x 3 (with the mean backlog
of 163.64). Finally, Fig. 5(c) demonstrates the computational
load that can be saved using the low-order 2 x 2 PCM. Monte
Carlo simulation typically requires a large number of runs to
converge (in this case 676 runs to estimate with an error less
than 2%), while the 2 x 2-order PCM mapping only needs
nine simulations to achieve a similar performance.

B. Spatiotemporally Correlated Two-Region Example

In the second example, we apply empirical data-based
multivariate PCM to effectively evaluate the impact of spa-
tiotemporally correlated uncertain weather events on transient
traffic backlogs. In particular, we consider two scheduled
streams of flows entering two neighboring regions A and
B. Furthermore, a cold front (indicating of weather front
associated with convective weather) passes Region A and
then Region B, producing capacity reductions [see Fig. 6(a)
and (b)]. Predicting transient backlog statistics caused by the
uncertain progress of cold front is critical to design effective
flow-management initiatives to reduce traffic delay.

Here, we used six random parameters to capture the stochas-
tic weather propagation: S4, N4, D4, Sp, Np, and Dg. In
particular, the cold front hits Region A from time S, with a
reduced capacity N4. We assume that the capacity reduction
remains constant for a span of D4 before the weather leaves
the region. After that, its capacity returns to its regular value
Nrg4. Similarly, Region B undergoes weather-induced capacity
reduction from time Sp, with capacity reduced from the normal
value Ngp to N, for a span of Dp.
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Fig. 6. (a) Illustration of a spatiotemporal correlated two-region example.
(b) Development of cold font causes capacity reduction.

Different from the previous example, the full pdf of the
aforementioned weather parameters is not directly available.
We utilized the weather simulator [24] to generate a large
set of weather ensembles covering the range of weather
uncertainty. In particular, the simulated airspace is decom-
posed into small grids, with white color representing normal
capacity and black color denoting capacity reduction caused
by convective weather (see Fig. 6). The stochastic propagation
of convective weather is governed by the influence model [4],
with parameters estimated from hourly probabilistic weather
forecasts.! The estimated weather simulator runs at a finer
resolution of 15 min [24].

For each generated weather ensemble, we then found the
six weather parameters (S4, Na, D4, Sp, Np, and Dpg). Here,
weather start times S, and Sz are marked by the first time
the region has at least two black grids. Durations D, and
Dyp are similarly defined by the differences between the first
time the region has at most two black grids afterward and
S4 and Sp. Average capacities N4 and Np during the span
of weather are calculated as the normal capacity scaled by
the average fraction of white grids during this span. Due to
the spatiotemporal correlation of weather propagation, these
parameters are subject to interdependency. In particular, as
the weather front passes Region A and then region B, due
to the spatial weather propagation delay, we expect the start
time Sp is closely related to the end time of region A (which
is expressed as Sy + D,), and therefore both S4 and Dy.
Similarly, due to the correlation of propagation speeds for
weather in these two regions, we expect that the duration Dy is
dependent on D 4. Moreover, due to the correlation of weather
intensities across time, we assume that the capacity Np is
dependent upon N,. In this example, the normal capacity
Nga and Ngp of the two regions are both 10 per unit time
(defined as At = 15 min). The simulator generates a large
number of ensembles (one million in this case to guarantee
the convergence of probability distributions).

We then applied the empirical data-based multivariate PCM
approach to find the PCM points. To do that, we first found
the sample moments of D,, S4, and N4, as they serve as
the parameters that Dpg, S, Np are conditioned upon. From
these sample moments, the PCM points along each of the

'A majority of weather forecasts are deterministic. The Very Short Range
Ensemble Forecast System (VSREF) provides hourly probabilistic weather
forecasts [36].
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Fig. 7. Probability density functions of six weather parameters.
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Fig. 8. (a) Distribution of Dp conditioned upon two selected PCM coor-
dinates of D4. (b) Distribution of Np conditioned upon two selected PCM
coordinates of Ny.

dimensions D4, S4, and N4 were obtained. We note that
S4 plays a more important role in the uncertainty evaluation
and needs to be sampled with more number of points for
the following reasons: 1) due to the growth of uncertainty
over time (which can be seen from the distributions plotted in
Fig. 7), the information closest to the initial simulation time is
the most trustworthy and 2) this trustworthy early information
is important to be estimated correctly as its error will affect
the estimation performance of other parameters capturing later
time characteristics. We therefore chose 5 points along S4 as
0.75h, 1h, 1.25h, 1.75h, and 2.5h. We also selected 2 PCM
points along the dimension of D4 as 1h and 1.75h, and 2
points for N4 as 4.0602, and 5.6358, respectively. Next, we
identified PCM points along the dimensions of Dg, S and Np.
Due to the spatiotemporal correlation of weather parameters in
Region A and Region B, each 3-tuple PCM point (Dy4, S4, and
N,) resulted in different conditional distributions of weather
parameters for Region B (see examples shown in Fig. 8), and
thus different set of PCM points. Specifically, the PCM points
along the dimensions of Dp, Sp were then selected based
on the conditional sample moments of Dg and Sp for each
combination of the PCM points for D4 and S,4. Similarly, the
PCM points along the dimension of Ng were selected from the
conditional sample moments of Ny on each of the PCM points
for Ns. A total of 2° x 5 =160 PCM points were selected.
We next evaluated the total backlog > B[k] during a span
of 24 h at each of the 6-tuple PCM points. We assumed
that two streams of deterministic flows sampled from a
Poisson process (with mean 5 per 15 min) enter the two
regions. Using (13), the total backlogs at all PCM points were
then used to obtain the low-order polynomial PCM mapping
f(Da, Sa, Na, D, Sp, Np) (with 160 terms) between weather
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TABLE 11
PERFORMANCE COMPARISON AMONG THE MONTE CARLO AND PCM
APPROACHES WITH TWO DIFFERENT EXPRESSIONS

Backlog of | Backlog of | Total Backlog
Region A Region B
Monte Carlo Simulation 40.7 72.09 112.8
PCM with 160 terms 40.5 74.2 114.7
PCM with 28 terms 40.5 74 114.5

parameters and the total backlog, from which the mean back-
log can be obtained. Furthermore, we noted that as the total
backlog of the two regions is the summation of backlogs at
each region, the mapping f(Da, Sa, Na, Dp, Sg, Np) can be
expressed as fa(Da, Sa, Na)+fs(Dp, Sp, Ng), where f4 and
fp are functions of weather parameters in individual regions.
This expression significantly reduced the coefficients/terms in
the polynomial mapping function from 160 to 5 x 22+23 = 28,
by ignoring the cross terms that involve weather parameters
of both regions. Least square mean estimation was then used
to identify the 28 coefficients in the reduced order mapping.

We compared the performance of the PCM mappings with
that of the Monte Carlo simulation. As shown in Table II,
both PCM mappings predicted the total mean backlogs well
with errors less than 2%. We also evaluated the efficiency
of the PCM approaches. As seen in Fig. 9, the Monte Carlo
method requires 11716 simulations (marked as the black spot)
for the mean prediction to fall within a threshold marked
by the black dashed lines. However, the PCM method only
needs 160 simulations (marked as the red spot) to reach
the same threshold. We also note that selecting PCM points
based on conditional distributions improves the performance
of the mean prediction. To display the results intuitively, we
demonstrate the mappings generated by the aforementioned
empirical data-based multivariate PCM approaches, when four
out of the six weather parameters are fixed: S4 = 1.25h,
Ds=1h, Dp=1.75h, and N4 = 5.6358. As shown in Fig. 10,
the 160-term PCM mapping and the 28-term PCM mapping
generated by selecting four PCM points along the dimensions
of Sp and N match well with the mapping generated by the
Monte Carlo method.

VII. CONCLUSION

Motivated by effective uncertainty evaluation needs in
large-scale infrastructure systems, we develop in this paper the
multivariate PCM approach which allows using a few smartly
selected simulation points to construct a low-order mapping
between multiple uncertain input parameters and system
output, which predicts the correct mean output of the original
system of a higher-order. Besides describing the algorithm of
the multivariate PCM, we develop mathematical conditions
to permit correct mean output prediction in terms of the
probability distributions of the input parameters and forms of
original system mappings. Both independent and correlated
cases are discussed. We also provide additional performance
analysis of the multivariate PCM in terms of predicting other
important statistics, and the practical use of the method when
data or low-order moments are available instead of probability
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Fig. 9. Comparison of simulation time between the Monte Carlo and PCM
approaches. The mean backlog estimated by the Monte Carlo method is shown
in blue. The mean backlog estimated using the PCM approach is marked as
the red spot. The dashed lines show a neighborhood around the true mean
defined by the estimated mean using the PCM approach, marked by the red
spot. The black spot denotes the number of simulations for the Monte Carlo
method to reach and stay within the neighborhood.

8
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Lo 8888

Total Backiog

(b)

Fig. 10. Mappings with fixed S4, Da, Dp, and N4 generated by (a) Monte
Carlo simulation (b) PCM mapping with 160 terms, and (c) PCM mapping
with 28 terms.

distribution. In terms of numerical issues, we note that in the
independent PCM case, using orthonormal bases to calculate
PCM mapping coefficients reduces the ill-conditioning of the
calculation; this advantage does not exist for the correlated
PCM. The final example at the end of the paper demonstrates
the use of this method to evaluate the impact of multiple
dependent weather uncertain parameters on the statistics of air
traffic system performance. Future works include applying this
method for large-scale traffic examples, exploring capabilities
of the reduced-order mapping such as optimization and
sensitivity analysis, and selecting a subset of the PCM points
when further knowledge of the original system mapping is
available.

APPENDIX A
PROOF OF THEOREM 1

Proof: In order to prove E[g(x,y)] = E[g*(x, y)], we start
with computing E[g(x, y)], then construct g*(x, y) along this
process, and finally show that the means of both g(x, y) and
g*(x, y) can be reduced to the same value.

As x and y are independent random variables, we find

2n—12m—1

E[g(x, y)] = // DD Auay fx (o) fy(ydxdy
i=0  j=0
2m—1 2n—1

= / > YA / > A fx(x)dxdy. (14)
j=0

i=0
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The terms inside the internal integral Elzfo_ : A,;jxi (for any
J) can be expressed in terms of the series of orthonormal
polynomials %,,(x), ..., ho(x) of degrees n, ..., 0 [12]

2n—1 n—1 n—1
> Aijx = hy(x) (Z Gisn, ,-hi<x>> +3 i jhi(x) (15)

i=0 i=0 i=0
where the coefficients a € R, the first subscript of a represents
the degree of x, and the second subscript stands for the degree
of y. The orthonormal polynomials 4;(x) satisfy

1, if i=j

(hi (xX), hj(x) )= / hi(X)h_/(x)fx(x)dx={ ho(x)=1.

0, if i#j
(16)

A particular note is that the above definition leads to
/ hi(x)ho(x) fx(x)dx = / hi(x) fx(x)dx =0 (17)

for all i > 1, which we will frequently use later. We denote
the roots of £,(x) as xj, xz, ..., x,. In a single-variable PCM,
these roots are the PCM points selected for computationally
intensive simulations [29].

Due to the orthonormal properties of the variable x (16),
[ Ay x fx(x)dx shown in the form of (15) can be
reduced to f Z?:?)l a; jhi(x) fx(x)dx. As such, (14) becomes

2m—1 n—1
Elg(x, y)l= / >V / (Z a; ,-h,-<x)> fx(x)dxdy.
=0 i=0
(18)

We now follow the same procedure to reduce the order of
y. By rearranging the terms in (18) in a descending degree of
hi(x) for all i € {0, ...,n — 1}, we obtain

2m—1

> aijy | fr(ydyds.
Jj=0

(19)

Introducing the jth-degree orthonormal polynomials A;(y)

with respect to the probability distribution fy(y), and denoting

the roots of h,,(y) as yi,y2, ..., yu,» W€ can express any

polynomial of y up to the order of 2m — 1 in terms of
ho(y), ..., b, (). In particular

n—1
Elgtx. = [ 3 hito o) [
i=0

2m—1 m—1 m—1
> aiy =0, [ D bijmh i) | + > biihi(y) (20)
=0 =0 J=0

where b € R are the coefficients. Again, the first subscript of
b represents the degree of x, and the second stands for the
total degree of y. Applying orthonormal properties again, (19)
is further reduced to

n—1 m—1
Blex. = [ [ 303 b0 o fronddy.
i=0 j=0
@

Note that the expression inside the above double integrals
is g*(x, y). As h;(x) is an ith-order polynomial and h’j(y) is a
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Jjth-order polynomial, we can easily find the parameters B; ;
from b; ; and express (21) in terms of x and y as

n—1 m—1 n—1 m—1
g =YY bk () =Y > Bixy. (22)
i=0  j=0 i=0  j=0

Observation of (15) and (20) clearly suggests that g(x, y)
and g*(x, y) pass through the same set of points defined by
(x;,y;) forall i e {1,...,n} and j € {1,...,m}, as h,(x;) =0
and #,(y;) = 0. Finally, we also notice that both E[g(x, y)]
and E[g*(x, y)] can be reduced to by through applying (17)
to variable x first and then variable y. |

APPENDIX B
PROOF OF THEOREM 2

Proof: As this theorem is a straightforward generalization
of the two-variable case, we only sketch the outline of the
proof.

Through recursively expressing x;, Xp,... X, in terms
of orthonormal polynomials, and applying the orthonor-
mal properties (16), we obtain the reduced-order mapping

g*(x1, X, ..., x,,) of the form
ny—1ny—1 nm—1 m
g (x1, x0.., X)) = Z Z Z Q... ky hi (xi) (23)
ki=0 k=0  k,,=0 i=1

where the function h; (x;) denotes the k;th degree orthonormal
polynomial with respect to the parameter x;, and ay,
the coefficients. Furthermore

E [g(-xla-xza ""7-xm)} = E [g*(-xla-x27 '-"'xm):l =a0,...,0' (24)
Rearranging the terms in 23 in terms of xi, x2, ..., X,
we can easily find the coefficients By, . i, such that
g*(x1, x2, ..., x;») is in the form of (4). [ |

APPENDIX C
PROOF OF THEOREM 3

We prove the two-variable case for the clarity of presen-
tation. In this case, the theorem is reduced to the following
Lemma. The general case follows naturally.

Lemma 1: Consider the use of a two-variable PCM map-
ping g*(x,y) of the form 7 Z'}gl B; jx'y/ to approxi-
mate an original polynomial mapping g(x,y) of the form

o' 2" Aijx'y/, for some n; € {0,..,n — 1} and
my; € {0,...,m — 1}. Assuming that the two variables are
independent, the low-order PCM can correctly predict the
cross-statistics up to certain degree. In particular

E [X'y*g*(x, y)] = E [x'y*g(x, )] (25)

forallle{0,...n—1—n;}and k € {0, ..., m — 1 — m }.
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Proof: The cross-statistics can be expressed in the following
due to the independence of variables:
n+n; m+m;|
E[xlykg(x, y)} = //xlyk Z Z A; jix"y fx(x) fy(y)dxdy
=0 j=0

= / DY) / KA fx(x)dxdy.
j=0 i=0
(26)

For any fixed j, > =" A; ;x' can be represented in terms
of orthonormal polynomials [similar to (15)]

n+n; n n—1
D A = hy(x) (Z nsiy. i, (x)) +3 ahix) (27
i=0 i1=0 i=0

where the first subscript in the coefficient a represents the
total degree of this term with respect to x, and the second
represents the degree with respect to y inside the summation
operator in (26). As x' (31" @usi,, jhi,(x)) is a polynomial
with the degree of x less than or equal to n — 1, where j €
{0, ..., m + m;}, the orthogonality naturally leads to

m+m;

n—1
E [x'yg(x, y)] = /y" > Y ) /x’ > ai jhi(x) fx(x)dxdy
j=0 i=0

n—1 m+m
= /xIZh,-(x)fx(x) /ykai,j > ¥ fr(y)dydsx.
i=0 j=0

(28)

Next, we reduce the order of y to m — 1 similar to the above
process. It is then not difficult to obtain

n—1 m—1
E (¥ gt 0] = [ 3 A0 fu) [0y 31500 fr s
=0

i=0
n—1 m—1
=[5 30 3 s om 0 10 frrnd
i=0 j=0
=FE [xlykg*(x, »] . (29)
|

APPENDIX D
PROOF OF THEOREM 4

Again, we prove the two-variable case shown in the follow-
ing lemma. The proof of the general case follows naturally.

Lemma 2: Consider a mapping g(x,y) =
S Yt Aix'y! for some ny € {0,..,n — 1} and
m; € {0,...,m — 1}. If a PCM mapping of the form
g (x, y) = Yoy S0 bijhi(x)h'(y) is used to fit the original
mapping, the MSE of the PCM fit cannot be improved by
adding any polynomial with the degree of x upton —1—ny,
and the degree of y up to m — 1 — m;. Moreover, the lower
order mapping g/ (x, y) = > " Y20 T B b0k (y) s
the MMSE mapping, among all polynomials with the degree
of x upton —1—n; and the degree of yup tom — 1 — m;.

Proof: To prove the first part of the theorem, we construct
3(x, y) = g* e, M+ S Z;":Bl_ml C; jx'y/, and show that
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E [(g(x, ) — g, y))z} < E {(g(x, y) — &(x, y))z}. Here,

the coefficients C;; € R. The mean square error between
g(x, y) and g(x, y) can be expressed as

E {(g(x, y) - 8(x, y))z} =E {(g(x, y) — g (x, y))z}
+2E [(g(x, y)— & (x. y)
(8"(x, y) — g(x, y))}
E|(g(x ) — 3 )] 30)

We note that E [(g*(x, y) — 3(x, y))z}
tive. Therefore, it is sufficient to show

E [(g(x, ) —g*(x, y) (g(x, y) — 3(x, y))} = 0. To do that, we
first notice

is always nonnega-

n—1—ny m—1—m,
g y) —3x, y) = - Z Cix'y | . (3D
i=0 Jj=0
Moreover, g(x,y) — g*(x,y) is the sum of three

terms: 312 330 buvtaneshn (RO, (DR, iy o

e ORCOR] (), and Y00 ST by hiCOR;, () .
As each h;(x) in the first two terms is a polynomial of degree at
most 117, —h;(x) (Z" t=m Z;’;'_m‘ Ci__jxiyj) is a polynomial
of degree at most n — 1 of variable x. Applying orthogonality
with respect to the variable x, it is straightforward to find
E [(g(x, y) — g (x, ») (g% (x, y) — &(x, y))} equals to zero for
the first two terms of g(x, y) — g*(x, y). Using the same argu-
ment for the third term and apply orthogonality to the variable
y, we can find that E [(g(x, y) — g*(x, y)) (¢*(x. y) — 8(x., y))]
also equals to O for the third term.

We next prove the second part of the theorem. This is
sufficient to show that E [xl yk(g(x, y) — g (x, y))] equals to
zero, forl € {0,...,.n — 1 —n1} and k € {0, ..., m — 1 — my}.
Notice that

E[x g (x, )]

(32)

gix, )] = E [x'y* (g(x, y) —
+E [x'y (g (x, y)

¥ (glx, y) —

The first term is zero according to Theorem 3. The second
term is also zero according to a proof similar to that of the
first part of this theorem. In particular, each term in g*(x, y) —
gr(x, y) contains hi(x)h/j-(y) with degrees either i > n —n; or
Jj = m —my. Invoking orthogonality, the second part is proved
as well. |

APPENDIX E
PROOF OF THEOREM 6

To ease understanding, we first investigate the correlated
two-variable PCM in Lemma 3.

Lemma 3: Consider a two-variable mapping g.(x, y) of the
form

2n—12n—1—j
gex, )= Y Ay (33)
j=0 =0
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where the coefficients A; ; € R, and n is an integer greater
than 1. Assume that the two variables x and y follow a joint
distribution fx y(x, y) and the rth conditional moment of one
variable given the other is at most a rth degree polynomial
of the other variable. Then the mapping g.(x,y) can be
approximated by a lower-order PCM mapping g7 (x, y) of the
form
n—1 n—1

grx,y) =Y Y B xly

j=0 =0

(34)

such that E [gc(x, y)]
B, € R

Proof Without loss of generality, we assume that
[ x" fxjy(x|y)dx is a rth degree polynomial of y. We first
construct the expression of gi(x,y) from g.(x,y) without
changing its mean. We then verify that g.(x,y) and the
constructed g*(x, y) have the same values at the set of PCM
points selected from the marginal and conditional probabilities.
We can thus use these PCM points to uniquely identify
gi(x, y).

To calculate the mean of the original mapping g.(x, y),
we note that because E [gc(x, y)] can be expressed as
S SoH T E[A x1y7], we can focus on the calculation
of each term E [A/ X yf] first. To simplify E [A’ X y/],
consider three cases with different ranges of i and j: Case l
O<i<nn—1<j<2n—1),Case2(n—1<i<2n-—1,
0<j<mn)and Case 3 (0 <i<n 0<j<n)Asin
Case 3, the polynomial is already in the form of g¥(x, y), we
only focus on the first two cases. We show the calculation
of E [A/ x'y/] for Case 1 only, as Case 2 follows a similar
procedure

In Case 1, when n — 1 < j < 2n — 1, we can express
y/ using the orthogonal polynomials of y. In particular,
v = h (y)( ijrnhk(y)) + Y 0] b yhi(y), where the
coefficients b’ e R, the first subscrrpt of b stands for
the total degree of y, and the second represents the degree
of y in each term. Moreover, as 0 < i < n, for each
particular y, we can write x' in terms of the conditional
orthogonal polynomials of x given y, denoted as &) (x|y),
where k € {0, ..., i} represents the degree of the orthogonal
polynomial. In partrcular A x = Zl O(a,l|y)h (x]y), where
(a},|y) is a parameter dependent upon y, and the format of the
subscripts is the same as that of &, but for the variable x. The
conditional orthogonal polynomial %;(x|y) is associated with
the conditional pdf fxy(x|y). As such, at different y, hj(x|y)
may have different expressions. Now, we are ready to calculate
E [A] x'y] as

E[A;jx"yj]
= [[ 4y peveinsrnasay = [ [ Z(a,|y>h<x|y>

n—1
(hn(y) Zb_,-,mhk(y)) + Zb;,khk<y>> Fxiy (x1y) fr (y)dxdy
-/ Z(a,,mh (xly) (hn<y) Zb, i) >

= E [gi(x,y)], where the coefficients



ZHOU et al.: MULTIVARIATE PROBABILISTIC COLLOCATION METHOD FOR EFFECTIVE UNCERTAINTY EVALUATION

i n—1
Far ey + [ [ S (el micat) (Z bf,-,khk<y>>
=0 k=0
j—n
Sxiy(x|y) fr(y)dxdy = /hn(J’) (Z b;‘,k+nhk(y)>
k=0
( / Z(a;,,|y>h;<x|y)fx.y<x|y>dx> fr(ydy
=0

i n—1
I DCARIER (Z b;-,khkm) Frir (el fr(vdxdy.
=0 k=0

(35)

Now let us show that the first double integration in the last
equation equals 0. Note that for each y, Y ,_o(a},|y)h;(x]y)
is a polynomial of x with the degree up to i. Furthermore,
according to the assumption that | x! fx)y(x|y)dx is at most an

ljc:g b/j,k+nhk(y))

(f (@i 91y fiy(xly)dx) is @ polynomial of y with
the degree up to i+ j—n <2n —1—n =n — 1. Applying
orthogonality with respect to variable y, we can simplify (35)
to

i n—1
E[A] jx'y'] = / / > (@ I»hixly) (Z b;,khkm)
1=0 k=0

Sxir(x1y) fr(y)dxdy

i n-—1
=[] 3 S chulmitat ) frt. yidady

1=0 k=0
(36)

ith degree polynomial of y, we find that (

for 0 <i <n,n—1<j<2n-—1. Here, (c;|y) is some
parameter dependent upon y.
Following a similar procedure, we can show that in Case 2

i—n

£1a; 5y = [ [ (W0 (@il
=0

n—1 J
+ 3 @) (30 5h) frr . videdy
=0 k=0

n—1 J
- //ZZ(dl/,k|y)h;(x|)’)hk(y)fX,Y(X, y)dxdy

=0 k=0

37

where (d];|y) is some parameter dependent upon y. As for
both cases, E[A] jxi y/] can be expressed using orthogonal and
conditional orthogonal polynomials with the degree up ton—1,
we can write

2n—12n—1—j

Elg:(x, )] = > > E[A] x'y]
j=0 =0

n—1 n—1
= //ZZ(e;,k|Y)hf(x|}’)hk(y)fx,y(x, y)dxdy

1=0 k=0
(38)
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where (e |y) is some parameter dependent upon y. Noticing
that 305" S70C) (¢) c[9)h](x]y)h(y) is a polynomial with the
degree of each variable up to n — 1, we can write

n—1 n—1

Elgc(x, y)] = / / D> B Xy fry(x, y)dxdy = E[gi(x, y)].

i=0 j=0
(39

It is clear that g%(x, y) and g.(x, y) have the same mean.

Finally, let us verify that both g¥(x, y) and g.(x,y) pass
through the same set of selected PCM points. Let us denote
the roots of 7,(y) as yi, ¥2, ..., y» and the roots of &) (x|y;)
as x;; for 1 <i <n,1 < j < n. The n? pairs of inputs
(x;;, y;) are the selected PCM points. By expressing g.(x, y)
and g¥(x,y) in orthogonal forms, and from observing (35),
(36) and (37), it is clear to see that g.(x, y) and gi(x, y) are
identical at each pair of the PCM points. The proof is now
complete. |

We now generalize to more than two variables, and sketch
the key steps to prove Theorem 6.

Proof: First of all, note that there is only one variable in the
original mapping with degree greater than n — 1, as the total
degree of A} , , [Ii, xi is at most 2n — 1. Without loss of
generality, let us denote this variable as x,, where 1 <t < m.
As such, we only need to find a low-order mapping with the
degree of this variable x; reduced to n — 1.

To do that, we express x; in terms of orthogonal
polynomials  defined upon the  conditional pdf
IX0X00 X ez X Xt | X415 X425 ooy X)), Let us  denote these
orthonormal polynomials as
hi(x(|X41, ..., Xm), Where i is the degree of this polynomial.
It is then easy to see that any term in g.(xy, X2, ..., Xp)
that includes x;, denoted as A; , ., 1%, x¥, can be
expressed as

t—1

m
/ ki _ ki t
Al koo Hxi = <Hxi ) (hn(x,lx,+1, vees X))

i=1 i=1

k;—n
't
E (akh[+n|-xt+1a ey xm)

=0

h;(xtlel PIEEE) xm))

n—1

't
+ E (ak,,1|xt+1: s xm)

1=0

HEAR AR x,,,)) <H xfff') (40)

i=t+1

where a’ € R are the corresponding coefficients. Again, the
first subscript of ¢ stands for the total degree of x;, and the
second represents the degree of x; in each term.

In order to show that the degree of x, can be reduced
to a value smaller than n, we only need to show that in
E[g.(x1, x2, ..., X;y)], any term involved with 7} (x;|X41, ...\ Xm)
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and with total degree greater than n equals 0. It is sufficient
to show that

t—1
k.
/// Hxi/ h;(x,|x,+1,...,xm)
i=1
k;—n

Z (akt[,1+n|'xl+l’ ceey xm) h;(xf|xt+17 LS xm)

=0

Recall the assumption that each conditional moment of x;
eer [ X X X X (XX 1 X2, e X )elX;) i @ pOLynO-
mial of x;;1, Xi42, ..., X, With total degree k;, 1 <i < — 1.
We could then find that the conditional moment of Hf;ll xf
expressed as

is a polynomial of x;, x41, ..., X,, with the total degree not
exceeding Z:: k;. When multiplying this polynomial with s
10" (@ ol Xests o X ) BYCG|Xta1, ooy X), we find that the
maximum degree of x; is Y/, ki+k,—n =3\ ki—n < n—1.
Equation (41) is proved according to the orthogonality.
The rest of the proof on selecting PCM points and con-
structing g¥(xy, x2, ..., X;;) follows directly from the proof of

Theorem 6, and is thus omitted here. [ ]
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