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Abstract: This article is a study of vector-valued renewal-reward processes on RY. The jumps of
the process are assumed to be independent and identically distributed nonnegative random vectors
with mutually dependent components, each of which may be either discrete or continuous (or
a mixture of discrete and continuous components). Each component of the process has a fixed
threshold. Operational calculus techniques and symmetries with respect to permutations are used
to find a general result for the probability of an arbitrary weak ordering of threshold crossings. The
analytic and numerical tractability of the result are demonstrated by an application to the reliability
of stochastic networks and some other special cases. Results are shown to agree with empirical
probabilities generated through simulation of the process.

Keywords: fluctuations of stochastic processes; marked point processes; ruin time; renewal processes;
probability; stochastic analysis; stochastic networks; numerical inverse Laplace transform

1. Introduction

Analysis of sums of independent random variables falls into the classical theory of
fluctuations, which has been widely studied, from fluctuations about thresholds [1-4] to
ruin times to limiting distributions [5,6] and bounds [7], but less frequent are studies of
sums of independent random vectors. Most development is in the areas of limit theorems
and other asymptotic results [8-11].

More infrequent are studies of the threshold crossings of sums of independent ran-
dom vectors, which may be considered in the context of multidimensional renewal pro-
cesses [12,13] or random walks [14,15]. Most of these tend to focus on exit times [16-20]
and overshoots of the boundary [21,22]. These latter ideas are commonly studied in the
context of broader Lévy processes as well [23-25], but frequently only in one dimension.
Another recent and interesting work [26] provides some analysis of fluctuations of the more
general idea of spectrally positive additive Lévy fields.

Studies in these areas have broad applications, including works applied to insur-
ance [27-29], finance [30-32], stochastic games [33,34], queueing theory [35-37], and relia-
bility theory [38,39], among other fields.

1.1. Goals and Structure of the Paper

This paper focuses on a different, but related question: if there is a threshold in each
dimension, i.i.d. sums of nonnegative random vectors (not strictly 0) will almost surely
cross them all eventually, but what is the probability that the thresholds are crossed in a
specific (weak) order?

After giving the mathematical setting for the problem in Section 1.2 and establishing
some lemmas in Section 2, we derive a formula for the probabilities through operational
calculus techniques and symmetries with respect to permutations in Section 3 to answer this
question. In Section 4, the formulas are shown to be analytically tractable in an application
to the reliability of stochastic networks and numerically tractable in a three-dimensional
problem, and all are shown to agree with simulated results for special cases. In Section 5,
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we describe how the results herein fall into a wider project and should contribute to some
forthcoming results.

1.2. The Mathematical Setting of the Problem

On a probability space (Q), F(Q),P), consider a sequence of i.i.d. nonnegative real
random vectors Xm, Xm, ... with P(Xm # 0) > 0 such that each Xl = (Xy],. .y Xg])
has a common Laplace-Stieltjes transform

v(x) = E[eX"], 1)

where x € C? such that each component of x has a nonnegative real part. We also assume
IP’(X,E” > 1) > 0 for each k.

Note that while the random vectors X [1}, X [2], ... are independent, we make no
such assumption on the components of X [”], SO XE"},. ., Xl[in] may have some arbitrary
dependency structure.

Consider a renewal-reward process

[e9)

Aty = Y XU oy, )
j=1

where {1, } forms a renewal process of jump times. Since we are concerned only with the
crossing order, studying the renewal-reward process directly is unnecessary, so we can
focus on the embedded discrete-time stochastic process

n -
Al =Y XU, neN @)
j=1
with the marginal processes
A=y X neNke(l,... 4 @)
j=1

and the approach and crossing of fixed thresholds in each coordinate.
In other words, we are interested in the first n such that A,[(”] > M for each k, i.e., the
first time each coordinate crosses its fixed threshold My € (0, ).

Denote the first crossing index of the threshold of the kth coordinate as
Ve = inf{n IR Mk}. ®)

Each vy can be viewed as the first time when the process Al"] exits RF=1 x [0, My) x R4k,

We will derive the probability of an event W, a fixed weak ordering of the threshold
crossings vy, ..., V4. In other words, W is an element of the following measurable partition
of the sample space ),

W= {{vp(l) 21 V) S2 0 Ra1 V)t i pisa permutation} C F(Q) (6)

where, in each event, each relation = is fixed to be < or = for some fixed permutation p of
the dimensions {1,...,d}.

We will assume that p is the identity function. Since the probability P(W) will be
shown to be symmetric with respect to permutations of the threshold crossings in the
main result of the paper, Theorem 1. Hence, the results trivially follow for arbitrary
weak ordering.



Symmetry 2022, 14, 1167

3 0f24

It should be noted that deriving results about the crossing times, positions, or excess
levels of the underlying renewal-reward process would require further information about
the jump times {7, }. However, much prior scholarship by Takécs [3,4] classically, and
by Dshalalow and his collaborators over the past few decades, demonstrates that results
about crossing weak orders of the embedded discrete-time process easily extend to results
about the crossing times and position of renewal-reward processes [12], as well as mono-
tone [14,30] and even oscillating [15] marked random walks. However, all such prior works
were limited to, at most, four dimensions. The present work generalises these ideas to
arbitrary finite dimension.

2. Preliminary Results

We need to establish two lemmas before proving the main result. First, a simple
algebraic lemma is established.

Lemma 1. For a vector y = (yy,...,y4) € C?,

d

d
[Ta =y = Y (-DFfy(d k) @)

k=1 k=0

where

k
fy(d/k) = Z Hynj/
NC{1,...d} j=1
IN|=k

where the sum runs over all k-subsets of {1, ...,d}, each denoted N = {ny, ..., ny}, and we define
fy(d,0) =1.

Proof. We will first establish some properties of the function f, (1, k) and then prove the
lemma via induction on d.

Notice that f,(n — 1,k — 1) is the sum of all (k — 1)-factor products from {y1,...,yu—1},
so, if this is multiplied by y,, we have the sum of all k-factor products from {y;,...,yn}
including y, as a factor. Note that f,(n — 1,k) is the sum of all k-factor products from
{y1,-..,Yyn—1} or, equivalently, the sum of all k-factor products of terms from {y1,...,yxn}
not including y, as a factor. Adding them,

fy(n=1Lk) +ynfy(n =1,k =1) = fy(n,k). ®)
Further, since there is exactly one product of # distinct terms from {yy,...,y,}, we have
fy(nm) =y1---yn. ©)

Let d = 1; then, the left side of (7) is 1 — y; while the right side is

1

Y (D (LK) = £4(1,0) = fy(1,1) =1 =y

k=0

Suppose that, for d = n — 1, it is true that

|
—

n—1

1-y) =Y (=D fy(n—1k),

k=0

n

-
Il
—

then, for d = n, we have
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[TO—y) =1 —yn) Y} (~1)fy(n—1k)
j=1 k=0
n—1 n—1
= Y (D =1Lk + Y (=) fy(n =1 k)y
k=0 k=0

Rearranging the sums,

n

IT0-v) = i D010+ LD (= k1)
= =1 =1
=14+ Y (D! [fyln — 1K) ynfy(n — 1,k = 1)
+ (=D)"yufy(n —1,n —1).
By (8) and (9) and the fact that fy(d,O) =1,

P
—_

n n—1
11(1 —yi) = (=1)°fy(n,0) + I;(—l)kfy(n,k) + (=1)"fy(n,n)
j= =

i 1)"fy(n, k).

Thus, the result of the lemma is true by induction. O

Second, we establish a minor sufficient condition under which ||y (x)|| < 1, where 7 is
the joint Laplace—Stieltjes transform of the i.i.d. random vectors X"} introduced in (1). This
is required later for summing 7 (x)/ as a geometric series.

Lemma 2. If any component of x has a positive real part, then ||y (x)|| < 1.
Proof. Note that

Il = | fe " e < .

il x|

_ / —Re(xlX e e(de[ ]) dPp.

Since each X! is real and nonnegative and each Re(x;) > 0 by assumption, each exponen-

tial term is in (0, 1], so, for any j < d, this implies

A x U
() < [ e R0 ap
Q

Suppose that we partition () into B = {X][l] > 1} and B¢ = {X]m < } ; then,

()l < [ RO ap g [ RO g,

—RE(Xj)X[l]

If X][l] > 1,thene i < e Re¥) 5o we have

ly(x)| < e Re) / P + / _dP < e R B(B) 1 P(BO)
B B
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If Re(x;j) = 0, this result implies merely || (x)|| < 1, butif Re(x;) > 0, itimplies [|y(x)|| < 1,
recalling P(B®) < 1 by assumption. Since j was arbitrary, we have ||y(x)|| < 1 if at least
one component of x has a positive real part. O

With these preliminary results established, we continue towards proving the main
result of the paper.

3. The Main Result

In this section, we derive P(W) for an arbitrary weak ordering W € W. Regardless
of W, the exit indices v1, ..., v; must occur at some n < d distinct times since some may
occur simultaneously.

Without loss of generality, we can suppose that the groups of simultaneous crossing
indices are

1/1 = ... = 1/51
Vsl+l:...:1/sz
VSﬂ,lJrl = =Vsy,

and v < Vs, 41 < --- < Vs +1. The s values are, then, the number of crossing indices in
the first k groups. (Note that, the subscripts may actually occur with some permutation p
of the given subscripts, so we may easily replace v; with v, ) giv.en P.) .

Further, denote ry = s; — sx_1 as the number of crossing indices in the kth group.
Then, we can represent an arbitrary weak ordering W as

W= U= =t < Vg1 = =gy < <V 1= =g} € F(Q).  (10)

We will partition W into events of the form

W(g,j)=1{ vilq)="=v5(q5) =11 '
< Vs +1(Gs1+1) = -+ = Vs, (qs,) = Jo (11)
< e
< Vs, 14195, 141) = - = va(qa) = jn},

where jis such that j; < -+ < ju,and g = (q1,...,94) € R%, is a vector of thresholds in
each dimension to be used during some intermediate steps of the upcoming proofs. As
such, the threshold function v (M) equals the true vy foreachk =1,...,d.

To be precise, an operator to be defined next will be applied to P(W(g,j)) for an
arbitrary fixed g vector and summed over all permissible j vectors to derive P(W(gq)), where

W(Q) ={ V](ﬂl) == 1/51(q51)
< Vs;+1 (qsl+1) ==y (qsz) (12)
< Vsn,]+l(QSn,1+1) == Vd(%l)}/

under the operator. The inverse operator will then be applied at the true threshold vector
g = (My, ..., My) to reconstruct the desired probability P(W).
We will use an operator defined as

He()(x) = 7-[;1 o ”Hﬁz o0---0 Hgd(~)(x1,...,xd), (13)

which is a composition of d operators, one for each component of the process A", The
operators take one of two forms, depending on whether the corresponding component is
discrete or continuous,
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,H,’;k(.) () = LCq (-)(xx), ifeach X]%:j is continuous and valued in (0, o) (14)
Dy, (-)(xx),  ifeach X, is discrete and valued in N
where LC is the Laplace-Carson transform,
L8, (F00) () = | _ e aw) da, (15)
=

defined for nonnegative measurable functions f and x; > 0. D is defined as

Dy, (f () (xi) = (L—xi) Y x0f(q) (16)
=0

for functions f and ||x¢|| < 1. This operator has the inverse

G-l _ 1 ot 1
ka ( ) - xlklgl(] (qk _ 1)| axzk_l 1— xk( ) . (17)

Since each operator can reconstruct f(gi), note that using g = M will allow us to
reconstruct f evaluated at M. This is important for the main result of the paper, Theorem 1,
so that we can derive the probabilities P(W) for the proper threshold values Mj, ..., M.

We see that D is similar to a z-transform and has been used in more or less the
same way for discrete problems as variants of the Laplace transforms have been used for
continuous problems in stochastic processes. Common use of such operators be found
frequently in, for example, many earlier works of Takécs [3,4,35] and Dshalalow and his
collaborators [12,40].

Before deriving P(W), we need to establish one last lemma.

Lemma 3. Foranevent W € W, suppose that each v; = ji foreachi = sp_1 +1,5,_1+2,...,5;,
then,

no T A[;’kfl] Ayk]
Hg (1W(q,f))(x) =I111 <sz,:m =z, " (18)
k=1m=1
where
by = Sk_1+m (19)
and
- {exk, ZfAlg 1:s co'ntinuous 20)
Xk, if A" is discrete.
Proof. If a component is continuous, note simply that
7]
o A —
LC4 (=) (¥) = fo e Mgy gy dg = x [ e dg (21
k )

)

li— [/l
= ¥

If a component is discrete, similarly, we can sum as two partial geometric series,
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o Al
Dy (Tutg=p) (¥) = (1=%) & xpyqp=(1-%) L
q=0 q:A,&’_l]
i [j-1] (22)
= (1= 15 - o )
_ Al )

Then, notice that if we apply d operators of the appropriate types to 1jy, the result is a
product of d terms similar to (21) or (22), which, after carefully handling the indices and
notation, leads to (18). O

Denote S; = {k € N : sii1 < k < sj} forj = 1,2,...,n with S;,;1 = @ and
T; = Un— Sm Further, for BC No; = {1,...,d} and each i < d, define xB = (xf,...,xg)
where x? = 15(i)x; and denote

% =7(x") 23)

so that we may refer to the joint transform of a specific subset of the random variables
making up the random jump vectors X",

Given the lemmas above, we may derive P(W) as an expression in terms of inverse of
the H, operator and the common joint transform 7y of the random vectors X ("] as follows.

Theorem 1. If each vector x'i contains at least one component with a positive real part, then, for
each W e W,

n 1 I'm

P(W) = EDW] = /H;1 H 1 Z Z ')’TWHUN ), (24)

m=1" ,YTm k=

IN\ k

Proof. Without loss of significant generality, assume that A"l is continuous in each com-
ponent. A remark after the proof will show how the result generalises to accommodate
processes with some discrete components. To find P(W), we merely need to sum the
probabilities of the events W (g, j), which partition W, as follows.

[e.9)

P(W) = 1W:Z Z Y E[lwgy). (25)
1=1jp=j1+

j;zzjn—1+1

Next, apply the H, operator, which bypasses all terms except the g-dependent indicator,
Hq (B[l (g,]) (%)

S

h=1p=p+1  jp=ju-1+1

ootk L]
E Hli[le zkmAekaq<1W(qrj))(x)1. (26)

Then, by Lemma 3, we have
Ho(E[lyg)])(x)

R LR

Jn=jn-1+1

[k] _ [k
H H e tin %< —e "‘kmxfkmﬂ. (27)

kf
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Since the X[/l vectors are i.i.d.,
Hy (Ellyig)]) ()

_ i ]E[e—X'A“l’”}E

¥ X0 T ﬁ<1 - e—Xin””)] (28)

j1=1 i=1
= T - - e o 2 oy, x12]
Yy E[ex (et g e_“'XUZ]H(l—e i fzi) (29)
Ja=j+1 i=1
X oeoee
00 _.Tn. XUn71+1]+W+XUn,1]> 'n —x, XUM]
x Y E[e o E[JT(1—e "™ )| (30)
jrlzjn—1+1 =1

Notice that the expression above has 1 nested infinite series, which fall into two types.
First, in (28) and (29), the first n — 1 series are identical except for the subscripts. The last
series in (30) is slightly different because T,,;1 = ©@. We will consider (28) in detail, and the
other two cases follow by nearly the same argument.

Notice that (28) has two expectations. Since the X! vectors are i.i.d., the first expecta-

tion simplifies to 'y%} !, yielding
(0]

Y. 'E
h=1 !

N 1]
e,xTz.xUﬂ H(l _ e*xiXijl >] . (31)

i=1

73(in~[]

1]
Ifwesety; =e ", Lemma 1 implies that the above may be written as

oo 5}

Z ,)4‘}71]E efxTZ.XUl] 2(_1)k Z E,XN.XUl] ) (32)

h=1 k=0 NCS;

IN|=k
which may be simplified as
) 7 . 00 sl
i — —x(T2UN) . xli1] i —
DR/ DICE VLI DI IS DV DG Vol DR AV €
=1 k=0 NCS; =1 k=0 NCS;

IN|=k IN|=k

Note that the last sum is constant with respect to j;. Since x’! has a component with a

positive real part, Lemma 2 implies ) I, || < L so the infinite series is a geometric series, so
the above simplifies to
1 L k
1—1 Z(_U 2 Tryun- (34)
T k=0 NCS;

IN|=k

Through a very similar argument but with different indices, the terms of the form (29)
and (30) simplify to

YD Y m o (35)
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Plugging (34) and (35) into (28)—(30) gives

n 1 Ym
%,,(E[lw(q)D(x):Hq Ii[ll_% k;)(_l)chZs Yoo | () (36)

IN|=k

Applying the inverse operator Hy ! evaluated at g = M = (Mj, ..., M) yields (24), the
claim of the theorem. O

Note that, without exploiting the symmetry of the argument above with respect to
permutations, the proof would have been infeasible since one would have to consider
each permutation of threshold crossing indices and render a separate argument. Since the
number of permutations grows factorially with dimension, prior multivariate results were
limited to d = 3 [12] or at most d = 4 [30].

Remark 1. For convenience, the proof above was rendered under the assumption that the com-

ponents of A" are continuous-valued. However, for any discrete component of the process, A,[c"],

replacing the corresponding xy with — In(xy) and replacing xf with

1, ifk¢B,

and maintaining all other steps of the proof yields the same result.
Example 1. Suppose that W = {v; = vp, < v3 = vy < vs}; then, we have

S1 = {1, »}, Sy = {v3,vs}, Sz ={vs}, (38)
sory =ty = 2and r3 = 1. Then, Theorem 1 implies

7{345} - 7{1345} ~ Vi2zas) + Vst — Viasy — 7{45} + Vi345)
1—9 1

P(W) = H; ! < ) (M). (39

~ Vs

If «v is known, the operators may be inverted one-by-one to find a tractable expression for the
probability, as we demonstrate with several models in the next section.
Suppose a similar weak ordering W where the permutation

1 2 3 45
p_(35142> (40)
has been applied to the threshold numbers. Then, the weak ordering is

W={vs=v5 <v; =14 <10}

By Theorem 1 and referring to (39), the result is trivially found to be

P(W) = H; ! <7{142} - 7{31142}_; Vg TV Ny — 7{112} ~ Yy T Yy

) (M).  (41)

~ Ty

The symmetry of the result with respect to permutations makes this the same as (39) but for the
application of the permutation p to the dimension numbers.
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4. Applications and Special Case Results

In this section, we apply Theorem 1 to find probabilities of weak orderings of threshold
crossings in a problem associated with the reliability of stochastic networks, as well as two
special cases of random vectors with exponential distributions.

Any exact Laplace transform inversions in this section are computed using sequences
of tabled results from Supplement 5 of [41] or with Wolfram Mathematica. In Section 4.3,
some results require numerical inverse Laplace transforms rendered via methods developed
from the Talbot algorithm [42]. In particular, we use McClure’s MATLAB implementa-
tion [43] following the unified framework of Abate and Whitt [44].

Inverse D transforms will be evaluated in exact form using properties derived by
Dshalalow and summarized in Appendix B of [45]. Many of the results have been used to
invert the D operator in works from Dshalalow and his collaborators [36,46,47].

In each application and special case below, the Al processes are further simulated
in MATLAB to find empirical probabilities, which are shown to match the numerical and
analytic results derived from inverting the sequences of operators.

4.1. Application to Stochastic Networks

Some prior work [38,39,45] studies processes that model stochastic networks under
attack, where successive batches of nodes of random size XEJ | are incapacitated upon a
Poisson point process on [0, %), where each node has random weight Y; measuring its
value to the network. In these works, most attention was given to a ruin time where
cumulative node loss crosses a threshold M; or cumulative weight loss crosses another
threshold Mj, whichever comes first. This ruin time represents the network entering a
critical state of interest. Probabilistic information about this time and the extent of different
types of damage that should be anticipated in the near term can give security professionals
earlier warnings of attacks and help them to differentiate malicious attacks from benign
failures on the network.

While understanding the timing and extent of critical damage is important, it leaves
network administrators with more new questions than answers: What should we do about
different attack patterns? Where are our weaknesses?

The present work can address is the probability of each ordering of failures, which
would indicate the more vulnerable part of the network, whether nodes or weights, which
can suggest strategies for improving reliability.

To model the situation, suppose that each jump in the process is a vector consisting of

the batch size ng J and sum of weights Xg I Since each node weight is Yy,

o
X =3 v, (2)
k=1
where we assume that the node batch sizes ng Vare i.i.d. with common probability-generating
function g and the weights Yj are i.i.d. with common Laplace-Stieltjes transform I.
We will seek to apply Theorem 1 to find the probabilities of each weak ordering
of threshold crossings, which requires knowledge of 7, which we can find by double
expectation,

(1]

X i X! 0
Y(=Inxy,x) =E |:x11 e 02 X5 :| =E [xll Ele %%

XE”H — g(al(x)).  (43)

Corollary 1. If node batch sizes are geometrically distributed with parameter p and node weights
are exponentially distributed with parameter y, then

gfpVMZ

P(v; <vp) = P(My — 1,uM3) — (1—p)Mi-1

P(Ml - 1/ (1 - P)VMZ)/ (44)
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where P(a,x) = ﬁ fox to=Le=t dt is the lower regularised gamma function.

Proof. By Theorem 1,

P(y < 12) = Hy! (7((11”2(;)7(") ) (M) = H;! (g o) ;(_xfl((?zl)(;‘ 2) > (M). (45)

Here, Hy! = LC ;21 ° D%ﬁl. To compute the inverse, we first apply the inverse Dﬁfl*l,

which is possible when g is specified, and then apply the inverse LC ;21 (+)(Mz), which is
possible when [ is specified.

Since each node batch size Xg”] is geometrically distributed with parameter p,
g(z) = £ 712 with g = 1 — p, then the term within the inverse simplifies to

pllxa) _ _pxl(xa)
g(l(x2) —g(n1l(x2)) _ Toqll) ~ Togmite) _ pllxa)  1-1x )
1—g(x1l(x2)) 1 _ _pallx) 1—ql(x2) 1—1(x2)x1"
1—gx11(x2)

The operator Di\f] ! has the effect of truncating power series at the (M; — 1)th term
and has a well-known property Dﬁfl_l (x1f(x1)) = Dﬁfl_z( f(x1)), so when we apply it to
the x1-dependent terms, we have

My—-1( 1— Mi—1( & M—2( &
Dxll (1—l(x?)x1) :Dxll (kgol(xz)kxlf)'l)xll (kgol(xZ)kxll(>

M1 -1 Ml -2 47
= ¥ I(x) = ¥ I(xn) @)
k=0 k=0
= 1(x)M
Since each Y is exponentially distributed with parameter y, [(z) = ﬁ, SO we can
apply the inverse Laplace—Carson transform to find
M;—1
— p,-1( 1 _pru I
P(Vl < V2) - sz (xz pu+xy (y+x2) ) (MZ) (48)
= P(My — 1, uMy) — = P(My — 1, (1= p)pMy),
where P(a,x) = ﬁ fox t7-1e~t dt is the lower regularised gamma function, which can be

computed to high precision efficiently. [

Corollary 2. If node batch sizes are geometrically distributed with parameter p and node weights
are exponentially distributed with parameter y, then

_q My M
P(v; > ) = Q(My — 1, uMy) — (1 — p)Mi e 77 Q(Mll, f_p), (49)

where Q(a, x) = ﬁ [t et dt =1 — P(a, x) is the upper regularised gamma function.

Proof. Theorem 1 gives

> = (O (L),

The term within the inverse simplifies to

pv_ _ _pul(xn)
g(xl) _ g(xll(x2)> — 1_‘7]{1 lqull(XZ) — (1 _ l(x )) pX1 1 (51)
1—g(nl(x2)) 1_ i) T g 1—1(xg)xy

1—qx11(x2)
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Applying the ’D,]C\fl_l to the x;-dependent terms,
M1 1 _ pMi—2( kyk 1
D (e s ) = PO (kzol(x2> anm)

M2 oy o,
=p ¥ l(x)Dy 2 "(Z qfxﬁ)
k=0 =0

M;—2 M;—2—k (52)

=p ¥ )" £ ¢
k=0 j=0

_ M2 k M;—1—k

= L i(x) (1-9 ).

Then, we can apply the inverse Laplace—Carson transform to find

Mp-2 1
Pn>v) = ¥ (1-g" %) 2 (01— 1)) ) (M)

i ‘
-0

SR (- (L () on)

M; -2 X
_ (M —1-
e i (1 g

prMy
= QM1 — 1, uMy) — (1 - )M 1e T Qv — 1, §22),

(53)

where Q(a,x) = == [Z " le~*dt = 1 — P(a,x) is the upper regularised gamma func-

I'(a)
tion. O
These two results lead trivially to
Py =1) =1-P(1y <1p) —P(1; > 1n), (54)

which completes the derivations of probabilities of each weak ordering in W.

The expressions (44), (49), and (54) are numerically very tractable since the regularised
gamma functions can be computed to high numerical precision efficiently. These are
computed numerically and compared to simulated probabilities in Figure 1.

Note that, in the first three diagrams, » = 1 and p = 0.5, so we have

E[xg’”} - % —1, (55)

and, by the independence of Xgn] and Yjs and since Yjs are i.i.d.,

(] _ ] — mp_1 pr _

]E[X2 } E[lel } E[Yl]]E[Xl } gt (56)
so both components grow at the same rate in this example, and it provides a good opportu-
nity to analyse the effect of the thresholds in isolation.

As M increases, the probability that M; is crossed first P(1; < ;) increases in
Figure la and the probability that M, is crossed first P(v; > 1) decreases in Figure 1b,
which is an intuitive result. Further, the probability that they are crossed simultaneously
P(v1 = 1) peaks when M; = M in each case in Figure 1c.

In Figure 1d, by increasing y, this only increases the average jump in the second

component, Xgﬂ, which makes crossing M, more likely to occur more quickly, so the
probabilities P(v; > v,) drop to 0 more quickly than in Figure 1b.
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P(u1 < ;/2) with p=1, p=0.5 for 0.1< M2§20 P(u1 > uz) with =1, p=0.5 for 0.1< Mzgzo

2E=2=2£=E=
[ )

=

P(v,<v,)
P(v,>v,)

P(v, = v,) with =1, p=0.5 for 0.1< M, <20 P(v, > v,) with ;1=2, p=0.5 for 0.1< M, <20

0.9

0.8

0.7

-

3

2E=2=2£==

o

0.6

0.5

P(v,=v,)
P(vy>1,)

20

(o) ()

Figure 1. In each diagram predicted results are plotted as solid curves and empirical probabilities
from 10,000 simulations are computed and plotted as dots. (a) P(1; < 1p) withy =1, p = 0.5; (b)
P(v; > vp)withu=1,p=05;(¢) P(vy; = vp) withpy =1, p = 0.5, (d) P(v; > vp) withy =2, p =05.
Each diagram shows plots for several M; values.

In this subsection, we have applied the result from Section 3 to a problem related to the
reliability of networked structures experiencing node failures or attacks that incapacitate
geometric batches of nodes, each with exponentially distributed weights. In particular,
we have derived the probabilities that node losses enter a critical state before, at the same
time, or after the weight loss reaches critical levels given the parameters of the distributions
and the thresholds. The formulas are numerically very tractable as the regularised gamma
functions can easily be computed to high precision. The formulas are also shown to match
simulated results to very high precision in several special cases.

A primary practical benefit of these probabilities is that it indicates where weaknesses
lie in the network—with node losses or with weight losses. If node loss is likely to become
critical first, one should implement interventions that strengthen this aspect of the network,
and vice versa with weight loss. Pairing these results on the order of threshold crossings
and marginal probabilistic results about the first crossing times and the extent of losses
of each type upon crossings in [38,39,45] provides a suitably full understanding of the
dynamics of such a process as it approaches and enters a critical state.

While the geometric and exponential distributional assumptions on node and weight
losses may seem limiting, they were only needed to invert the operators. The under-
lying results hold with much more minimal assumptions on the losses, and the same
inversion process generally works for many other well-known distributions and empirical
distributions derived from data, several of which are shown in [39,45].
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Next, we demonstrate that Theorem 1 leads to analytically, or at least numerically,
tractable results for two other models, both with explicit inversion and with a
numerical approximation.

4.2. 2D Exponential Model

Suppose that each X[" = (Xgn], Xgl]> is a vector of two independent exponential
random variables with parameters y; and p, and Laplace-Stieltjes transforms /1 and I; then,

(1] (1]
v(x) =E {E’xlxl e } = h(x1)h(x2). (57)
Here, d = 2, so we have W = {{v; < 1}, {v1 = n}, {r1 > 12}}, so there are only
three possible weak orderings of threshold crossings, which we derive in the following

corollary to Theorem 1.

Corollary 3. If X"l = (Xgn], Xg"]) is a vector of independent exponential random variables with
parameters yq and py for each n,

My o

Plry<wn)=1- o H2Mo (1 + V/H1pa M / re 11 2\/y1y2Mzr) dT) (58)
M; l‘z

P(v; > 1) =1 —e #1M (1 + /1M / *e 11 2\/y1y2er> dT> (59)

and P(1r; = vp) =1 —P(1; <vp) —P(v1 > 1p), where I1(x) is the modified Bessel function of
the first kind.

Proof. Theorem 1 implies

0, 1-7((0,
P <1n) =HS! 2(( 1x2’)y)(x) v (x )1_';EEO§3§)(M1,M2)

60)
() o1 (1 bio] (
N £x1 ( ;1"1 £x21 (E 1-0 (zxf)zlz(xz) ) (Mz)) (My)
If we assume that Xgn]’s and Xgn]’s are exponential with parameters y; and yo,
hin) = F h(x) = T2 (61)

M1+ x1 Ho+x3”

Then, the innermost inverse Laplace transform is

K2

1 1 Tx 1+ X1 — 2oy

L) (xl_”uy >(M2) BT (g i (62)
2 H1tx1 pot+x2 1

Therefore, noting

x
1—h(xy) = m J:xl, (63)
we have
P(v; <w) =Ly (x] H]’fﬁx] ”1;13“1 (1 - [%)) (M)
fMl L ( %>(T) dt (64)

=1—e" V2M2(1+\/y1y2 fo ! g L'y L (2y/ 1 p2a Mp ) dT).
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P(v, < v1) can be derived by simply interchanging the parameters y; and i, and
interchanging the thresholds M; and My, while P(v; = 1p) =1 —-P(1; < 1p) —P(1; > 1)
trivially, which completes the probabilities for each weak ordering in WW. [

The expressions (58) and (59) are numerically very tractable since the modified Bessel
function of the first kind can be computed to high numerical precision efficiently. The
practicality of the results is demonstrated by computing them numerically and comparing
them to simulated probabilities in Figure 2.

Note that in Figure 2, M, takes several values, while M; € {1,1.1,1.2,...,20}, the
reverse of Figure 1, so, for example, the effect of increasing M; makes it less likely to be
crossed first, so P(v1 < 1) approaches 0 rather than 1.

P(v < v,) with 11,=1, j1,=1 for 1< M, <20 P(v, < v,) with 11,=1, j1,=2 for 1< M, <20

0.9

0.8

0.7

5}
=]
~

0.6

v)

~ 0.5

P

0.4

0.3

0.2

0.1

P(v, = 1) With ,=2, 11,=1for 1< M, <20

0.25

M, =

0.2

X ® o &N

NN N NN

Figure 2. In the diagrams, predicted results from Corollary 3 are plotted as solid curves and em-
pirical probabilities from 10,000 simulations are computed and plotted as dots. (a) P(11 < v5) with
=2 =1 b)Pry < vp) with py = 1,42 = 2; (c) P(vy = vp) with yg = pp = 1; (d) P(v; = 1)
with 1 = 2, o = 1. Each diagram shows plots for several M, values.

4.3. 3D Exponential Model

Suppose that each X" = (Xﬁ”] , Xgn] , Xgn] ) is a vector of three independent exponential

random variables with parameters y1, pi2, and y3 and Laplace-Stieltjes transforms Iy, I,
and [5. Then,

,Y(x) =F |:ex1X£1]x2X£1]x3X£1]:| _ l’ll .UZ ;’l3 ) (65)
H1+ X1 p2 + X2 g3+ X3

We will apply Theorem 1 to derive several results giving the probability of
{1 < vy <wu}, {vn = <3}, {11 < 1p =13}, and {v; = 1, = v3}, which trivially
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generate probabilities of every other weak ordering of threshold crossings by interchanging
the roles of the x;, 1;, and M; terms and interchanging the operators.
jr K j ging the op

Corollary 4. If X"l = (Xgn], ng], X:Ln]> is a vector of independent exponential random variables
with parameters 1, yp, and ys for each n,

P(vy <1, <13) = 1—e 1M (1 + /1M fM] e “Tll (2\/m1p2My7) d'r)
—eM3M3 (1 + /o3 Ms fo 2 ‘3\/’% I (24/papsMsT) dT)

e H2My—pzMs (66)
1‘1!21‘/12 My V]Kzf v
1 emtx 2 e MY Hapap3M3T
xﬁxl 5 fO T L (2 = ) dt (Ml)

Proof. By Theorem 1,

_ -1 "Y((OXz x3)) —v(x) ¥((0,0,x3)) =y ((0,x,x3))
P <vz<ws) =Hy 70 ) (M) 67)
= LML (L5 (A)(M3)) (M) (M),
where
A = Zh(a) (A=h00))b(x2) I3(x3)?
xq x2 x3(1*121(Xl)lz(xz)ls(xz))(1*12(962)13(3‘3)) (68)
_ Halt
= G a3 (i)~ i piaf) (i T2 (5 T3~ iafa)
Let B = £, (A)(Mj3), and then
;13M3x2 _ uzMs ([42)(] +;z1x2+x1x2>
B— H2 1 1 e M2txy e Mt [CRE3) 69)
X UpX1 + H1X2 + X1X2 x1 X2 M2X1 + pH1X2 + X1X2 ’
LetC = E;;(B)(Mz), and then
R .
C= LT Lo (14 s Y 2 0 (20 MaT) dr)
ap? (70)

ﬂlﬂzMz
uzMse 141 I41+X1 Uit U3 Ms Mz e Vl*ll Ui U3 M3 T
e 14/ tatade! I (2Pt i

Then, we can find the probability by applying the final inverse Laplace transform with
respect to x1, i.e., P(v; < 1 < v3) equals

1 — e H2Ma2 (1 + Vu1pa M / 11 2\/;11;12M2‘L') dT)
M —
e HsMs (1 + \/ HausMs /0 ’ 711 2\/]42]43]\/13’[) dT>

V”EMZ M VIKZT
+3*F2M2*#3M3£;11 e ze M ILl2 HipapsM3T dr (Ml)
X1 0 ﬁ H1+x

As we will show later, this can be approximated to high precision by numerical
integration and numerical Laplace inversion.

The probability of any other weak ordering in the form {v, 1) < v, < v,3)} for
some permutation p follows trivially by interchanging the roles of the variables.

My p—m1T

O

Corollary 5. If X"l = (Xgn], Xgn], Xgn]) is a vector of independent exponential random variables
with parameters 1, yp, and ys for each n,
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P(U1 =1 < 1/3) = (1 — €_V3M3)€_V1M1_V2M210 (2« / y1y2M1M3)

—pu1 My —pp My — 3 M
—e MMy — 2V —p3 M3 /;41]12‘113M3

Mgy T e (71)
— X1 1
X£x11 (gxl\/ﬂ fO 2 e = L (2 /HIFZZf 3 ) dT) (T)
Proof. By Theorem 1,
_ _ /-1 7((0,0,x3)) =7 ((x1,0,x3)) =7 ((0,x2,%3) )+ (x)
P(Ul =1 < V3) - Hxl ) . ) 117'3y(x) 22 (M) (72)
= LML (L5 (A)(M3)) (My) ) (M),
where
g Lmh(x)1-b(x) I3(x3)
X1 x2  x3(1 =T (x1)l2(x2)3(x3))
- Hs : (73)
x3((p1 +x1) (g2 + x2) (3 + x3) — papiaps)
Let B = L;'(A)(Mjz), and then
B 1 _ e Mtr PREY] (74)
M2X1 + H1X2 + X1X2 H2X1 + H1X2 + X1X2 )
Let C = £, )!(B)(M,), and then
_ taMpxy _taMyyy
C —_m™m e*V?JW%#
H1+x1 oMy, H1+x1 (75)

_ 1T
_—p3Mze T JpapousMs My e P11 Hip2p3aMsT
e~ H3Ms3 == \/ e fo NG L(2 e dr.
Then, we can find the probability by applying the final inverse Laplace transform with
respect to xq, so

P(Vl =1y < 1/3) — (1 _ e*ﬂsMs)e*}llMl*Hzleo (2 /V1V2M1M3)
— e~ M= Mo —p3 M3 /l/llP‘ZVBMB

1 E}Ill;lez M, ei% H1paps M3 T
x L3, I 24/ BAE2ESEST ) e ) ().

x1y/x1 Jo VT x1

O
Note that this formula trivially generates the probabilities of {r; = v3 < 1} and

{v2 = v3 < 11} by interchanging the appropriate variables.

Corollary 6. If X"l = (Xgn], Xgn], X_L)n]> is a vector of independent exponential random variables
with parameters 1, yp, and ys for each n,

P(lﬂ <V = 1/3) = 67ﬂ2M27V3M310 (2\/“112“1/[3M2M3>

76
_e—ﬂzMz—M3M3£;11 (xlillo (2 /Vly;;:iAfle3>> (Ml) (76)

Proof. By Theorem 1,
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Py < vy =13) =H;! (7((0,x2,x3))'y(x)

1—(x)
77)
1-9((0,420)) ~7((00,33)) +7((0,12,33)) (
X | (M)
= LML (L5 (A)(M3)) (M) ) (My),
where
A = 12h(n) (=h(x2)h(x2) (1-15(x3))l3(x3)
X X xay(zly—sh(xl)lz(Xz)l3(x3))(1—12(X1)13(xs)) (78)
= ((ui+x1) (o +x2) (3 +23) — p1piopiz) (o +x2) (i3 +23) — piapts) "
Let B = £ (A)(Mj3), and then
1 _Vi,l\iﬂz 1 _:3%3 (i‘le':ﬂlff*'xlxz)
2¥%) 173 13
B=—° B . (79)
X1 p2o+x2 X1 M2+ X2

LetC = E;; (B)(My), and then

C = ie—ﬂzMz—quo (2 /V2V3M2M3) _ le—ﬂzMz—H3M310 2 1oz Mo M3 . (80)
X1 X1 M1+ x1

Then, we can find the probability by applying the final inverse Laplace transform with
respect to x1, so

P(V1 <V = 1/3) :e_y2M2_V3M3IO (2\/ ]/12]13M2M3)

— e_VZMZ_}BMfiE;ll (; IO (2 ]’lll/;jyi_]\izMB > ) (Ml)
1 \/ 1 1

Note that this formula trivially generates the probabilities of {v» < 11 = v3} and
{vs < 11 = 1»} by interchanging the appropriate variables.

O

Corollary 7. If X"l = (XE”], Xé”], Xgﬂ) is a vector of independent exponential random variables
with parameters 1, yp, and yz for each n,

IFD(‘[/l =1y = 1/3) :g—F1M1—P2M2—l43M3£;11 (;IO (2 W) ) (Ml) (81)

Proof. By Theorem 1, P(v; = vp = v3) is the result of applying H; ! to

177((7‘1/0!0))77( (OrXZ/O))77((O/O/x3))+7((x1rx210))

1—7(x)
1) (D) (O ) () (82)
1—7(x) !
SO

Plu = vz = 13) = £ (£} (L) (4) (M5) ) (M2) ) (M), (83)

where

A = LZh(a) 17h(xn) 1-15(x3)

x| 2 x3(1=11 (x1)l2(x2)13(x3)) (84)

(p1+x1) (2 +x2) (3 +x3) —p1papis”
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Let B = £;31 (A)(Ms3), and then

_ M3M3 <V2x1+}‘1"2+x1x2)
1 e Mty Hatx

ot Mo+ X2

(85)

Let C = £)!(B)(M,), and then

C= ;E*HZMFMMSIO 2 HapapsMaMs . (86)
Pt x pit+x

Lastly, the probability is the last inverse Laplace transform with respect to x; applied
to the formula above. [J

Computational and Simulated Results

The corollaries above establish that these formulas hold, but what may not be clear is
that the formulas are actually quite numerically tractable, even with modest computational
resources, as we will demonstrate.

The inverse Laplace transforms above that could not be calculated explicitly were
computed using a MATLAB implementation by McClure [43] of the fixed Talbot algorithm
developed by Talbot [42], which uses trapezoidal integration along a deformed contour in
the Bromwich inversion integral. The approach is not exactly the same as Talbot’s original
algorithm, but uses some ideas from the framework of Abate and Whitt [44], and the code
is optimised for MATLAB by McClure. A similar numerical approach was used to find
probabilities in the context of oscillating random walks by Dshalalow and Liew [15], but,
in contrast, the results in this subsection are more extensive and involve comparisons with
empirical results from simulations.

Note that, for each set of parameters, the probabilities of the weak orderings are listed
in the third column of Table 1, ordered in the following way:

N<<r, 1 <3<y, <V <3, <3<V, 13V <, 1311
V1 =1 < V3, V] =V3 < Vp, V) =V3 <V
N<vp=v3 1 <v=13,V3 <V =1

V1 =V =V3

Table 1. In each row of the table, we set some parameter values and compute the probability for each
weak ordering by Corollary 4 (line 1), Corollary 5 (line 2), Corollary 6 (line 3), and Corollary 7 (line
4), rounded to the nearest thousandth. Lastly, we have the sum of absolute errors for all thirteen
probabilities and the maximum individual error compared to empirical probabilities of each weak
ordering computed from 1,000,000 simulated paths of the process.

Parameters Signs Predicted Probabilities Errors
@ << 0.1250.1250.125 0.1250.125 0.125  Sum = 0.003
(1, o, 3) = (1,1,1) =< 0.0420.0420.042 Max < 1073
M; =M, = M = 10 <= 0.0390.039 0.039

== 0.009
2) << 0.1370.137 0.137 0.137 0.137 0.137  Sum = 0.002
(M1, 2, 13) = (1,1,1) =< 0.030 0.030 0.030 Max < 1073
M; = M, = M =20 <= 0.0290.029 0.029

== 0.005
3) << 0.147 0.147 0.147 0.147 0.147 0.147  Sum = 0.003
(1, o, 3) = (1,1,1) =< 0.0190.019 0.019 Max < 103
M; = My = Mj = 50 <= 0.0190.0190.019

== 0.002
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Table 1. Cont.

Parameters Signs Predicted Probabilities Errors
4) << 0.153 0.153 0.153 0.153 0.153 0.153  Sum = 0.002
(p1, 12, 3) = (1,1,1) =<  0.0140.0140.014 Max < 1073
M; = My = M3 =100 <= 0.014 0.014 0.014

== 0.001
(5) << 0.358 0.358 0.048 0.008 0.048 0.008  Sum = 0.002
(11, 12, 13) = (0.5,1,1) =< 0.035 0.035 0.005 Max < 1073
My =M, =M;=10 <= 0.082 0.007 0.007

== 0.004
6) << 0.002 0.002 0.018 0.422 0.018 0.422  Sum = 0.002
(31, 12, 13) = (2,1,1) =< 0.002 0.002 0.088 Max < 1073
M; =M, =M;=10 <= 0.001 0.011 0.011

== 0.001
7) << 0.000 0.000 0.000 0.455 0.000 0.455  Sum = 0.002
(p1, 42, 13) = (5,1,1) =< 0.000 0.000 0.090 Max < 1073
M; =M, =M;=10 <= 0.000 0.000 0.000

== 0.000
8) << 0.002 0.002 0.018 0.422 0.018 0.422  Sum = 0.001
(p1, 12, 13) = (1,1,1) =< 0.002 0.002 0.088 Max < 1073
M; =20,M; = M3 =10 <= 0.001 0.011 0.011

== 0.001
9) << 0.000 0.000 0.000 0.455 0.000 0.455 Sum = 0.002
(p1, 12, m3) = (1,1,1) =< 0.000 0.000 0.000 0.090 Max < 1073
M; =50,Mp; = M3 =10 <= 0.000 0.000 0.000

== 0.000
(10) << 0.000 0.000 0.000 0.455 0.000 0.455 Sum < 104
(u1, o, 3) = (1,1,1) =< 0.000 0.000 0.090 Max < 1074
M;=100,M, = M3z =10 <= 0.000 0.000 0.000

== 0.000

The testing above and results in the Table 1 reveal some intuitive results about
the probabilities:

* In parameter sets (1)—(4), we have y; = pp = y3z and M; = My = M3, so, in each
line of the results for each set, the probabilities are the same since there is symmetry
between the dimensions such that they are indistinguishable.

* Inparameter sets (1)~(4), the y;s are 1 and the M;s are equal but increasing. Since the
process must travel further to cross thresholds while the distribution of the jumps is
fixed, simultaneously crossing multiple thresholds (lines 2—4) becomes less probable.

e  Comparing parameter sets (5)—(7) to (1) reveals that increasing a single y/; decreases
the mean jump length in coordinate j so that M; is likely to be crossed later than
others. Here, we increase y1, and the probabilities of 1, < v3 < v1,v3 < 1 < v1, and
vp = v3 < vy, precisely where M; is crossed last, grow.

e  Comparing parameter sets (8)—(10) to (1) reveals that increasing a single M; has a
similar effect as increasing a single y;:

—  Parameter set (8) doubles M; (doubling the distance to cross M;) and parameter
set (6) halves y; (doubling mean jump length in dimension 1), which have the
precisely same impact on the probabilities.

—  Parameter sets (7) and (9) exhibit an analogous relationship.

While the testing above reveals some details of the relationship between the parame-
ters and probabilities, its scope is constrained by our choice of only 10 sets of parameters, so
further testing took a large sample random parameters, computed the predicted and empir-
ical probabilities, and compared them. In particular, we sampled sets of the six parameters,
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with pq, pio, g3 chosen from a uniform distribution on [0.5, 3] population and M;, My, M3
from a uniform distribution on [10,40], and compared the results to empirical results.

Note the boundaries of the intervals are somewhat arbitrarily selected within a region
where an existing MATLAB implementation of the fixed Talbot algorithm for numerical
inverse Laplace transforms generally converges properly, with a few exceptions (2% of the
sampled parameters).

A random sample of 500 sets of parameters from the distributions mentioned above
was taken, the process was simulated 100,000 times for each set, and the predicted and
empirical probabilities were compared. In 10 samples, the numerical inverse Laplace
transform failed due to rounding or overflow errors, but in the remaining 490 cases,
predictions again showed good matching with empirical results. In the worst case, the
sum of errors between empirical and predicted reached 0.023, with a maximum individual
error of 0.012. This is quite accurate, but even this is an outlier—in the other 489 cases, the
maximum sum of errors is 0.012, with maximum individual error 0.004.

4.4. Further Applications of P(W)

The tractable formula for P(W) found in Theorem 1 has further applications in insur-
ance, finance, reliability theory, and more advanced stochastic network models. Herein, we
discuss two of these areas as a motivation for further study and adoption of the present
modeling approach in diverse disciplines. Lastly, we will consider the versatility of the
result in a more mathematical sense.

4.4.1. Applications to Insurance

Insurance companies receive a random number of claims from their customers per
month, each with a random, nonnegative cost to the company. Assuming that the company
has a budget of agents to adjudicate claims and a planned budget for costs, then it will
be of interest which budget will be exhausted first. If the agent budget is highly likely
to exhausted first, the company may optimise its resources by shifting some of the funds
pre-allocated for paying the claims to hiring more agents. If the claims budget is highly
likely to be exhausted first, the company may optimise resources by hiring fewer agents.

If the distributions of claims per unit time and cost per claim are time-independent,
this example is essentially equivalent to the stochastic network application from Section 4.1
above, with ng ] equal to the number of claims received in month j and Xg  the sum of the
costs of those claims in month j. However, the distributions of claims per month or cost per
claim need not be geometric and exponential, respectively.

While this two-dimensional problem does not exceed the capabilities inherent in the
methods of prior works on stochastic networks [38], the problem becomes far more complex
and higher-dimensional if we consider claims budgets in a localised sense. For example, if
agents or funding for claims need to be assigned to certain cities, there may be city-specific
budgets, and the probabilities of certain orders of these budgets being exhausted can be
used to study the effects of allocating agents to different cities. Likewise, a company with
diverse offerings may need to assign specialist agents to claims on home, auto, health, or
life insurance.

4.4.2. Reliability Theory

The model can also be used to analyse a complex system made up of numerous de-
teriorating parts. For example, some approaches [48] model the deterioration of a part
as a renewal-reward process where the jumps consist of a sum of a continuous deteriora-
tion (e.g., linear) plus a random number of “shocks” that introduce damage of random
magnitudes approaching a threshold of irrecoverable failure.

The present work can allow such models to be extended to complex systems and
determine the most likely order(s) of failures of multiple parts critical to the operation
of the system. Such systems frequently require upkeep and repairs to different types of
parts, so understanding the most vulnerable parts given these likely orders can allow
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administrators to design maintenance programs to ensure consistent, reliable operation of
the system.

4.4.3. Versatility of Theorem 1

A point that may be missed in the focus on finding the probability of a fixed weak
ordering of threshold crossings, P(W), is that they trivially can build probabilities of weak
orderings of subsets of thresholds.

For example, in a three-dimensional model, we may have a weak ordering
V = {11 < 13} of two of the threshold crossings. Since any weak ordering of a sub-
set can be represented as a sum of some distinct weak orderings, in this case,

\% Z{V1<1/2<1/3}U{1/1<1/3<1/2}U{1/1=1/2<1/3}U{1/1<1/2=1/3}

=W UW,UW3UW, (87)

The probability of V is, then, the sum of the probabilities of the weak orderings on the right
side, all of which are given by Theorem 1 as follows:

P(V) =P(W;)+P(Wz) +P(W3) +P(Wy)
=H; 1 v((0x2,%3)) —v(x) v((0,0,x3))— 7((0x2x3)))(M)

(o) =3(x) SOl
1( rUU,x2,x; Y((0,x2, X9,X:
+He e 12w<0x2,x3 21l ) (M)

_._Hfl 7((0,0,x3))— 7((951,;)/963)()) (0,x2,x3)) x))(M (88)

L
1 2022:50) 709 L71(020) - H(0025) 17((02220)

+H N f)—?((() o e 0l ) ()

MO e

As such, while Theorem 1 focuses on probabilities of weak orderings of all the threshold
crossings, these results can be summed to obtain the probability of a weak ordering of
a subset of threshold crossings. Moreover, in this case, the sum actually simplifies the
expression tremendously.

In addition, identifying the likely first threshold crossing can be important. In the
stochastic network problem, this identifies the most vulnerable aspect of the network. In
insurance, it locates the first budget likely to be exhausted. In reliability problems, it can
find the first part that will likely need maintenance. In each case, identifying the likely
vulnerabilities can help to determine appropriate strategies to avoid such problems.

Mathematically, this means that we find P(vx < min{v; : j # k}) foreachk =1,...,4d,
i.e., the probability that the kth threshold will be crossed first. Clearly, any such probability
will be the sum of all probabilities of weak orderings of threshold crossings where v comes
first—precisely what Theorem 1 expresses.

5. Significance and Future Work

The work above can reasonably be expected to extend in several directions, some of
which are the subject of current and future projects

Closed-form expressions for ®(u) = E {e’” Al ] have been derived by brute force for
dimensions d = 2 and d = 3 in a similar setting by Dshalalow [12], as well as d = 4 in the
context of a continuous-time marked random walk by Dshalalow and Liew [30]. Although
the setting is different in the latter case, the approach and result are quite similar. Their

approach was to derive ®yy = E {e_”'AM 1w} separately for each W € V¥ and add them

together, but the size of W grows very quickly with d; in fact, it grows at a super-factorial
rate since the set of total orderings of the threshold crossings grows factorially, but is only a
subset of W. The number of weak orderings follows the pattern of the Fubini numbers (also
called the ordered Bell numbers), 3, 13, 75, 541, 4683, 47,293, ..., so the brute force approach
quickly becomes impractical to carry out by hand. The author did some prior work on
an algorithmic solution [45], but even listing all the elements of WV poses computational
problems for current consumer-grade computers at dimension 7 or 8. More extensive
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computational power would not be able to handle much beyond this on a practical time
scale given the super-factorial rate of growth.

However, the result of Theorem 1 provides a path to representing an arbitrary &
in finite dimension 4 in a manageable formula. An ongoing project seeks to either con-
firm a conjecture from Dshalalow and Liew [30] or correct it by deriving a closed-form
expression for

D(u) = ) Pw(u) (89)
Wew
through a recursive approach exploiting patterns in the ®yy expressions.

Further, it is possible to move beyond discrete-time stochastic processes. For example,
some prior studies [14,38,39] have considered (continuous-time) marked random walks
{A(t) : t > 0} with multidimensional jump times forming a renewal process {1, } for small
d with each random vector X" actually being the d-dimensional jump A(t,) — A(T,_1),
which are i.i.d. in this scenario. This work can be adapted to find a joint LST for the position
and time of the exit of such a process, E [e’”'A(TV)’GTV} , in terms of a joint LST of the jump

vector and time between jumps, E {e*”'A(Tl)*"Tl} .
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