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Online Supplement A: Proofs
A.1. Proof of Proposition 1

Proof: Given a convex function ¢(x) and |¢(0)] < oo, due to the convexity of ¢(z) (Hiriart-Urruty and

Lemaréchal 1996), for y € [0, 1], the following inequality holds :
T x
y¢(§) +(1—y)9(0) > cﬁ(y; +(1=9)0) =o(x).

Given that for all j € [n], ¢;(0) =0, the above inequality implies that >, (.1 > (. @i@(%) =D e @i (@)
As x* and x* are the feasible solutions of the optimality subproblems of (P) with &* being the optimal solu-
tion, then }- ., ¢;(z;) = >, 1, @;(2). Therefore it holds that 3=, (1> cia] @i(bj(%) 2 e 9i(2)) 2
Zje[n] ¢ (). O

A.2. Proof of Proposition 2

Proof: Given a feasible solution of the relaxed master problem g and optimal solution * for SP, summing

the perspective cuts separated at the point (x*,y) and the constraints of SP weighted with the optimal

* These authors contributed equally to this work.

f The corresponding author.
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multipliers (A", a*, ,8*) will yield the following linear inequality:

122 2 (02 = (et 02+ X7 (Ba—r)+ 3 ol (D~ ) ="
m] j€[n;] i€[m]
the rlght hand side of perspective cuts

*

—Z > (2 Z S )—fiqb’(z) S Y Y G )

] el m] delm] Vi oY ielm] jelni]
)\*T Bx —1) Z a*T Dz, —yd;)— 3" x.
m]
Reformulate the right—hand sides of the inequality using the first-order approximation of the linear con-
straints at the point (m*,@), resulting in the following inequality:

=Y Zm S (-2 ¢<> qus xfx)JrX‘T(Bm*—r)

Yi

i€[m] j€[ni] i€[m] jelni] i€[m] j€[n;]
A "Bz —x* Z o' (Dx; Z o"D(x; — x; Z o d(y; —7,) - BT — B (x —x).
ic€[m] i€[m] i€[m]

Due to complementary slackness, it holds that A*" (Bx* —r) = a7 (D,z! —7,d;) = 3"  * = 0. Therefore,

the inequality can be simplified as follows:

9>Z Zy,@ +3 (T o %y 8 (5~ dl o)y~ )

yz yz yl
]JE ;] €[m] jeln] (A1)
—|—Z Zqﬁ )(w; — %) + +A"B(x —x* Za*TD (¢, —x!) — 3" (x —x*).
i€[m] jE€[n;] i€[m]
According to the first-order condition, it holds that M | =0 for each ¢ € [n], which leads to the
following equality:
Z Z o —2))+ X" Bx—z")+ Z o"Dy(x; —x}) - B (x—x*) =0,
i€[m] j€ln;] i€[m]

then the inequality (A.1) can be further simplified into the perspective Benders cuts as inequality (20).

A.3. Proof of Theorem 2

Figure 1 lllustrative example of the relation between \* and x* for the proof of Theorem 2.
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Proof:  Assuming Slater’s condition holds, the convexity of (QP1) ensures that a solution satisfying the
KKT conditions is optimal. Specifically, we aim to find a solution (x*, \*, a*,3*) that satisfies the following

KKT conditions:
OL(x*, \*,a*,B%)

Bt :;i+bi_A +a —B; =0, Vi € [m], (A.2)
(m*7a*7ﬁ*) 2 07 (A.v?))
doar=1, (A.4)
i€[m]

r; <Y, Vi € [m], (A.5)
o; (=7 —7;) =0, Vi € [m], (A.6)
Brai =0, Vi € [m]. (A7)

According to the complementary slackness condition, when 0 < z} <7,, it follows that a; = 87 = 0. Conse-
quently, from the first-order conditions, we obtain z¥ = a;(A* —b;). Furthermore, since other z; can only take
boundary values of either 0 or ,, and given that x} is a monotonically increasing function of A\*, we conclude
that z; is the projection of a;(A\* —b;) onto the interval [0,7,]. In other words, for any given A*, the correspond-
ing a7 (\*) is computed as z;(\*) = min{max{0,a;(A* —b;)},7,}. This can be visually illustrated by Figure
1. The value set for \* determines associated values for 7. Let r(\*) :=3_,, ; min{max{0, a;(A\* — b;)},y,}.
Consequently, finding the optimal solution to (QP1) is equivalent to identifying a value A* such that r(\*) =
1. Before introducing the algorithm for finding the optimal multiplier \*, let us first explore the following

residual problem, (QP2), which disregards the box constraints (34)—(35), with .S C [m] and 7 € [0, 1]:

. 7 .
(QP2) min Zg + b, (A.8)
€S
sty F =" (A.9)
€S

Let A* >0 be the optimal dual multiplier for constraint (A.9). It is well-known (Giinliik et al. 2007) — and
easily derived from the KKT conditions — that the closed-form solution of (QP2) is as follows:
5\* — T + ZiES aibi .
~ ZZE§ a; (A 10)
Zr(A) =a;(A* =), VieS.
An efficient strategy for finding the optimal multiplier A* in (QP1) involves initializing it with the optimal
multiplier A* obtained from the corresponding (QP2). Under the initial conditions, let S be the set [m], and

7 equals 1. The relationship between r(A*) and 7 is as follows:

r(\) — 7= Zmin{max{(), a;(\ = b))}, 7, -7 = Z min{max{0, a;(\* = b;)},7,} — chf

i€S i€S i€S

=D 0=+ Y @—F)+ D (N =b) =)= (0-F)+ > (7, —&):=0 -6,

€S €St €8’ i€S— €St
where ST denotes the set {i € S: &} >7,}, S~ denotes the set {i € S: &} <0} and S’ denotes the set

S\(ST US™). Notice that 7(\) is a monotonically increasing, piecewise linear function of A. Therefore, we
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Figure 2 Examples to illustrate the correlation between the value of the optimal multipliers, \* for (QP1) and
\* for (QP2), in relation to the value of 6~ and 6. The graphical representation depicts the details of
solutions for (QP1) in red and those for (QP2) in black.

can determine the relationship between A and the optimal multiplier A* based on the comparison of = — 4§+
with 0. Since r()) is monotonic and 7 is initiated to 1, there is A* = A* when r(A*) =7 =1.

As illustrated in Figure 2, if 6~ — 3§ =0, then we can conclude that A" is the optimal multiplier \*, and
the associated optimal solution z}(A*) is calculated as min{max{0,a;(A\* —b;)},7,}. If 6~ — 6% <0, then we
can infer that \* < \*, and 7, < #7(\*) < #7(\*) for each i € S*. Therefore, we can set z; as 7, for each
i€ St at Step 26 in Algorithm 1 without compromising the optimality of the solution. If = — 6 > 0, then
we can conclude that A\* > A*, and 0> Z(X\*) > 7 (\*) for each i € S~. Hence, we can set z} as 0 at Step 21
in Algorithm 1 for each i € S~ without losing the optimality of the solution.

The aforementioned procedure, initiated by setting S as [m] and 7 as 1, involves solving the corresponding
residual problem in a single iteration (a complete inner loop from Step 7 to Step 28), thereby it can fix
at least one variable. Subsequently, we utilize S” to further initialize S while continuing the next iteration
by employing 1 minus the relevant fixed variable values to update 7. This iterative process is repeated to
effectively fix variables. As the decision variables « have a finite dimension m, when all dimensions of the
variables are fixed, the algorithm converges to the optimal solution of the problem. In the worst-case scenario,
the algorithm fixes one variable in each iteration, requiring at most m iterations. Since the dimension of
variables x is initially m and we fix at least one variable after each iteration, the total work is linear in
(m+(m—1)+(m—-2)+...+1)=m/2(m+1), so the time complexity of Algorithm 1 is O(m?).

|

A.4. Compute the Multiplier \* Using an Incremental Updating Approach
a;b; and Y

scratch. Here, we present a more efficient incremental updating approach that avoids this recalculation. Let

The procedure in A.3 for updating A using Equation (A.10) requires computing a; from

ies ics
X and X be the value of \* at Step 28 in Algorithm 1 before and after the removal of ¢ from S arising at
Step 26, respectively, and let r and r’ be the corresponding values of 7, then the following relationships can
be established:

/\’Zai:r’qLZaibi:rf Z@iJrZaibif Z aibi:)\Zaif Zyi— Z a;b;

€S’ €S’ i€S+ i€S ieSt iesS ieSt ieSt

Z)\Zari- Z ((a’i)‘_aibi)_yi):AZa/i—"_ Z (@7 —7,)-

€S’ ieSt i€S’ ieSt
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Let T:=3, c/ @i =0 cg@i— ,cer @ and 6T :=%". o (&} —7,), then we have following update equation
at Step 28 in Algorithm 1:
N=A+6"/r.

Similarly, the following equality can be established:

)\'Zai:r/—&—Zaibi:T—i—Zaibi— Z aibi:)\Zai— Z a;b;

€S’ €S’ €S i€S— i€S €S~
€S’ i€S— i€s’ i€S—

Let T:=) , q@i=D) cs@i—) cq-a;and 0~ =% . . (0—Z;), then we have following update equation
at Step 23 in Algorithm 1:
N=A=0"/T.
A.5. Proof of Proposition 3
Proof: The KKT conditions for the (SP1) problem are as follows:
oL(x*, \*, a*, 3*) T*

5ot =0i(ZH) = A" +af - B =0, Vi€ [m], (A11)
(", a",B8%) 20, (A.12)
doar=1, (A.13)
i€[m]
x; <Y, Vi € [m], (A.14)
o; (z; —7;) =0, Vi € [m), (A.15)
pra; =0, Vi € [m]. (A.16)

After the execution of Algorithm 1, if the set S is non-empty, implying the existence of 0 < z} < 7,
for i € [m], according to complementary slackness, we have af = 8; = 0. Furthermore, from the first-order
condition (A.11), it can be inferred that A\* = ¢}(z;/7;). If the set S is empty, then the solution already
satisfies constraint (33). Therefore, constraint (33) is redundant, thus A* equals 0. When z; =0 <7,, we
have af = 0. When z} =7,;, we have 87 =0, furthermore, it can be derived that of = X\* — ¢.(z}/7,) =
A — ¢)(7,/7,;)- Considering that ¢(x;/7,) is a monotonically increasing function with respect to z;, when
0 <} <7,, we have \* — ¢4(7,/7,) < A\* — ¢i(x;/y,) = 0= o, thus all o] can be calculated uniformly by
max{\* — ¢.(y,/7,),0}. It is worth noting that not all 7, /7, are equal to 1, as 7, may be equal to 0, for which
0/0 is set to 0. O

A.6. Proof of Theorem 3
Proof:  Let points (0,0, z0) € Co ={(z,y,2) € C:y =0} and points (z1,1,2;) € C1 ={(z,y,2) € C:y =1},
and conv(C') is the convex hull of C. We prove the two directions of the theorem sequentially:

o We first prove conv(C') C Cpg. Consider that an arbitrary point (z,y, z) of conv(C) is a convex combi-

nation of (0,0, z) and (x1,1,21), as follows:

(.’E,y,Z) = )‘(1'17 17Z1) + (1 - )‘)(0?0720) = ()‘mla)\a)‘zl + (1 - /\)20)5 V)\ € [0? 1]



)\1‘1
we therefore have conv(C) C Cpgr
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Since I <x7 <wu, then IA < Ax; <wl, and observe that f(x1) <z, and f(0) < zq, then

0
MST) A= NF0) =Af(21) + (1= A)F(0) Az + (1 =Xz,

e Then we prove Cpr C conv(C). Apparently, the function yf(z/y) is ill-defined when y = 0. However,
assuming the continuity of f(z) and |f(0)| < oo, we can define 0f(0/0)
combination of (0,0, f(0)) € Cy and (z/y, 1,

— (1 -y)f(0)
Y
(:v,y,z) = (1 -

0. This implies that when y =0 or
), as follows
)(0,0,£(0)) +y(x/y, 1,

—(1-)f(0)

y=1, then (z,y,z) € Cpr C conv(C). When 0 < y < 1, then an arbitrary point (z,y,z) € Cpg is a convex
L?
)s
Y
In order to prove Cppr C conv(C), it is sufficient to prove that an arbitrary point (z/y, 1,
Cy Cconv(C). Since ly < x <uy, then | <z /y <u. and observe that yf(z/y)

Yy € (0,1).
—(1-y)f(0)
(1—y)f(0)<z tﬁen
f(£>< Z—(l—y)f(())
y' y ’
z—(1-y)f(0)
therefore (z/y,1, ;

) e

) € Cy C conv(C), we have that Cpr C conv(C)
Online Supplement B: The Details of the Rewriting Process
In this section, we provide a detailed rewriting process from ¥, ¢
i\T) =G i\ /Y;
for each i € [m] and ¢(z) :=2? with p>1

e For ¢;(x):=c;2?, the §,¢,(x;/7;) can be rewritten as a;1p(x;/a; +b;) by choosing a

|
¢i(x;/7;) to ab(x;/a; +b;) in Table 1
i/ @ i yf and b; =0
el
- T
_ oz Yy, xicl z;
() = cal [T = = (FE—)P = ap ().
Yi et Yi a;
e For ¢;(z):= e YT , the 7,¢;(x;/7,;) can be rewritten as a;4(x;/a; +b;) by choosing a; = \/¢;7,;k; and
1
b, = 7 for each i € [m] and ¥(x) := - with z < 0:
Ci Xy iy k? _ ey ki T,
p —cgiki + — —¢iY ki — ciyki +anp
/) e VNG G
e For ¢,(a): (/7
and b; = —log(c;k;) for each ¢ € [m] and ¥ () := exp(
ciyeap(=kiw:/y;) — iy, =
e For ¢,(x):
and b; =

) with z € R
¢y, + &&TP(
—c;log(1 + k;), the 7,0 (v
for each i € [m] and ¥ (x)
log(1+kz;/y,) =

—+b,).

iCi

/k

e~
(exp(—k;x) — 1), the 7,¢;(x;/7;) can be rewritten as a;¢(x;/a; +b;) by choosing a; =
x) =

7 kl
€
(ciki)) = —cig; + anp(—

b;).

a; + )

/T;) can be rewritten as a;1(x;/a; +b;) by choosing a; = ¢,7,
—log(x) with « > 0:

—ciy; log(

e y/k—i—x)

_Czyz log(
GY;

+

L
—C
¢y, kit

IOg(/fz'Ci) = aﬂ/J(

— +b;) — ¢;y;1og(k;c;)
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e For ¢;(x):= k, C+ 1 the 7,¢;(x;/7,) can be rewritten as a;¢(x;/a; +b;) by choosing a;, =7, /% and

1 1
b; = for each i € [m] and ¢ (x) == with z > 0:

CiR;
CiY; C; y X;
k2 1 . _° bz .
kix: /g, +1 T i+, \/ ZZJ(%- +5:)

cy? \/ck

e For ¢,(z) :=xf(c;x), the §,¢:(x;/7,;) can be rewritten as a,;y(z;/a; +b;) by choosing a; = Yi and b;=0

for each i € [m] and convex function ¥ (x) :=x f(z):

X; . - Ly
xif(Cii) S/ ?i/ci) —aﬂﬁ(ai

Online Supplement C: The Details of Constructing the SOCP Representations

In this section, we provide a detailed introduction to the construction of SOCP representations for different
perspective functions, including rational power and delay functions.
C.1. The Details of Constructing the SOCP Representations of Rational Power Functions

LEMMA 2. (Alizadeh and Goldfarb 2003) For a positive integer I, an inequality of the form 22 <
$182,...,801, for x € R and s1,52,...,50 > 0, can be expressed equivalently by 2'~! inequalities of the form

w? < uw, where the variables w,u,v are all nonnegative.

In this section, we present construction details of the SOCP representations for rational power functions
x? /yP~! when p= 1.5 and 2.5. The construction details for p=2 and 3 can be found in Aktiirk et al. (2009).
First let the rational exponent p = a/b > 1, where the integers a > b > 0. Then constraint 2? < y*~1z can
be transformed into constraint z* < y(“‘b)zb , and constraint ¢ < y(a_b)z” can be rewritten as constraint
22 < yle=b)z022'=a Based on Lemma 2 and the construction method using the binary tree in Alizadeh and
Goldfarb (2003), we can reformulate constraint z” < y®=z to a set of SOC constraints.

For example, consider the two cases:
Constraint 1: z*® <y®5z, Constraint 2: z*° <y'Sz
We can rewrite the above constraints to:
3,3,2

Constraint 1: z* <zyz?, Constraint 2: z® <z3yz

Introducing the auxiliary variables, the corresponding binary trees of these formulations can be illustrated

\< AV

below:
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Finally, these constraints can be represented respectively by inequality systems as follows:

w? < axy
2 2
. w <z . u” < zw
Constraint 1: 5 v , Constraint 2 : 5
T <wz v <yz
2 <uw

From the binary tree construction method presented in Alizadeh and Goldfarb (2003), it is apparent that
the SOCP representations for Constraint 2 are not unique.
C.2. Construction of Delay Function’s SOCP Representations

In this section, we provide the details of constructing the SOCP representations of delay function

where 0 < k <1, as discussed in Gunlitk and Linderoth (2010).

xX
1-z/(ky)’

Consider the epigraph constraint including delay function #(ky) as follows :
* <
— <z
1—z/(ky)

Rewrite the above constraint to:
kay + (22 %) < (ky — )z,
the above constraint can be simplified as follows:
2? < (ky—z)(z — ). (C.1)

Given that the variables x are continuous and normalized within the interval [0, 1], with ky being the upper
bounds, both ky —x and z — z are non-negative terms. Therefore, we can introduce non-negative continuous
variables u and v to replace z —x and ky — x, respectively. This allows us to transform the constraint (C.1)

into an equivalent inequality system, as follows:

2 <ww
U=z—2x
v=ky—=x

Online Supplement D: Construction of AP?’R Formulations

In this section, we present the detailed procedure of constructing AP2R formulations for specific GSPP
variants, including rational power and delay functions, as discussed in Frangioni et al. (2011) and Frangioni
et al. (2016). In this section, we only deal with the AP2R formulation for one block at a time. For ease of
notation, we omit the subscript ¢ in this section. Furthermore, based on the formulation of GSPP, it is given

that the univariate y falls within the interval [z,1] with = > 0.

D.1. The Details of Constructing AP?R Formulations of Rational Power Functions

The perspective function of an objective function of the form fy+ cx® is fy+ ycpzfl . The optimal solution of

the unconstrained optimization problem with respect to variable y can be obtained by solving the first-order
1
optimality condition f+ dl;# =0, which yields g =z (@) " Below, we will discuss the different cases

based on whether g falls within the interval [z, 1]:
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o Ify=1x (C(pf Ly )% <z, then (ﬁ)% > 1. In this case, the optimal solution is the projection of § over
the feasible interval [z,1], i.e., y* =, and the objective function value is (f + ¢)x.
o Ifg=1x (C(p 1)) >z, then (C(Tffl))% < 1. In this case, we need to further discuss the relationship
between ¢ and 1 in order to determine the optimal solution y*. If j ==z (c(pf 1)>11’ > 1, then we have = >
1
»

(C(pf 1)> .In thls case, the optimal solution is the projection of § over the feasible interval [z, 1], i.e., y* = 1.
1
P

(r—-1)

The optimal objective function value is a piecewise function with respect to variable x, as follows:

1
Ifg==x (c(pf 1)) < 1, then we have x < ( )p. In this case, the optimal solution is y* =z (@)

(1o 073 0o (i)

f P
f"‘Cxp, <m> §x§1

Based on the above analysis, it is evident that we can eliminate the binary variable y through projection

operations, thereby avoiding the intractability caused by the fractional term y;¢;(x;/y;). This allows us to
1

construct a relaxed model with respect to the continuous variable x. Considering that when <C(Tf—1)> "<,
the objective function is a two-piecewise function with respect to the continuous variable x, we can employ
the scheme proposed by Frangioni and Gentile (2011) to transform the two-piecewise objective function into

an equivalent non-piecewise function with respect to two continuous variables x; and x5, as follows:

min (pﬁl (c(p—l)fpl);> 1+ (f +e(ze +2)7) — (f +ca?)

st.0<x <7,

OSZEQS:[—?IJ\,
T =21+ X2,

1

where 7 := (C(Tf_n)”

Although the intractability caused by the fractional term y;¢,(x;/y;) can be avoided through projection
operations, it also eliminates the binary variable y in the model, which means that only a relaxed model
of the original model can be solved. Using this projection, one cannot apply an off-the-shelf solver such
as CPLEX or GUROBI to solve the original problem completely. To address this issue, we can utilize the
scheme proposed by Frangioni et al. (2016) to “lift” the relaxed model back to the original variable space to
construct an AP2R formulation that includes the binary variables . We distinguish between two cases:

e When (ﬁ)% > 1, the AP2R formulation of one block is as follows:

min (f +c)y,
s.t.ye{0,1},

T=1y.
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1
e When (ﬁ) " <1, according to Theorem 1 of Frangioni et al. (2016), the AP?R. formulation of one

block is as follows:

Ly 1)+ + el 2y
st. —Ty<z<(1-2)y,
yE{O,l},

T=TY+ 2.

min

By reintroducing other neglected constraints that are solely related to x, the complete AP2R formulation

in Section 5.3.2 can be derived.

D.2. The Details of Constructing AP?R Formulations of Delay Function

For the objective function of the form fy-+ =%, the perspective function is fy+ % The optimal solution

T—a/k>
of the unconstrained optimization problem Wl/th respect to variable y can be obtained by solving the first-
order optimality condition f — (k‘yk%j)z =0 (0<x<ky, 0<k<1), which yields § = £ \/>;v Below, we
will discuss the different cases based on whether § falls within the interval [z, 1]:

Since g > x clearly holds, we need to further discuss the relationship between ¢ and 1 in order to determine

the optimal solution y*. If § = ¥+, /72 > 1, then we have x > +—. In this case, the optimal solution is

k+\/ Tk

the projection of § over the feasible interval [z, 1], i.e., y* =1. If § = £+, /72 <1, then we have z < *\ﬁ
& fk

In this case, the optimal solution is y* = ¥ + [ Fe The optimal objective function value is a two-piecewise

function with respect to variable x, as follows.

(c+2¢/L+ D)z, 0<a < +—=,
¥tV TR
f ck r<1

z»1+\/>7 >

Similarly, we can also transform the two-piecewise objective function into an equivalent non-piecewise

function with respect to two continuous variables x; and x5, as follows:

. fe f ck(xo +7T) ckx
min <C+2\/Z+k> (f+(372—|-.13)>_<f+k—./f)

st. 0<x; <17,

0<z,<1—17,

rT =11+ X2,

where T := ¢ +\1/j And, similarly, we can also “lift” the above relaxed model back to the original variable

space to construct an AP2?R formulation of one block as follows:
min (f +kef)(y—1)+ f +
st. —Ty<z<(1-2)y,
y€{0,1},

r=TYy+ 2.

ck(z+7)
—(2+7)

By reintroducing other neglected constraints that are solely related to x, the complete AP2R formulation

in Section 5.3.2 can be derived.
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