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A Proof of Proposition 2

Let = (ta; — Mgy )Va and y = (fay, — Aay )Va, Where piq, , ftq, and v, are constants. Variables x and
y are an affine transformation of the original variables Ay, and Ag,, respectively. It is known that
composition with an affine transformation preserves quasiconcavity (Boyd and Vandenberghe 2004,
page 102). The total sojourn time distribution W(z,y) = 1 — (ze ¥ —ye™")/(x —y) is quasiconcave
for z,y > 0 if the function

e Y —ye *

flay) = —— .y
is quasiconvex. For 6 € [0,1], (z1,y1) > 0 and (x2,y2) > 0, function f is quasiconvex if and only if
(Boyd and Vandenberghe| 2004}, page 98)

max { f(z1,y1), f(z2,y2)} > f[0(x1,y1) + (1 — 0)(w2,92)] - (A.2)

Now, the function f is strictly decreasing, as can be verified from its first partial derivatives. Then,
if wlo.g. (z1,y1) < (x2,y2), Inequality holds and f is quasiconvex. However, it remains to
prove quasiconvexity when (z1,y;) and (z2,y2) do not constitute a monotonic pair.

To fully prove the quasiconvexity, we restrict the function f to the line y = a + bz, where a > 0
and b < 0 are parameters chosen to represent the case when the pair (x1,y;) and (x2,y2) is not
monotonic. Then f is quasiconvex if the univariate function f(x,a+ bx) given in Equation is
unimodal with a minimum for all @ > 0 and b < 0. This condition of unimodality with a minimum
in the univariate functions directly implies quasiconvexity as a consequence of Equation (A.2)).

(A.1)

ze~(@Hb%) _ (g 4 br)e

f(z,a+br) = z — (a+bx)

, fora > 0,06 < 0,2 > 0. (A.3)

To prove the unimodality of f(x,a + bx), it is sufficient to show that its first derivative changes
sign at most once over the interval [0, 00), and the change of sign if it occurs, goes from negative
to positive as x increases. Taking the first derivative we get

! b 6_[a+(2+b)$} (b—1Dzx a b 2 b 2 b(b 2 b
f(x,a—l—m)—ww{e e [(1 = b)ba® + (1 — 2b)az + a — a®] +b(b— 1)z —i—aa:—a}.
(A.4)



The term e~l*+2+02 /[ 4 (b — 1)x]? is positive and does not alter the sign of the previous ex-
pression. An indeterminate situation occurs at the singularity line y = a + bx = x; however, by
monotonicity, f is quasiconvex along this line. Then, to analyze the sign of f'(z,a + bzx) it is
sufficient to examine the function

g(z) = ebDzen [(1- b)bx? + (1 — 2b)az + a — a2] +b(b — 1)2* + abr — a, (A.5)
which has the following properties:

Property 1: Function g change of concavity exactly once along the interval [0, c0) from concave
to convex for x increasing.

Property 2: Function ¢ has at most 2 roots on [0, 00). One of the roots is the point x = a/(1—b),
which satisfy

a) A local maximum for b > —1,
b) An inflection point for b = —1,

c¢) A local minimum for b < —1.

Proof of Property 1:
The first derivative of g is
g'(z) = e VT (b—1) [(1 — b)ba? + (1 — 2b)az + a — a®]+eP~ V% [2(1 — b)ba + (1 — 2b)a]+2b(b—1)a-+ab.

(A.6)
The second derivative of g is
g"(x) = e V% L(1 — b)3ba? + (b—1)? [a — 2(2 + a)b] = + (1 + a)(b— 1) [(1 — b)a — 2] } +2b(b—1).
(A7

The sign of ¢” determines the type of concavity of g. Given that the terms e(®*~D%e® and 2b(b—1)
are strictly positive, the sign of ¢” is only determined by the factor

(1—0)%bx® + (b—1)*[a —2(2 +a)b]xz + (1 +a)(b—1)[(1 — b)a — 2b]. (A.8)
This concave parable has the vertex point

<a—2@+aw

b—1
2 B g b—1
2b<b_ 1) 7[@ +4a(b 1)b+8b] 1 > > 0, for a > 0,b< 0,

and roots at

a(l —2b) — 4b — /a? — 4ab + 4(2 + a)b?

"= 2(b— 1) >0
a— (4+2a)b+ /a2 — dab + 4(2 + a)b?
To = > 0.
2(b— 1)

The strict positivity of x1 is not so obvious. By recalling that ¢ > 0 and b < 0 we have

a(l —2b) — 4b > /a2 — 4ab + 4(2 + a)b2,
[a(1 — 2b) — 4b)* > a® — 4ab + 4(2 + a)b?,
4a*b* — 4a%b + 12ab* — 4ab + 8b* > 0.



Then, Parable in ((A.8) is negative in the region [0, z1) U (z200) and positive in the interval (z1, x2).
Now we observe that

g"(0) =e*{(1+a)(b—1)[(1 —b)a —2b]} +2b(b—1) < 0.
This strict inequality is valid since
e{(14+a)b—1)[(1 —b)a—2b]} +2b(b—1) <0

e” (—a®b® + 2a°b — 3ab® — 2b* — a® + 4ab + 2b — a) + 26 — 2b < 0,
e® (—a®b® + 2ab — 3ab* — a® + 4ab — a) + 2b*(1 — e*) + 2b(e® — 1) < 0,

This analysis implies that ¢” is negative at = 0 and turns positive at some point on the real
line as x increases. Next, we show that once ¢”(z) is positive, it remains positive as x increases
implying that ¢’ changes sign only once.

We determine the local optima of ¢” by analyzing its derivative

g"(x) = —(b—1)%e%® V" L (b~ 1)%2® + (b — 1) [2(3 + a)b — ]z + (2 + a) [a(b — 1) + 3] }.

Solving for x in the equation ¢"’(z) = 0 we have the following critical points for g”

(1 —2b)a — 6b — \/a2? — dab + 4(3 + a)b?

r_

"= 2(b— 1) =0
o a— 6b—2ab+ /a2 — dab + 4(3 + a)b? >0
2 2b(b — 1) '

Since Parable (A.8) is concave and has a positive vertex then ¢”(z}) > 0. Also, considering the
exponential decay factor e(®~1% in Equation 1) we can conclude that 2} is a local maximum,
and 7, is a local minimum of ¢”. It is also true that ¢”(zf) > 0:

_ 2 _ 2
() = exp | S0 VO Qiab 48+ a)b {o-1) [-2b+ Vo~ dab+ 43+ a)i?] b + 2000 - 1),
(A.9)
1
> _ _ 2 _ 2 _
T a—6b++/a?—4ab+4(3+4a)b> 11 {(b 1) |: 2b+ \/CL dab+ 4(3 T a)b :| } + 2b(b 1)’
—2b
(A.10)
_ap

T a—6b+ /a2 dab + 4(3 + a)b? — 2b {(b_ 2 [_2b+ Ve _4ab+4(3+“)b2”+25(b— 1),

(A.11)
7 e — b +_42(I; +a)b? — 2b {(b -1 {_26 +Va? —dab+4(3+ a)bz] } +2b(b— 1),

(A.12)
-0 (A.13)

where Inequality (A.10]) is valid since 1/(x 4+ 1) > e~*, for x > 0.



The exponential decay term e®~V?% attracts the graph of ¢” to the asymptotic limit of 2b(b—1) >
0 as  — oo. Furthermore, since that g” is positive at its local minimum x%, this implies that once
g" attains a positive value it remains positive as z increases due to the dominance of the exponential
term. Therefore ¢” changes sign only once on [0, o). Figure illustrates the behavior of function
g”, concluding the proof of Property 1.
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Figure A.1: Graph of ¢"(z).

Proof of Property 2:

The evaluation of g and its derivatives at point x = a/(1 — b) gives

()0 4o ()

Then, this point is a root and a critical point of g. When b > —1 it is a local maximum, when
b = —1 it is an inflection point, and when b < —1 it is a local minimum. To see why ¢ has at
most two roots consider that z = a/(1 — b) is a local minimum (maximum), then at this point g
does not cross the z-axis. However, given that g changes from concave to convex exactly once as x
increases, this implies the existence of a second root at which g effectively crosses the x axis. There
cannot be more than two roots; otherwise, this would imply that g changes its concavity more than
once, which is impossible according to our previous analysis. Now consider that z = a/(1 — b) is
an inflection point since this point determines a change of concavity and the first derivative of g
evaluated at this point is 0, this implies that g has a single root at which the function crosses the
x axis. See Figure This concludes the proof of Property 2.

From the previous analysis, we conclude that f/(z,a + bz) in Equation change sign at
most once on [0,00), and this change of sign is from negative to positive. This implies that
function f(x,a+ bx) is unimodal with a minimum. Then function f(z,y) is quasiconvex in general,
concluding the proof of Proposition 2.

B Analysis of Conjecture 1

Using the same notation as in the previous appendix, the total sojourn time distribution is concave
if function f is convex. The convexity of f(z,y) can be assessed by determining whether the
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Figure A.2: Graph of g(z).

corresponding Hessian matrix H¢(x,y) is positive (semi)definite in the domain of f. To this end,
we use the leading principal minors criteria. Then, Hy is positive (semi)definite if all its leading
principal minors are non-negative. The minor of order 1 of Hy is:

ye Y {2 — [(14+z—y)* +1] e¥}
(z —y)? '

[Hy(z,y)l1 =

Since f is symmetric, it is enough to show that |Hf(x,y)[1 is non-negative in the region defined
by x > y,& > 0, and y > 0. According to this, |[Hf(x,y)|1 is non-negative if and only if 2e* —
[(14+2—y)?+1]e¥ > 0, which is equivalent to 2¢” ¥ —1 — (142 —y)? > 0. Let z =2 —y > 0,
the left-hand side of the previous inequality becomes 2¢* — 1 — (1 + 2)2. This expression has a
minimum value of 0, which is obtained when z = 0 or = y. This result can be verified using the
first and second derivative criteria. Then, the inequality holds, and we conclude that |H¢(z,y)|1 is
non-negative everywhere in the domain of f.
On the other hand, the minor of order 2 of Hy is:

e—2(z+y) —e? [(1 + $)2 - Qxy] — e [(1 + y)2 — 2xy] +
e [2 4 20+ 2y — 2wy — (v — y)°wy]

(z —y)*

In this case, |[H¢(x,y)|2 can be negative in the domain of f, as it is shown in Figure According
to this, f is not convex everywhere in its domain. Explicitly defining a region where f is convex is
interesting. Note that the second leading principal minor is non-negative if and only if:

[Hy (2, y)]2 =

—e? [(1+ 1) — 2zy] — e* [(1+y)? — 22y] + "™ [24 22 + 2y — 22y — (z — y)zy] > 0. (B.1)

We conjecture that the previous inequality is satisfied in the region y > 1/x and 2 > 0. We show
that [Hy(x,y)|2 is non-negative along the curve y = 1/x. Replacing y = 1/x in Inequality (B.I))
and simplifying we get:

e s (ex — el/"’xQ) [e‘“% (:U -1_ 2) +x— % + 2}

T

3 > 0. (B.2)
By the symmetry of f and given that y > 1/z, we note that > 1 in the region of interest. In
this sense, each factor in the numerator of the left-hand side of Inequality is non-negative,
as can be easily verified using the first and second derivative criteria. Then, the inequality holds,
and the strict equality is obtained only when z = 1. This allows us to conclude that Hy is positive
(semi-)definite on the curve y = 1/x.
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Figure B.1: The shaded area shows the region where |H¢(x,y)|2 is non-negative, or, equivalently,
the region where H is positive (semi)definite.

Based on the conjecture that f is convex (equivalently: W is concave) for y > 1/z and = > 0,
and given that W (x,y) is a strictly increasing function, it is of interest to find the maximum of
W (x,y) constrained to y = 1/x. We have the following univariate optimization problem:

1
~ 1 e T — e wa?
max Wle,—)=1- —
x>0 T l1—=x

which has solution W* = 1 — 2/e, * = 1. This suggests that a lower bound for the minimum
percentile of the total sojourn time distribution at which such distribution remains concave is
(1—-2/e)100 ~ 26.4. Given that in practical applications, the desired service level « is much higher
than 1 — 2/e, probabilistic service level constraints can be considered to be convex for relevant
practical applications.

C A closed form expression for [

Consider the case when jiq, — Ag; # fay — Aay, from Equation 7 we know that at the a-level set
the following relation must hold:

1— (:“m — )‘a1)€_(ua2_>\a2)7 - (Naz — /\a2)€_(#al )T =«

(fay — Aay) — (Nom - )‘az) (Hay = Aay) — (Hay — Aay)




After some algebraic manipulations, the previous expression can be rewritten as:

[67(““27)\‘12)7 — (1 — a) /\a1+(/uba2—)\a2)67‘ua176/\a1‘r = |:6_(Ma2_)\a2 I _ (1 - a)] ,ua1+(1_a) (MaQ - >\a2) :
(C.1)
Let

d = e_(l‘ag—)\az)T _ (1 _ O[),
b= (Maz - )‘02)6_#%7—’

o= [e e (1= )|y + (1= ) (s = Aaa).

Equation (C.1)) is rewritten as d\,, + bera1™ = ¢, and we want to solve for Aq, this equation. Using
algebraic manipulations we have al,, + be*at = ¢ = (b/a)te*nt = t(c/a) — Aot => (b/a)t =
((¢/a)t — Mg, t) e Pt = (b/a)tel/Dt = (c/a — \y,) tele/a=dar )t Taking the Lambert W function
to both sides of the previous equation we obtain W ((b/a)tel/9?) = ((c/a) — g, ) t. After solving
for A4, we obtain

alo

a c 1 b .
)‘al = f <)‘a2) = 8 - ;Wr (Tde ) s (C2)

where W,.(+) is the Lambert W function evaluated at branch r € {—1,0}. Selecting the appropriate
branch in the Lambert W function is not trivial. The criterion to select r is the analysis of
the singularity at the a-level set of the total sojourn time distribution. Let (A}, ,A%,) be such a
singularity. The following equations must be satisfied at the a-level set:

T B LV PR S L PP VR P D L

The solution for A\;, and A}, in previous equations is:

)\21:% 1+ pg, 7+ W_1 <ae 1)}, )\22:% [1—1—,%27'4—\/\71 <ae lﬂ (C.3)
To understand why branch W_; should be used, note that the first equation can be written as
(Ao, = par)T = 1+ W_1[(av — 1)/¢], given that \; < piq, the left-hand side of such equation is
strictly negative, so it is the right-hand side. Then, we must have W, [(a — 1)/e] < —1. Given
that —1/e < (a — 1)/e < 0, the previous inequality is satisfied only when the branch r = —1 is
considered. According to the previous analysis, we have found that the correct branch selection in
the Lambert W function in Equation can be done according to the following rule:

-1 i e, <AL,
S0, if Ay > AL



Function f* has asymptotes at A\, = In(1 — o) /7 + g1 and A, = In(1 — @) /7 + p142. An explicit
expression for f¢ and its first derivative is

(el o) g [ Gl g [ 0ol ]

e~ (ap=Aax)T _ (1 —q) 7T e~ (Baz=2ax)T _ (1 — ) e~ (Haz=Aax)T _ (1 — @)

[ (Nay) = tta, +

(C.4)
(1 — a)Q — (1 — a) [1 + (Naz B )\az)T] e_(u%_)\ag)q—
O — (- )]
WT{ (/»La2—>\a2)7' EXp |: (l_a)(#ag—)\ag)T ]}

67<“”‘27)‘a2)7——(1—a) 67(“"‘27)\‘12)7-—(1—00

1+ W, { (Hap 202)T { (1-0) (g —Aay)T ”

8_(Ha2—ka2)7_(1_a) e_(H(LQ_)\aQ)T_(l_Oé)
{(1 - Oé) - [1 + (/‘1’112 - )\GQ)T] e_(u%_)\az)T} {6_(Ma2_>\a2)7— - (1 - Oé) [1 - (IU’(IZ - )‘az)T]}
_T(Nag - )‘a2) [ei(u%i)\%)ﬂ- - (1 - a)]2 '

fil()‘tm) =

(C.5)

D Proof of Proposition 4

Consider parameter 7 and let g(x,y | 7) be a function of variables x and y defined as follows

xe Y —ye "

g(.’E, Yy ‘ 7-) - T —y
The total service time distribution Wy, (7 | Aa,, Agy) is related to function g as Wy, (7 | Aoy, Aay) =
1 — g(tay — Aays tay — Aay). This corresponds to translations and reflections of function g, where
the origin of coordinates (0,0) is translated to the point (ia,, ta,). Given that Wy, is an affine
transformation of g, the homothetic properties of the level sets of g are preserved after the transfor-
mation. We will show that the a-levels sets of g(z,y | 7) and g(x,y | 7/), for 0 < 7,0 < 7/ # 7, are
homothetic with respect to the origin. This is equivalent to showing that any ray from the origin
cuts each a-level set at points with equal slope.

Assume that 7 = a7/, for a > 0. According to this, we have the following relation

zre 7Y — ye_T/x

/
gloy| )= TN
eI _ o (/)
r—y ’ (D.1)
(af@)e="0/%) — (y/a)e=e/
(z/a) = (y/a) 7

=g(z/a,y/a]T).

At the a-level set we have g(xz,y | 7') = g(z/a,y/a | 7) = a. Consider points (xg,yp) and
(zo/a,yo/a), which are collinear to the origin, or are contained in a ray from the origin. If point
(z0,y0) is in the a-level set of g(z,y | 7'), then point (z¢/a,yo/a) is also in the a-level set of
g(z,y | 7). In this sense, one level set can be interpreted as the projection from the origin of the
other level set, and the origin of coordinates is also referred to as the homothetic center of g.



Given that Wy, transforms g in a way that the origin of coordinates is translated to the point
(Hay s pay ), We conclude that the a-level sets of Wy, (7 | Aay,s Aay) and Wy, (77 | Aay, Aay) are homo-
thetic concerning the point (i, , fta,). We refer to point (pq,, fta,) @s the homothetic center of a
family of a-level sets of Wy, defined for distinct values of parameter 7.

E Total sojourn time distribution for M/M/s queues

Let
T = Sqyay; — )\ap
y = SCLQ,U'G,Q - )\aga
( Aaq )Sal Sa;—1 A\ n !
x+/\a1 a1
N (€ S
a“ 8&1 'ﬁ nz:(] x + )\al ’
( Ay ) ay
T+Aa
Wq,m (0) =1- 1;5 Po,al,
Sar 5
Sar T T+ A
Aoy, = o~ — A Wga, (0
M (sgy — D= Aoy (8a; — D)z — Aoy 3a1(0);
1-W, 0
Ba1 = Salm%al (1 ) .
T+Aay -

For computing po, a,, Wq a2+ Aas, and By, , the s, and A, should be replaced by s,,,y and A,,,
respectively. Using the convolution integral, we obtain the following total sojourn time distribution:

y+Aa
an (Ta) = AalAa2 { Saz(SU + )\a1) |:1 _ €7< Sa22>-r:| _

Sap (T + Aay) — Say (Y + Aay)

Say (Y + Aay) {l_e(zt;%)T]}_
Sa2(x + )‘al) — Say (y + )‘a2>

z+Aq
A(llBCLQ {Saly |:1 _ 6_( -:a11>7—:| B LM (1 _ e—yT)} _

Saly_x_)\al Saly_w_)‘m

_(Yt+Aay A
AagBal L ]. — e ( Sag )T - A (]- - e—fﬂT) +
Sas® — Y — Ay SasT — Y — Ay

Ba, Ba, [mfy (1—ev) - x‘yfy (1- ef”)] . (E.1)

The previous distribution has a singularity line sq; fa; —Aa; = SayHay —Aay, and the point (A;,

)\22) is
denoted as the singularity point at the a-level set EL/V VYa. Contrary to the M/M/1 case, the previous
distribution is symmetric along the singularity line only if each hub has the same number of servers,
i.e., Sq; = Sa,- In this case, it is not possible to obtain a closed-form functional expression for the
a-level set and can be computed using numerical methods. This is described in the next section
and in Appendix [F] It is difficult to prove the convexity or quasiconvexity of the total sojourn time

and this remains a conjecture.



Proof of Proposition 5
First, for a constant a > 0, note the validity of the following identities
AT = Sq, g, — GAay,

Ay = SayQflay — GAay,

—1 —1
Aaq Sa1 Saq—1 n aAay Sa1 Sag—1 n
:r+)\a1 )\al aera)\al a)\al
Poay = |~t—t > = |~ — :

+
|_x ax
Say: T4+Xag = \T + Aay Sa1- az+ada, n=o \%¥ +ada,
( Xay )s‘ll ( aday )sal
T+Aay ar+aliq,
Wq,al (0> =1- T Po,a1 = 1- ax Po,a1,
S Saq!
s v a1 aztaka,
Sa T T+ Mgy Say O ar + adg,
Ag, = I e = Waa (0) = . - : —Waa (0),
(Sa1 - )x - Nay (5a1 - )‘T - A (Sal - )am — QAgy (5111 - )al‘ — QAgy
B _ 1 — Wq9a1 (0) _ 1 B Wq7a1 (0)
ap — Sa1 T 1 - Saq AT 1 .
x+)\a1 - ax+a/\,11 -

From the first two equations it is clear that multiplying = (y) by the constant a has the same effect
on Ag; (Agy). The rest of the proof follows from a similar reasoning to the proof of Proposition 4.

. . . ka
F Numerical evaluation of A\, = f"(\,,)
The idea is to compute Ay, for a given value of A}, with the condition that (A4, \;,) € EgT’“ (a).
In this sense, A4, is the solution of the equation

STka(Tk ’ )\a17)\la,2) = Q. (Fl)

Note that the total service time distribution is evaluated at the service time requirement 73, which
is the value of interest for establishing probabilistic service level constraints. In other words, we
want to find the root of the function St, (7% | 8, A,,) — a. We use Brent’s root finding algorithm
to solve for Aq, in Equation (F.I). By the monotonicity property of St,, (7 | ®,A,,), we know
that at most one root can be found in the interval (0, iq, ). No solution may exist for the previous
equation. In that case, we say that A}, is not feasible. We use the following notation to write
function f*%(\,):

FH(Nay) = Root [ST,, (71, | &, Aay) — ] . (F.2)

It will also be necessary to compute the first derivative of f*¢, denoted as f{m. We use the finite

difference method to obtain a derivative. Just as f¢, f** has a singularity at point ( kay Zal)‘

There is no closed-form expression for such a singularity, and it is computed using numerical
methods, see Appendix [H]

G Proof of Proposition 6

The total service time distribution for commodities k£ and [ is:

Tk Tl
/ WVa (Tk -z | >‘a17>‘a2) GU, (x)d$ and / WVa (Tl - | >‘a17>‘a2) 9uy, (x)d%
0 0

10



respectively. Let 77 = aty,a > 1, and consider an arbitrary point (Ag;, Ag,) € D, then
Tk aTk U 1 u
/ Wy, (Tk -z ‘ Aay s /\az)gUIm(x)d‘T = / Wy, (Tk T ‘ Aay s >\a2> ’ a " Uga (7> du,
0 0

m T —u )
= [, ( LU Aal,A@) o, (w)d,
0

a

T
< / Wy, (Tl —u | Aar )\(12) gU}m (u)dua
0
where the first equality comes from the substitution v = ax, the term g, , in the second equality

corresponds to the density function gr;,, scaled by a factor a. Now, we show that the following
inequality holds:

T T
/ WVa (Tl - | >‘a1’)‘a2) gUka (x)dx < / an (Tk - | )‘a17>‘a2) quy, (I‘)d:ﬂ
0 0

Consider

Tl T
/ WVa (Tk -z | >‘a17)‘a2)gUza (x)dli_/ WVa (Tl - | )\a17)\a2)gUka (l‘)d:ﬂ,
0 0

Tl
_ /0 Wy, (71— 14 | Aars M) Lg0n, (1) — G, ] s

wVa (Tl —u ’ )\al? )\a2) |:GUla (’LL) - GUka (U):| d’U,,

I

0

/0 ! wy, (1= u | Aay; Aay) [GUla(m — Gy, (“)} du,
0.

a

v

The second equality is the result of the application of integration by parts. This allows us to
conclude that

Tk Tl
/ Wy, (T — 2 | Aays Aay) Uy, (2)dx < / Wy, (11 — 2 | Aay, Aay) 9U3, (2)dox.
0 0

Then St,, (Tk | Aars Aaz) < 513, (71 | Aars Aay), completing the proof.

H Asymptotic analysis for the approximation error in an M/M/1
queue

From Section 3.1, and Figure 2, it is known that the a-level set of the total sojourn time distribution
EY shows an asymptotic behavior. We consider this behavior to analyze the asymptotic error that
results from computing the total service time distribution by assuming a constant transport time.
The following analysis is done for the M /M /1 queue only.

Let us use the usual substitution = pq, — Ag; and y = pg, — Ag,. For the asymptotic analysis,
we let variables z and y be defined on the interval [0, 00). The total service time distribution is:

Tk xe—(m—v)y _ e(Tk—v)ac
Sr(nlag) = [ (1 - e ) o, () do
0

r—y

11



Note that we use 73 instead of 73, since we are computing the exact value of the total service time
distribution. To compute the asymptotic limit for the y variable proceed as follows

Tk —(Te=v)y _ ge(Tk—v)z Tk —(Te=v)y _ ge(TE—V)T
lim (1 —— ye > gu,., (v) dv = / lim (1 - ye ) v, (V) do,
0 0

T—00 r—y T—00 r—y

= /OTk (1 - 6_(Tk_”)y> Uy (V) dv.

The first equation is valid whenever gy, is bounded, as expected in practice. The result of this
limit is the convolution of an exponential distribution with rate parameter y and the transportation
time PDF, i.e. the total service time distribution when one of the hubs (in this case hub ay) has
an infinite service rate. Now, given that we are interested in obtaining the asymptotic limit of the
a-level set, we want the previous limit to satisfy

/OTk <1 o 6—(Tk—v)y) 9., (v) dv = a,

where the left-hand side is strictly increasing in y. Then the value of y satisfying this equation
corresponds to the asymptotic limit of E5. The asymptotic limit for 2 is the same as for y. Let
Ly, denote such a limit, whose value depends on the specific form of the PDF of transportation
time.

Now to compute the asymptotic error over an of the approximated total service time distribu-

tion ngm (1% | x,y) we first obtain the asymptotic limits for Ef . Taking the limit concerning the x
variable we obtain

lim Sz, (1% | 2,y) = lim Wy, (fq | 2,y) = 1 — e *a¥, (H.1)
T—00 T—00

Then the asymptotic error over Eg , which we denote as &, gs, s given by

Lia

—

)

rpg = [1 - e

_ ‘ rie LW (23]

(H.2)

k
1 —elka —al.

The second equality results from the direct substitution of 73, in Equation (13), where (L}, L},)
is the singularity at E2, which is computed by solving for y the following equation

Tk
/ {1 — e kY _ (7, — v)yef(T’FU)y} U, (v) dv = o (H.3)
0

I Proof of Proposition 9

We first show that AT > 0. Let [] = e(ka) and [l — 1] = e(k'a). By Equation (30), Nﬁ] =
N,’ga = Loy — Afy, T I58l (Lay — Z@) > 0. According to Proposition 4, the point ( kay ZGQ) is the
projection from the homothetic center (i, , fta,) of the point (A}, , A%, a2), which is computed as

( Zal’ zaQ) = |Hay + ()\zlal o 'ual) %’M@ * ()‘Z’ag B Mag) %
a a

12



By Proposition 8, %ka < Tia, then Ay < AL, and AL, < AL, . This implies that Sg(k ) 2 >0 e(k'a)
and Ar e(ka) = AH
Assume that vy = 1, for 1 =1,2,...,0'. From the perspective cut in Equation (27) we have

o = A 1581 (Lay = aa) 2 [Lay = N, + [55] (s = X, ) | 00
5

= l,}v[l/],
|[Lal—1
- Z of (v [l]_”[l+1})+5|$a\v\$a|,
=1
§ [l Lal
= J]; “[1]+Z(5[l]_55 1])”[1 ZAU v = Y Afu,

lef,

where the second equality is valid due to the incremental nature of binary variables v;. Reorga-
nizing terms we get

Aoy + 155 Aay + > AFoy < Lo, + |85 La,. (11)
€Ly

Multiplying Lo, and Lg, by 24, and z,,, respectively, in the right-hand side of the previous is valid
and allows to obtain Inequality (31), as desired.

J Cutting plane algorithms for model M2

See Algorithm

Algorithm 1: Cutting plane generation at integer solutions of the branching tree of M2

Data: %8,%,,¢,«, (X,V,z), parameters related to the total service time distribution.
1 for o= (m,n) € B do

2 if Z,, =1 and z, = 1 then
3 )\m — Zke[{ Zae.(dk, W Tkq and )\n — ZkEK Zae.@ik, Wi Tha}
mea nea
forl e £, do

if v, =1 and Wy, (71 | Am, An) < a — € then
6 (NF AT ) [flo (min {)\n, X;gaX}) , min {/\n, ;\;fLaXH;

Ilm>

Add cut (31);

break;
9 end
10 end
11 end
12 end

13



K Proof of Proposition 10

Phase type inter-arrival time distribution

Let us first describe the properties of the arrivals and service time distributions. For further details
on phase-type distributions see Chapter 3 of Bladt and Nielsen| (2017). The PDF and mean value
of inter-arrival times at hub m are respectively

PDF:  f,(t) = atme!™™ (=T, 1), (K.1)
1

Mean: — = —a,, T,;'1, (K.2)
Am

where 1 refer to the vector of the appropriate size with 1s as its elements. For its part, the PDF
and mean value of service times at hub m are respectively

PDF: b, (t) = B,,"°" (-=S1), (K.3)
Mean: LI —B,,S11. (K.4)
Hm

We use the usual substitution z = p,, — A\g; and y = pq; — Ag; and show homotheticity with the
origin as the homothetic center, as we have done in the previous propositions. First, consider some
constant a and note that the validity of the following identities:

1 1
axr = aflq, — aAg, = — 7t 1
“ “ ﬂm (aSq,) "1 g, (aTy,) "1 (K.5)
1 1 )

ay = Qllg, — AGAgy, = — — + —.

’ ’ Bay (aSay) 1 g, (aTo,) !

Clearly, multiplying x (y) by a factor a can be understood as the effect of scaling matrices S,, and

T, (Sa, and T,,) by the same factor. As in previous propositions, this is a core idea for the proof.
We recall that the distribution of the waiting time in the queue at hub m is computed as

oo

Ont)™
Wym(t) = 1—Zdn7m( )" o=t (K.6)
n=0

n!

From |Lucantoni (1985) and Ramaswami (1985), we have that 6,, = max;{(—S,)i} > 0, ie.,
0,, is the maximum among the negative diagonal elements of matrix S,,. The computation of
probabilities d,, ,, is done through a recursive process using the following equations:

dn,m = Cm Qi (I - Rm)_l RmHn,m17 (K7a‘)
l=om(I—Ry) 1, (K.7b)
Rm = Z’Yn,mHn,ma (K7C)
n=0
HO,m =1, Hn+1,m = Hn,um + RmHn,mPinamy n >0, (K7d)
1
Po=—Sn+L P =1-P,1, (K.7e)
oo Hmt n
Tn,m = / (7‘)6_97”tfm(t) dtv (K7f)
0 mn.
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where I refers to the identity matrix of appropriate size. The following result is required to proceed
with the proof.

Proposition 1. The probabilities dy, ,, are insensitive to scalar multiplications on matrices Sy, and
T,,.

Proof. Proof Note that dy, ,, depends on the matrices S, and T, only through Equations (K.7€))
and (K.7f]), respectively. From Equation (K.7e|) P,, is insensitive to scalar multiplications on S,,
since

1 1
P, — 1§ +I—
6o T o)

where a is a constant. Now we proceed to prove the insensitivity of v, in Equation (K.7f), given
that the PDF f,,(¢) is of phase type (Equation (K.1J)), we solve the integral for v, ,, as follows:

Yn,m =/ 7( T:L') e_emtametTm(—Tml)dt,
O .

n x
= e—mam (/ e OmtynetTm dt> (—Tp,1),
0

n

= e L {t"e T} (=Ty1),

(aSp) + 1,

= 0" oty (0] — Tp)) " (=T, 1),

where the expression £{-} on the third equality corresponds to the Laplace transform. This result
is well-defined since 6,, > 0, see Theorem 3.1.19 of Bladt and Nielsen| (2017). Insensitivity is clear
since

Y = Ot (0T — Tp)) "1 (=T1),
anJrl
= (a@m)nam [(a@m)l - (aTm)]_n_l [—(aTm)l],

which completes the proof. ]

= 0" oty (0] — Tp)) "1 (= T,01)

The total sojourn time distribution in hub arc a = (a1, a2) is the convolution of the total waiting
and service times at hubs a; and as, i.e., Wy, = Wy q; * Wy, q, * b, * ba,. Since service times in each
hub are of phase type, it is known that its convolution is also of phase type (see Theorem 3.1.26 of
Bladt and Nielsen| (2017)), the total service time PDF in a 2-hub path is given by

bo = bg, * ba, = aaetS“(—Sal),

where

— — Sal (_Sall)aaz
a, = (ag,,0) and Sa = ( 0 S, .

Now, to compute the waiting time PDF at hub as we note that there might be a non-zero probability
that a customer waits at ¢ = 0 since Wy 4,(0) = 1 — dyq,. Taking this into account, the waiting
time PDF at hub as is

(Bust = 1) 0us)" 0,0
tn!

W, ., >
Wq,a5 (t) = (1 — dom)6(t) + dO,m# = (1 —dom)d(t) + dom Z dnas

n=0
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Assume that 7 = a7/, for a > 0. The total sojourn time distribution for time requirement 7
satisfy

Wy, (7 | Tay, Tay, Say, Sas) = (Wyay * Wy a,) * b, (K.8a)
T S (Qalr)n —0Oq 1
I/ S s e |
o0 n
{<1 o0 )+ oSy LT M a2 (H)} ’

— |
o (1 —s)n!

[aae<T*’“>sa(—sa1)] dr ds, (K.8b)

B at’ at’ ) (agalg)n 7(a9a i)

{<1 o o (7= )] o 3 2 =) = s (=
n=0

a(T’— i) n!

[aae(T,_g)aS“(—Sal)} dr ds, (K.8¢)

T/ 7—/ [ele] ((Iea U)'I‘L B aga v
-1 llnz:od"’“lnﬂ@( e

I _ > o . o n
{(1 _ do,m)M + dom Z o, [abq, (7" — u) — n] [abBq, (7" — )] ooy u)} y
a

— |
o a(t’ —u)n!

[a (T,—U)aSa(—Sal)} % anUdu, (K.8d)

AL bEee]

> I _ ’_ n /
{ 1 — d() m 7' — u) + dO,m Z dn,a2 [a0a2 (T U) n] [CLHGQ (T u)] e—a9a2 (r —u)} y

— |
— (7" —u)n!

el 0)aSa aSal)} dv du, (K.8e)
= WVa 7’ ’ aTq,,aTq,, asapasa2)7 (K8f)

where Equation (K.8d)) results from the substitution v = r/a and u = s/a, and by noting that
d(at) = 0(t)/a, for a > 0. From Equation (K.8¢) it is noted that

_ (aSa; (—aSg 1)y,
a8 = ( 0 aSq, ’

which implies Equation . From Identities in and at the ~,-level, the previous result
also implies Wy, (7 | x,y) = Wy, (7' | az,ay) = 7, proving homotheticity in the z-y plane with
homothetic center (0,0). The level sets in the Ay -Ag, plane have homothetic center (iiq,, fasy),
which results from the corresponding translations and reflections of the sojourn function.
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Gamma inter-arrival time distribution

The PDF and mean value of gamma inter-arrival times with shape parameter [,,, and scale parameter

1/k,, at hub m are respectively

— Kt Ll gl —1
e~ imbfg mpim

PDF: fn(t) = ————~—)
I =""10,)
Im
Mean: — = -—
ean N E
We note the validity of the following identities
1 ak
AT = Gllg, — QMg = — +
e T T (08a) T
1 akq,

— -
Bay (aSa;) 1 lay

ay = Aty — Aoy =

(K.9)

(K.10)

(K.11)

The inter-arrival time distribution only affects the waiting time distribution in Equation
through the probabilities d,, ,,. Then, the proof of homotheticity for a general inter-arrival time dis-
tribution reduces to the proof of insensitivity of probabilities d,, ,,, similarly to Proposition [I} Now,
probabilities d,, ,, are affected by the inter-arrival time distribution only through Equation ,

which is

oo th no
Tn,m = / ue emtfm(t) dt,
0

n!
= %L’ {tnfm(t)} (Hm)
n! ’
07 knT(Ly, +n)
"0l (B 4 O )l D (1)

Insensitivity of ., and consequently d,, ,,, is clear since

0 kTl +n)

T =50 (o A+ O )i (1)
o kKrT(n+n) ama”
! (km + O D(Ly,) almtn
~ (abp)™  (akp)m T (Ly, + 1)
onl (akm A+ abp)m T (1)

L Parameters for the probabilistic service level constraints

This corresponds to parameters required for establishing probabilistic service level constraints but

is not available in standard datasets. These parameters are generated as described below:

e Direct transportation time: Standard datasets contain cost or distance information between
different nodes, but no information associated with transportation times. We generate trans-
port time data by using a travel speed defined as v = 0.2aC', where i and C' are the average
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processing rate and the average direct transportation distance or cost, respectively. The mo-
tivation for defining the travel speed in this way is that there are no large differences between
the total sojourn time distributions and the transportation time PDFs. The expected direct
or truck-only transportation time between nodes i and j is computed as Cj;/v, where Cj;
corresponds to the direct transportation distance or cost.

e Intermodal transportation time: The intermodal transportation time includes the collection,
transfer, and distribution travel times. We assume that collection and distribution are done
at the same travel speed, but the transfer, or transportation between hub nodes, is done
at a slower speed. In this way, the expected transportation time for transport path ka is
E[Ukd] = ElU j)(a1,02)] = L (Ciay + MCaray + Cagj), where 7 is a time correction factor used
to account for the differences in travel speeds between trucks and trains. We set n = 1.5,
implying that trains (inter-hub vehicles) are slower than trucks (hub-and-spoke vehicles).
This factor corresponds to the average ratio between the travel speeds of the different types
of vehicles.

e PDF of transportation time: In all cases, the PDF of transportation time follows a gamma
distribution with a fixed squared coefficient of variation of SCV = 0.5. Consider, for example,
transportation path ka with an expected travel time of E[Ug,|. The shape parameter of
the transportation time PDF for path ka is ag, = 1/SCV and the scale parameter is by, =
E[Ukq]/akq. The gamma distribution is frequently used to describe travel time variability. The
gamma distribution is attractive since it has positive support and can be easily determined
from the mean travel time and SCV.

e Service time requirement: The maximum service time requirement for commodity k is defined
as follows:
Tk — T'G,;l (E | ag, bk) y (L.l)

where G,;l is the inverse of the cumulative gamma distribution function for the direct trans-
portation time of commodity k, ay = 1/SCV and scale parameter by = (Cy/v)(1/ax). We
set £ = 0.7 and the values of factor r are selected from the set r € {2,3,4}, where a small
value of r leads to tight service time requirements, whereas a large value of r leads to loose
service time requirements.

e Service levels. Service levels are selected from the set o € {0.80,0.85,0.90,0.95,0.99}.

M Accuracy of the homothetic approximation

We analyze the accuracy in the computation of the service level when the homothetic approxi-
mation Ay, = f*()\,) is considered instead of the actual function Ay, = f¥*(\s,). The point

~ . S
(fka()\a2),)\a2) can be interpreted as an approximation to the point (fk“()\@),)\az) € E, ke,
Hence, ST, , (Tk \ fka()\@), )\QQ) = @ is an approximation to the actual service level «. To analyze
the error a — &, we compute & from a sample of 100 points for fk“()\az) evenly distributed in the

interval Mg, € [0, A\;3(a1)]. The computations are done for all combinations of commodities and

hub arcs on the 10 and 20-node instances of the AP and COL datasets, respectively. Figure
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shows that the average error is of the order of 1072, the maximum error is 0.004, and the minimum
error is —1.0 x 1076,

%1073 AP instances %1073 COL instances
251 27
Service level: 100a 18l
80
2 85 1.6+
90
& 95 1.4}
| 99
S 15¢ 1.2+
Y
S
o 1
5]
)
g 1 0.8
g
>
< 0.6 F
0.5 + 0.4 /
0.2+
0 L 0
0 20 40 60 80 100 0 20 40 60 80 100
Sample point Sample point

Figure M.1: Approximation error. Average errors are listed in ascending order.

N Additional sensitivity analysis

Effect of varying the service level on modal shift: The modal shift represents the fraction of
flow captured by the intermodal (rail-road) transportation and is calculated as (ZkeK Zaeﬂk wk:rka> X

100%/ > ek wi- Figure shows the effect of increasing service level requirements on the modal
shift. As expected, as the service level requirement increases, the volume of flows through inter-
modal transportation decreases. For » = 3 and r = 4, the modal shift decreases at a diminishing
rate when the service level « increases. This decrease in modal shift is more pronounced at ele-
vated service levels and strict service time requirements. Conversely, for r = 2, the modal shift
curve exhibits an inverted S-shape pattern. In this scenario, the modal shift rapidly decreases up
to a certain point, after which it decreases more gradually, reaching a modal shift of zero where
the intermodal transportation alternative becomes non-viable. The modal shift demonstrates an
opposite behavior compared to the total cost.

Effect of considering splittable or non-splittable commodities:

All the results obtained so far pertain to the model where commodities can be split into shipments
over several transport paths. Non-splittable orders refer to the case where a commodity cannot be
split into several paths (i.e., zx, € {0,1}). Table [I| summarize the results for the splittable and
non-splittable cases. The gap between the optimal solutions of the splittable and non-splittable
case is denoted as “Gap” in the second column of the tables. It is noted that the gap is small, which
is common in hub network design models because most flow variables tend to satisfy integrality
constraints in splittable formulations. The solution time of the formulation with non-splittable
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Figure N.1: Average modal shift. Solid lines are the results with probabilistic service level con-
straints. Dashed lines are the results without probabilistic service level constraints.

Table 1: Summary comparison between the splittable and non-splittable results (average results).

Data set Network size Gap (%) CPU time CPU time Service lvel Service lvel
(# nodes) Non-splittable  Splittable Non-splittable  Splittable

AP 10 0.01 1.1 0.5 96.01 96.02
20 0.04 250.4 129.6 96.38 96.47

25 0.02 7,072.9 2,606.0 96.58 96.57

COL 10 0.11 6.2 5.4 94.56 94.50
20 0.01 959.1 715.2 95.51 95.47

25 0.01 6,339.3 6,559.6 95.72 95.72

commodities is usually higher than that of the splittable formulation, because of the increased
number of binary variables. Lastly, the difference between the hub network structure and the
service level offered by the network in each situation is almost negligible in most cases. These
characteristics of both formulations can be further exploited in solution algorithms by focusing on
solving the splittable formulation and then imposing the integrality condition of the non-splittable
case (Contreras et al.|[2012)).
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