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Systems of nonsmooth equations are very useful in the study of nonlinear complementar-
ity problems, variational inequality problems, bilevel programming problems, and arise
in the mathematical modeling of many problems in chemical processing, mechanics and
engineering. In this paper, we introduce a hybrid method for solving systems of nons-
mooth equations, which combines the idea of Levenberg-Marquardt-type methods with
bundle techniques, while avoiding the hypothesis of differentiability of the least squares
merit function. Some numerical results comparing the proposed method with LP-Newton
method indicate that the improved Levenberg-Marquardt algorithm works quite well in
practice. As an application of the proposed algorithm, we consider the multi-stream heat
exchanger network problem, where a heat exchange network must be designed to meet a
specified exit temperature for a given set of streams.

Keywords: systems of nonsmooth equations, Levenberg—Marquardt method, bundle tech-
niques, multi-stream heat exchanger network, heat transfer.
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1. Introduction

Consider the following system of nonsmooth equations

F(z) =0, (1)
where F': R" — R™ is supposed to be locally Lipschitz continuous (not necessarily smooth nor con-
vex). There has been a growing interest in the study of nonsmooth equations, which arise from
many applications, such as nonlinear complementary problems, variational inequality problems, bilevel
programming problems, and arises for examples in process engineering, mechanics and equilibrium
problems in economics (see, for example, [1,2] and references therein).

As a result, solving a system of nonsmooth equations has become one of most active research
directions in mathematical programming. There exist many methods for solving systems of nons-
mooth equations, such as Newton-type methods [3, 4], Trust-region—type methods [5-7|, Levenberg—
Marquardt—type methods [8,9]. However, there are some drawbacks in the first and second type of
methods, as pointed out in [6,10]. We are interested in Levenberg-Marquardt algorithms for solving
nonsmooth equations, which are one of the most efficient methods, due to their superior numerical
performances and theoretical results.

It is well known that the system of nonsmooth equations is equivalent to a least squares problem,
whose minimizer is zero. In the case where the function F' in the system (1) is nonsmooth but the
least squares merit function ||F(z)||? is continuously differentiable, the works mentioned above can
be applied to solve this kind of nonsmooth system. However, in some cases such as solving semi-
infinite programming or variational inequality, the mapping F involved in the system (1) has not
this feature, hence the mentioned methods cannot be applied directly. To the best of our knowledge,
there are few papers devoted to this situation [11,12]. To overcome this difficulty, in this paper, we
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propose a hybrid method for solving systems of nonsmooth equations, which combines the idea of
Levenberg—Marquard—type methods with bundle techniques. The basic idea of bundle techniques is to
use the information from the previous iterations. Therefore, this information is gathered into a bundle
providing an approximation for the subdifferential of the merit function.

One motivation to study systems of nonsmooth equations comes from the very important “multi-
stream heat exchanger network” problems. Multistream heat exchanger is a heat-transfer equipment
that allows multiple hot and cold streams to exchange heat simultaneously and is mainly used in
energy intensive cryogenic processes, including air separation, natural gas processing, liquid hydrogen,
petrochemicals and liquefied natural gas, etc; see, for example, [13-15].

The structure of the paper is as follows. In Section 2, we introduce the bundle Levenberg-Marquardt
method for nonsmooth equations. Preliminary numerical results are reported in Section 3. An ap-
plication to “multi-stream heat exchanger network” problems is given in Section 4. Finally, Section 5
concludes the paper and presents our perspectives.

2. Bundle Levenberg—Marquardt method

As mentioned in the introduction, when the system (1) has a solution, it is equivalent to the following
least squares problem, whose minimum is zero
. 1 9
min (2) := 5| F(@)]” o)
s.t. z € R".
It is worth noting that, since F'(z) is nonsmooth, the problem (2) may still be nonsmooth. In this
case, gradient-based methods cannot be applied directly. Throughout this paper, we assume that the
merit function v is locally Lipschitz continuous but not necessarily smooth.
For a system of smooth equations, the Levenberg-Marquardt (LM) method is known to be an
efficient solution method. For an arbitrary starting point zg € R", the LM method generates a
sequence {zj} by setting xp11 equal to the solution of the following subproblem

min g (),
st. z € R",
with

1 1
a(@) = SIF (k) + Gi(w = ) |* + Sille — 2]

= (aw) + (V) x — ) + 5 (@ + D) — 21,2 — 1)

where Vi (zy) = G;F(xk), Qr = G;Gk, G, is the Jacobian matrix of F' at x; and vy, is the Levenberg—
Marquardt parameter. However, this approach cannot be applied in the nonsmooth case, as the
gradient of the merit function does not exist in general. The objective of this paper is the construction
of a nonsmooth Levenberg—Marquardt—type algorithm to solve the problem (1).

Let us consider the function ¢k (x) defined by @i (z) := ¥(zk) + (V(zk),x — zx). To deal with
nonsmoothness of the merit function v, we may redefine the function ¢y (z) as follows:

or(x) == P(zk) + V(v 2 — 2)

comax | {t(@r) + (£, 2 — an)} -
Actually, this can be impractical in the case where no explicit expression for the Clarke subdifferential
01 is known [16].

To overcome this disadvantage, we may use subgradients from previous iterations. These subgradi-
ents are collected into a bundle providing an approximation for the subdifferential of the merit function.
In addition to the iteration points zp € R™, we assume that we have at our disposal some auxiliary
points y; € R™ from past iterations and the corresponding subgradients & € 9¢(y;), for i € Z%, where
the index set Z¥ is typically a nonempty subset of {0, 1,...,k}. The auxiliary point yj, is determined
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by solving the following subproblem )
min g (y) := ou(y) + 5 (Qr + 1)y — 2k).y — 1),

st. y e R™.
Here, Qi := G;—Gk, with Gy is an element of the Clarke generalized Jacobian of F' at xj [16], v > 0
is the Levenberg-Marquardt parameter and @i (y) is defined by the following expression:

r(y) = max {¢(wk) + (Siy — k) — 6!“} :
The term Bf is the displacement related to the auxiliary point y; defined as follows:

Bi, = max {0, () = V() + (€rws — wa)o 7 s — 2l

with v > 0 is a parameter to be selected in the algorithm. It is worth observing that the problem (3) is
still nonsmooth. However, with an additional variable a € R, the problem can equivalently be written
as

3)

min a4 3 (Q + )y — ),y — ),

In the above subproblem, we choose the LM parameter as follows:
I°,

(4)

v = p|| F(zk) where 9§ €[1,2], p>0.

After the new auxiliary point 1 is determined, we have to decide whether it should be accepted
as the new iterate xx11 or not. For a fixed parameter 0 < v < 1, the decision is as follows: if

V() — (ypr1) = 1 (Do) — qryrs1)) (5)

then yg11 is accepted to become xg 1. A step satisfying condition (5) is called a serious step. On the
other hand, if condition (5) is not satisfied, then yj11 is rejected and such a step is called a null step.
In that case, we compute a new subgradient &1 of the merit function ¢ at yxi1, and add it to the
bundle in order to improve our working model.

The iteration is terminated if

Y(xr) — ar(yre1) <6, (6)

where € > ( is a final accuracy tolerance supplied by the user.
We describe the complete algorithm of the proposed bundle Levenberg—Marquardt method as fol-
lows.

Algorithm 1 Bundle Levenberg—Marquardt method

Step 0. Choose a starting point g, a final accuracy tolerance £ > 0 and parameters 7, 4, § such that n € (0, 1),
w>0,68€1,2]. Set yo = o, & € OV (yo), B =0, Z° = {0} and k := 0.

Step 1. If ||F(zk)|| = 0, then stop. Otherwise, go to the step 2.

Step 2. Set vy, = || F(zx)||° and find a new auxiliary yx, 1 by solving the following subproblem

. 1
min o + §<(G;—Gk+VkI)(y_$k)ay_xk>
st (zg) — Br+ &y —xk) <a, i€ ",

where Gy, € OF (z1) and vy, is the Levenberg-Marquardt parameter.
Step 3. If ¢(zr) — gk (yr+1) < &, then stop. Otherwise, go to Step 4.
Step 4. If

(k) — (yr1) 21 (W(@k) — ar(Yr+1))
set Tr11 = Yrr1, and Ty = J¥ U {k + 1}, where J* C IF (serious step). Otherwise, set ;41 = 3 and
Ti41 = L U{k + 1} (null step).
Step 5. Compute &1 € O (yr+1) and ﬁf“ for j € Zx11, and set k =k + 1. Go to Step 1.
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Remark 1. Note that, since the merit function ¢ is assumed to be locally Lipschitz continuous in
this paper, then a arbitrary subgradient & of the merit function at point x is calculated as &€ = G F(x)
for all G € OF(x), by using the standard calculus rules [16].

3. Numerical results

In this section, we present some numerical results in order to confirm the effectiveness of the proposed
algorithm. We tested Algorithm 1 on some systems of non-smooth equations collected from the lit-
erature, and compared it with the LP-Newton presented in [17]. All implementations were done in
MATLAB R2016a. The parameters used were as follows:
n=10"" =107 p=01 and §=2.

The subproblem to compute the auxiliary point y;y1 requires minimizing a quadratic cost function
subject to linear constraints. In order to solve this subproblem efficiently, the Matlab function fmincon
was used.

In our experiments, we considered the following seven problems (P1-P7), where P1, P2 and P3 are
taken from [18|, P4, P5 and P6 are taken from [19], and Problem P7 is taken from [20]. Problem P7
is scalable in the sense that it can be defined with different numbers of variables n.

P1. Let F(x) = (Fi(z), F>(z)) ", where

Fi(z) = |o1] + (zg — 1)? — 1,

Fg(l‘) = (l‘l — 1)2 + |l‘2| — 1.
P2. Let F(z) = (Fi(x), Fa(z))", where
Fi(x) = (3 — z1) In[(x2 — 21)* + 1] + 29 — 21,

—exp(—x1 —x2) +1 for zg >0,
Fy(z) = 1 —exp(—x1)
1-— T

P3. Let F(z) = (Fi(x), Fa(z))", where

=
for z9 < 0.

P4. Let F(z) = (F1(z), Fo(z), F3(x)) T, where

Fi(x)
Fy(z) = min{zy,x9 — x5 + w% + 3},
F5(z) = min{zs,x9 + 3 + 2x§ -3}

P5. Let F(x) = max{x, Mx + q}, where

1 2 2 2 -1

1 2 2 -1

M = 1 2 and ¢ = -1
2 -1

P6. Let F(z) = (Fi(z), Fa(z), F3(z), Fy(z)) ", where

Mathematical Modeling and Computing, Vol.9, No. 3, pp. 547-554 (2022)



An improved Levenberg—Marquardt method for nonsmooth equations with application . .. 551

P7. Let F(x) = (Fi(z),...,Fu(z)) ", where
Fi(zx) =z; —sin|z;|, i=1,...,n
The numerical results for considered algorithms are listed in Table 1. With regard to this table, n
indicates the dimension of the test-problem, “iter” and “time” represent the number of iterations and
the elapsed CPU time in seconds, respectively.

Table 1. Number of iterations, CPU time in seconds and norm of the residual
at the stopping point for Algorithm 1 and the LP-Newton method.

Algorithm 1 LP-Newton method
Problem n |~ : - -

iter time ||[F(xzg)| | iter time ||F(xp)]]

1 2 8 0.39 2.22e¢-16 | 10 1.16 1.02e-11
2 2 3 0.27 6.21e-14 7 1.09 8.37e-11
3 3 9 043 1.19e-16 | 10 1.19 4.44e-15
4 2 7 0.40 5.74e-12 9 1.16 2.57e-11
) 8 4 030 2.88e-15 | 16 1.23 8.05e-12
6 4 9 0.32 3.66e-13 | 12 1.19 4.53e-11
7 10 ) 0.29 9.97e-12 7 1.17  2.63e-11
7 50 ) 0.31 4.39e-12 7 1.18  2.63e-11
7 100 ) 0.31 4.98e-12 7 1.21  2.63e-11
7 200 | 5 0.36 8.61e-12 7 1.20 2.63e-11
7 500 | 5 0.53 3.11e-16 7 1.41  2.63e-11

As seen in Table 1, the number of iterations and the CPU time of Algorithm 1 is less than that
of the LP-Newton method. This further confirms that the efficiency and robustness of our proposed
algorithm.

4. Nonsmooth multistream heat exchanger model

The nonsmooth multistream heat exchanger (MHEX) model developed by Watson et al. [21] is a
natural generalization of the classical two-stream countercurrent heat exchanger model. A schematic

representation of its combined configu-

ration is shown in Fig.1, in which ng %, mCpa| 7Y
hot streams exchange heat with nc cold :

streams. Here, each hot stream i € ™% H‘”H‘TPIII’V"H, mOp H‘"H‘T UE,
{1,...,nu} has a constant molar heat ca-

pacity flowrate mCpp ;, enters at temper- MHEX

ature TII{N, and exits at temperature TI%ET M mCpoa|Teh
(with TII{NZ > TOUT). Similarly, each cold : :
stream j € {1,...,nc} has a constant mo- TM M
lar heat capacity flowrate mCpc,;, enters

at temperature T(IJN, and exits at temper-  Fig.1. A multistream heat exchanger with ng hot streams
ature TIN (with T(IJN- < TOUT) and n¢ cold streams.

The formulatlon of the nonsmooth MHEX model is given by Egs. (7) and (8), which represent the
energy balance and the second law requirement that heat flows from hot to cold, respectively.

Qu + Z mCpu Ty — 787 ) — Qo — Z mCpe,; (167" — 185) =0, (7)
i=1 j=1
mip {EBP%, — EBP%} = —Qc, (8)

where P is the index set of pinch point candidates, Qg is the heat load of the heating utilities, Q¢ is
the heat load of the cooling utilities, and EBP{I J are the enthalpies of extended hot/cold composite
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curves for pinch point candidate p, evaluated from the following expressions:

nH
EBPY := Y mCpu, [max {0,77 = TQUT} — max {0, 7% — TIN} — max {0, TH™ — 77}
=1

+ max {O,TP—TQ/IAX}], Vp € P,

ng
EBPICJj = Z mCpc,; [max {0, (TP — ATyiN) — T(I}E} — max {0, (TP — ATyiN) — ngT}
j=1

+max {0, (TP — ATyy) — T} — max {0, TY™N — (TP — ATyn) } ] Wp € P,

where ATyn is the minimum approach temperature and Tgl/%x and Tgl/lg are the maximum and

minimum temperatures of the hot/cold streams in the heat exchanger, respectively. All pinch point
candidates with temperatures TP are defined by their hot stream temperature:

TP .— TIIJITIiv Vp=ie{l,...,nu},
TIEIN] + AN, Yp=j€{l,...,nc}.

Note that Eq. (7) is clearly differentiable and Eq. (8) includes the max function which is nondifferen-
tiable. The resulting system is thus a nonsmooth system.

Case study. Consider the process data in Table 2 for two hot streams and two cold streams in a
MHEX. The minimum approach temperature ATy is specified as 10 °C. We consider the special case
of a MHEX where external utilities are not present (Qu = 0 and Q¢ = 0). We use Algorithm 1 to solve
the system consisting of Eqgs. (7) and (8) with the unknown temperatures z' := T{V" and 2? := TGYT.
From the starting point xz¢ = (80,230). Algorithm 1 converges to the solution a:o’pt = (120, 205) after
6 iterations, while the LP-Newton method converges to the same solution after 66 iterations. The hot
and cold composite curves at the solution xp are depicted in Fig. 2.

Table 2. Data of process streams.

Stream Name | Ti))o (°C) | TR/E (°C) | mCpyjc (MW eC™H)
Hi1 250 40 0.15
H2 200 r! 0.25
C1 20 180 0.20
C2 140 z? 0.30

300 T T T T T

250

— [
ol (=4
(=] (=}

Temperature (°C)

50

PA 7 —#— Hot composite curve
[ 4 =®=Cold composite curve
0 L
0 10 20 40 50 60

30
Enthalpy (MW)
Fig. 2. The hot and cold composite curves at the solution.
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5. Concluding remarks

This paper discusses the solution of systems of nonsmooth equations. First, we have proposed a
hybrid method for solving nonsmooth equations, which combines the idea of Levenberg—Marquard—
type method with bundle techniques, while avoiding the hypothesis of differentiability of the least
squares merit function. Second, some numerical results are given indicating a good behavior of the
proposed algorithm compared to the LP-Newton method. Finally, we have applied the proposed
method to solve the nonsmooth multi-stream heat exchange model, guaranteeing the feasibility of heat
exchange.

There are several important issues worth studying in the future research, the first is to prove the
convergence rate of the proposed algorithm, and the second is to extend the algorithm for solving
systems of constrained equations. Also, applying the algorithm to simultaneous multiple resources
integration in process systems engineering is an interesting work. These points are subject to ongoing
research and will be addressed in a forthcoming paper.
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L Modearosarna, cumyaavia ma ananis danuz (MCAJ),
Honimexnivnut yrnisepcumem Moxammeda VI, Benezepip, Mapoxko
2 Kagpedpa npuxaadnoi mamemamuru ma meopemuuroi gisuru (KIIMT®),
Kembpuodotccvruti ynisepcumem, Beaukobpumarin

CucreMu HerJIaJIKUX PIBHSIHBb Jy»K€ KOPHCHI JIjIs BUBYEHHSI HEJIHIAHUX 33189 JOIIOBHIO-
BAHOCTi, BapiallifHUX HEpIBHOCTEM, 3aJ1a4 JIBOPIBHEBOI'O IPOT'PAMYBAaHHS Ta BHUHUKAIOTH
/T 9ac MaTeMaTUIHOI'O MOJIEIIOBAHHs 0araTbOX 3a/a49 XiMidHOI 0OpOOKM, MEXaHIKH Ta
TexHiku. ¥ Mi#t poOOTi BBOAMMO TiOPUIHUI METOJ PO3B’sI3yBaHHs CUCTEM HETJIQJIKUX PiB-
HHb, IKUI MOETHYE i71e10 MeTo1iB Tumy JleBenbepra—MapKBapaTa 3 MeToIaMu PO3IIaApPY-
BaHHSI, YHUKAIOYN MIPHU [IHLOMY TiOTE3W PO JAUMEPEHIIHOBHICTh OMiHOYHOT DYHKITI Hail-
MeHIX KBaJIpaTiB. [ledki dmcesibHI pe3yabTaTH MOPIBHAHHS 3aIIPOIIOHOBAHOTO METOIY
3 JIII-meTromom Hbiorona cBimuaTh mpo Te, IO BAOCKOHAJEeHMIT ajroput™ JleBenbepra—
Mapxsapara gocuth 100pe IpaIfoe Ha MPAKTHUIl. K 3aCTOCYBaHHS 3AIIPOIIOHOBAHOTO AJI-
TOPUTMY PO3IVIAHYTO 33/Ia9dy MepexKi 6araTormoTOKOBUX TEIJIOOOMIHHUKIB, 7€ TeII000MiH-
Ha MepexKa MOBUHHA OyTH CIIPOEKTOBaHA TakK, OO BiAMOBiAaTH 3adaHiil TeMiepaTypi Ha
BUXOJI1 JJIsI 33[aHOTO HaOOPY MOTOKIB.

Knrouosi cnosa: cucmemu nezaadkux piehans, memod Jlesenbepza—Maprsapoma, me-
Moou Po3uapPyearts, 6a2amonomoKo8a Meni0OOMIHHAG MEPENCA, MENAO0OMIN.
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