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A THREE-TERM CONJUGATE GRADIENT ALGORITHM USING
SUBSPACE FOR LARGE-SCALE UNCONSTRAINED OPTIMIZATION*

YUTING CHEN!T AND YUETING YANGH

Abstract. It is well known that conjugate gradient methods are suitable for large-scale nonlinear
optimization problems, due to their simple calculation and low storage. In this paper, we present a three-
term conjugate gradient method using subspace technique for large-scale unconstrained optimization,
in which the search direction is determined by minimizing the quadratic approximation of the objective
function in a subspace which is discussed in two cases. We show the search direction can both satisfy the
descent condition and Dai-Liao conjugacy condition. Under proper assumptions, global convergence
result of the proposed method is established. Numerical experiments show the proposed method is
efficient and robust.
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1. Introduction
Consider the following large-scale unconstrained optimization

min f(z): xeR", (1.1)

where f: R™ — R is continuously differentiable and bounded from below. Starting from
an initial point xq, the usual nonlinear conjugate gradient methods generate a sequence

{z} as
Th1 =k +apdy, k>0, (1.2)

where the step-length oy, is determined by some line search, and the search direction dj
is generated as

_ ) —90, if k:O’
dk_{_gk—f—ﬁkﬂkh if k>1, (1.3)

where g, =V f(x) is the gradient of f(z) at x; and S is a scalar called a conjugate
gradient parameter.

The line search in conjugate gradient methods is usually based on the Wolfe condi-
tions [24, 25]

Iz +akdk)—f($k)§pakggdk, (1.4)
Ini1d > o gy dp,

where dj, is a descent direction and the constants p, o satisfy 0 < p <o <1. However, in
order to establish the convergence and enhance the stability, the strong Wolfe conditions
given by (1.4) and

|giy1dk| < o|g} di| (1.6)
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are needed.

Different conjugate gradient methods correspond to different choices of 8. The
well-known conjugate gradient methods are Polak and Ribiére (PRP) method [20,21],
Hestenes and Steifel (HS) method [14], Fletcher and Reeves (FR) method [11], Dai and
Yuan (DY) method [6], Liu and Storey (LS) method [18], and the conjugate descent
(CD) method [10], in which Bj are specified by

T T
pPrP __ Jk+1Yk us _ Je+1Yk FR _ | g1 |I?

S R T (1.7)
py _ gkl Ls_ Jk1¥k  op _ 19kl
g dfye © 8 —digy " ~dj g’

respectively, where yi = gr+1 — gr and || - || stands for the Euclidean norm.

Recently, in order to obtain a local solution economically, many researchers paid
a great deal of attention to the three-term conjugate gradient methods for large-scale
unconstrained optimization problems, and gained valuable achievements [4,8,17,19,23].
To have nice numerical results and to have a search direction which satisfies the descent
condition and Dai-Liao conjugacy condition, Deng and Wan [8] proposed a three-term
conjugate gradient method (MTHREECG) whose search direction is close to the Newton
direction. However, the method does not need to compute or store any approximate
Hessian matrix of the objective function. Various numerical methods combining with
subspace technique are presented in succession [2,3,7,12,13,15, 16,22, 26,27].

For example, Stoer and Yuan [22] introduced a line search method, in which the
search direction was computed by minimizing the approximate quadratic model in the
two-dimension subspace [—gg+1,5k], i.€.,

dk+1 = Uk+19k+1 + Vi+15k, (1.8)

where s =x1 — . If the objective function is quadratic and line search is exact, this
method reduces to the classical conjugate gradient method.

In addition, Andrei [2] suggested a three-term conjugate gradient method (TTS),
in which the search direction was determined by minimizing the approximate quadratic
model in the three-dimension subspace [—gg+1,5k,yx]. The search direction in this
method can satisfy not only the descent condition but also Dai-Liao conjugacy condi-
tion. Furthermore, Yang et al. [26] developed a subspace conjugate gradient method
(STT). The search direction in the method is generated by minimizing a quadratic ap-
proximation of the objective function in a subspace spanned by the current negative
gradient and the latest two search directions. That is, the search direction dj4; is of
form dgy1 =—¢gk4+1+arsk +bgsk—1, for which both the descent condition and Dai-Liao
conjugacy condition are guaranteed.

Inspired by the above, we present a new subspace three-term conjugate gradient
method based on the subspace [—gk+1, 5k, yi] for solving large-scale unconstrained opti-
mization. The search direction of the proposed method is determined by minimizing the
quadratic approximation of the objective function in the subspace. For the choices of pa-
rameters, new estimations of parameters ensure the global convergence of the proposed
method under proper conditions.

This paper is organized as follows. In the next section, we describe the new method
and show that the search direction satisfies the descent condition and Dai-Liao conjugacy
condition. Section 3 establishes the global convergence result of the proposed method
under appropriate assumptions. The numerical results and comparisons with other
methods are reported in Section 4 and the conclusion is given in Section 5.
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2. The subspace three-term conjugate gradient algorithm

In this section, by minimizing the quadratic approximation of the objective function
in the subspace Ay = span{—gii1,5k,Yx }, we derive the search direction and propose a
new subspace three-term conjugate gradient method (STCG).

Denote

1
(I)k+1(d):gg+1d+ idTBk+1d (21)

as the quadratic approximation of function f in the subspace Ay, where d € Ay, By
is an approximation of the Hessian V2 f (x5 1).
Let

41 = —gr41 +apsk +bry (2.2)

be the minimizer of ®j11(d) in the subspace A;. We describe the STCG algorithm as
follows, in which the acceleration scheme given in [1] is employed.

Algorithm 2.1 (STCG)

Step 0. Choose an initial point zy € R™, >0, and compute fo= f(x0), go=V f (o).
Set dp:=—gop and k:=0.

Step 1. If ||gx|| <&, stop, else go to Step 2.

Step 2. Compute a step-length ay by the Wolfe line search (1.4) and (1.5).

Step 3. Compute 1 by the acceleration scheme,

3.1. Compute z =1z +axdy, 9. =V f(z) and y, =gi — gz;

3.2. Compute ag :ozkggdk and by, = —ozky,;rdk;

3.3. Acceleration scheme. If by, >0, then compute &, = —ay/bx and update the vari-
ables as xp1 =xp +Epagdy, otherwise update the variables as xx1 =2, + ardy.
Step 4. Compute fry1=f(Tr41), Get1=9(Tr11), Sk =Tpy1 — 21 and Yp = gry1 — Gr-
Step 5. Compute a; and by by Subalgorithm 2.2.

Step 6. Compute the search direction di11 by (2.2). Set k:=k+1 and go to Step 1.

REMARK 2.1. In Step 2, the Wolfe line search employs the quadratic and cubic
interpolation conditions in the program, which greatly reduces the number of inner
loops as shown in Section 4.

In the following, we discuss the computations of aj and bg. Obviously, (ax,by) is
the solution of the following minimizing problem:

J%é%@k+1(—gk+1 +asg +byg). (2.3)

Considering that V2 f(xy1)sr ~yk, we would like to suppose that By, 1 is positive
definite, and choose Byy; such that the quasi-Newton equation Bgi1S;r =yr. In what
follows, two cases should be considered.

Case I. dim(Ag) =2, and —gg4+1 and s are linearly independent, then let by =0,
(2.3) can be rewritten as

{lneiﬂgq)k+l(_gk+l +asy), (2.4)
the solution of (2.4) can be expressed as

T T

Y1 Brr1Sk — g1 Sk

= & ,
Sk Bk+18k

ag
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If the exact line search is used, that is g, ,s; =0, then (2.5) reduces to

T
Ji+1Yk
ar = T )
Yi. Sk

(2.6)

which just implies HS conjugate gradient method.

Case II. dim(Ay)=3. It is obvious that aj and by can be expressed as solutions of
the following linear algebraic system:

{a(ygsk) +b(y;§yk) ZgEHykT— Gis 15k ) 27)
a(yy Y&) + (Y Bry1Yr) = Gy 1 Ber1Yk — G 41 Yk-

By using the formula Bjy15, =y, and Cauchy inequality, the coefficient determinant of
the system (2.7) satisfies

1 1 1 1
N =B ysillP 1B awell® = (B yse) T (B yyw) >0. (2.8)

From ggﬂsk =0, ay and by are computed by

1
ar = ——[(x Br1yk) (9 19k) — Wk Ye) (9h o1 Brs1yk — Gy 19n)],

Alk (2.9)

be=3- (Ui k) (Ghs1 Brrayk — Gi1ye) — (Wi vr) (o1 Uk)]-

In (2.9), the quantities ny =y} Br1yr and wip =gi 4 Brg1yr should be evaluated.
Using the quasi-Newton equation Bj15, =yk, we have

-  Yp Brs1yrsg Breyise ' (Yt Bry1sk)?
(yF Bry15k)? St Brt15k

= ! wey)”, (2.10)

T 1 T
s
cosQ<B,§+1yk,B,§+lsk> Y Sk

1 1
where cos? (Bp 1Yk, By, +1sk> is unknown. By taking advantage of the mean value % of

1 1
cos?&, it seems reasonable to replace cosz<B,§+1yk,B,j+1sk> by 1/2. Therefore, n; can
be computed as

(ya yr)?
e =2-2ETE] 2.11
y}fsk ( )
Then
Ap=m(yp s1) — (Wn ve)* = (i yr)*. (2.12)
In order to compute wy, we use the BFGS update with the scalar matrix ¢/, in
T
which v = zéz:, to obtain Byy1, and then
k
T T
T YrYg SESp
Wk =Fk+1 170 + =7 Yk
k+1[ ygsk Sgsk]

y,?yk ‘9;?+1yk

2.13
Tor (2.13)

=Y0ghs1Vk +
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By substituting (2.11)-(2.13) into (2.9), we have

T T
Jk+1Yk Ji11Yk
ak = kJTrl —(0-1) k? )
Yi. Sk Yi Yk (2.14)
T. .,T .
b= (o —1) Yi Sk Gr1Yk
(yEyk)Q

From the above discussion, we use the following subalgorithm to describe the com-
putations of the scalars a; and by.

Subalgorithm 2.2 (The computations of ay and by,)
Step 1. Compute g s, ggﬂyk, Yryk, Yi s, and o, respectively.
Step 2. Compute ay and by, by (2.6) and (2.14), respectively. Namely,
If dim(Ag) =2, and —gr+1 and sy are linearly independent,
T
ap =% o, (2.15)
Yi Sk
else, dim(Ag) =3,
T T
Ik+1Yk Ik+1Yk
ag = JTr —(v-1) JTrl ,
yk; Sk T T yk; yk (216)
b (7 1) Y1 Sk9k+1Yk
k=—1)—FF—5—
(Y ve)?

REMARK 2.2. In Subalgorithm 2.2, a; and by are determined by (2.15) and (2.16)
corresponding to Case I and Case II, respectively. In virtue of the discussion of two
cases, it could be expected to improve the stability of numerical calculation.

In the following, we show that the search direction satisfies both the descent condi-
tion and the Dai-Liao conjugacy condition.

LEMMA 2.1.  Suppose that Byy1 is positive definite. Then di41 generated by Algorithm
2.1 is a descent direction.

Proof.  From (2.1) observe that ®511(0)=0. Since By is positive definite and
dy+1 is generated by Algorithm 2.1, it follows that @1 (dg+1) <0. Therefore,

1
Gi1dii1 < _ingrlBkJrlkorl <0, (2.17)

i.e., dr41 is a descent direction. O

LEMMA 2.2. Let the search direction di11 be generated by Algorithm 2.1. Then dy11
satisfies the Dai-Liao conjugacy condition ygdkﬂ = —ggﬂsk.

Proof.  From (2.2) and the first equation in (2.7), it follows that dp41 satisfies
Yy dgr1 = —ggﬂsk, which is exactly the Dai-Liao conjugacy condition. 0

In the next section, we give some suitable assumptions and establish the global
convergence of the STCG.
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3. Convergence analysis

In this section, we show the proposed method is globally convergent with the Wolfe
line search under appropriate assumptions. Without loss of generality, we use the fol-
lowing assumptions throughout the paper.

ASSUMPTION 3.1.  The level set Q={zeR™: f(x)< f(zo)} is bounded.

ASSUMPTION 3.2.  The function f:R™ —R is continuously differentiable and its gradi-
ent is Lipschitz continuous in a neighborhood N of €1, i.e., there exists a constant L >0
such that

lg(z) =gl <Lllz—yl, VzyeN. (3.1)

ASSUMPTION 3.3. For the function f on §Q, there exists a constant p>0 such that

(VF(x) = Vi) (@—y) zpllz—y|*, VazyeN. (3.2)
Under these assumptions on f, there exists a constant I'>0 such that
lg(z)|<T, ¥V zeQ. (3.3)
In order to establish the convergence of the STCG, firstly we need to derive a lower
bound on the step length ay.
LEMMA 3.1.  Let {dy} be generated by Algorithm 2.1. Suppose that Assumption 3.2
holds. Then the step-length oy with the Wolfe line search (1.4) and (1.5) satisfies

o (1=0)lg; di|

3.4
S PN E (34)

The following lemma is called Zoutendijk condition, which is essentially suggested
by Zoutendijk and Wolfe.

LEMMA 3.2 ( [28]). Consider any iteration of the form (1.2), where dy is a descent
direction and the step-length oy is determined by the Wolfe line search (1.4) and (1.5).
Suppose that Assumptions 3.1 and 3.2 hold. Then

> HdkH? ' (3:5)

k=0

From Lemma 2.1, we can obtain that the sequence {dy} generated by Algorithm
2.1 satisfies (3.5). Next lemma shows that the sequence of gradient norms ||gx| can be
bounded away from zero only if ), . 1/[|dk| < +oc for any conjugate gradient method
with strong Wolfe line search. B

LEmMMA 3.3.  Consider any iteration of the form (1.2), where dy, is a descent direction
and the step-length ay, is determined by strong Wolfe line search (1.4) and (1.6). Suppose
that Assumptions 3.1 and 3.2 hold. If

Z ”dkHQ = 400, (3.6)
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then

liminf| gy || =0. (3.7
k— o0

In the following, we establish the global convergence theorem of Algorithm 2.1 with
the Wolfe line search.

THEOREM 3.1. Let the sequence {xy} be generated by Algorithm 2.1, where the
step-length ay, is determined by the Wolfe line search (1.4) and (1.5). Suppose that
Assumptions 3.1, 3.2 and 3.3 hold. Then (3.7) holds.

Proof.  From (3.1) we have
lyell < Llskl- (3.8)
From (3.2), we have
Yi s> llsell”. (3.9)
From Cauchy inequality and (3.9), it is obvious that
lyell > skl (3.10)
Using triangle inequality, Cauchy inequality, (3.8) and (3.9), we obtain

|y skl +llyell® _ Lllsell®+ L2([s® _ L+L?

70— 1] < <
|y 5| wllskll?

=M,. (3.11)

In the following, two cases should be discussed.

Case I. dim(Ax) =2, and —gx11, Si are linearly independent, then ay and by are
determined by (2.15).
Using (3.3), (3.8) and (3.9), we have

T
'L 1 1
|Clk;‘ S |gk<TF1yk‘ <= = 1 ) (312)
skl = n llskll [kl
Therefore,
k41l < NGk ll+lanlllskll ST+ M. (3.13)
Case II. dim(Ay) =3, then a; and by, are determined by (2.16).
Using (3.3) and (3.8)-(3.11), we have
|913+1yk| |9131+12Uk|
lag| <=5 +ho—1l5 "5
Y skl llyell?
'L 'L
< ||Sk2|| - [ \l
pull sk 12 s
'L M, 1 1
=—(14+ =) ——=My—. (3.14)
K o skl llsll
On the other hand,
s snll g 19m|
|bg| <|yo— 1|k 17E

llyl*
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LT
skl {lyw 1
MoI'L 1 1
=My —. (3.15)
w? Ay ll [yl
Therefore,
k1l < llgnrll+larlllskll +[bxllyxl| ST + Mz + M. (3.16)
From Lemma 3.3, it follows that (3.7) holds. |

4. Numerical results

In this section, we report some numerical results. The 80 test problems are the
unconstrained problems from [5] with the dimensions varying from 2 to 100000. All
codes are written in Matlab R2010a and ran on PC with 2.20 GHz CPU processor and
2.00 GB RAM memory. The iteration is terminated by the following conditions

lgrll <& or [f(zrs1) = f(ax)| < emax{1.0,|f (zx)]}. (4.1)

We set the parameters e=107% in (4.1), and p=0.35, 0 =0.5 in the Wolfe line
search, the other parameters are set as default. Table 4.1 lists the test problems and
their dimensions.

No. Prob dim

1. | the Freudenstein and Roth function 2

2. Powell badly scaled function 2

3. Brown badly scaled function 2

4. the Beale function 2

5. the Helical valley function 3

6. the Gaussian function 3

7. the Biggs EXP 6 function 6

8. the trigonometric function 10

9. the Variable dimension function 50,100,500, 1000,5000,10000
10. the Chebyquad function 50,100,500, 1000,5000,10000
11. the Boundary value function 50,100,500,1000,5000,10000
12. Integral equation function 50,100,500,1000,5000,10000
13. Broyden tridiagonal function 50,100, 500,1000,5000,10000
14. Separable cubic function 50,100,500,1000,5000,10000
15. Nearly separable function 50,100,500,1000,5000,10000
16. Yang tridiagonal function 50,100,500,1000,5000,10000
17. Allgower function 50,100,500,1000,5000,10000
18. Schittkowski function 302 50,100,500,1000,5000,10000
19. FEaxtended Powell singular function | 500,1000,5000,10000,50000,100000
20. the Penalty function I 500,1000,5000,10000,50000,100000

TABLE 4.1. The test problems and their dimensions

We compare the numerical performance of the proposed algorithm STCG with
the following three algorithms: the MTHREECG [8], the TTS [2] and the STT [26].
The numerical performance of the MTHREECG is superior to the recently developed
methods THREECG [3] and CG_DESCENT [13], which have been acclaimed to be
powerful for solving unconstrained optimization problems. Compared with the classical
conjugate gradient methods such as PRP [20,21], HS [14] and DY [6], the numerical
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performance of the TTS outperforms. A large number of numerical results show that
the STT is competitive among the existing conjugate gradient methods for solving
unconstrained optimization.

We use the profiles by Dolan and Moré [9] to compare the performance of the above
four algorithms. In a performance profile plot, the top curve is the method that solved
the most problems in a time that is within a factor of the best time. The horizontal
axis gives the percentage (7) of the test problems for which a method is the fastest
(efficiency), while the vertical side gives the percentage (¢)) of the test problems that
are successfully solved by each of the methods (robustness).
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Figures 4.1-4.4 plot the performance profiles for the number of iterations (k), the
CPU time (t), the number of function evaluations (nf) and the number of gradient
evaluations (ng), respectively, which clearly show that the curve “STCG” is the best.

If program runs fail, or the number of iterations can reach more than 500, it is
regarded as failed. And we denote the number of iterations, function evaluations, gra-
dient evaluations by 500, respectively, and denote the CPU time by 1000 seconds. In
this way, the numerical results indicate that the STCG is promising.

It is worth mentioning that the Wolfe line search in our algorithm adopts quadratic
and cubic interpolation conditions in the program which can reduce the number of
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No. Prob dim Wolfe Armijo
k/nf /ng/t k/nf/ng/t
1. the Freudenstein and Roth function 2 10/24/13/0 15/150/17/0.0469
2. the Helical valley function 3 205/341/272/0.0938 | 492/4101/494/0.2500
3. the trigonometric function 10 9/46/28/0.0313 10/151/12/0.0313
4. the Variable dimension function 50 3/15/5/0.0313 38/610/40/0.0625
5. the Variable dimension function 100 3/24/6/0.0313 2/90/4/0.0313
6. the Variable dimension function 500 3/32/5/0.0313 3/158/5/0.0469
7. the Variable dimension function 1000 3/40/4/0.0313 3/174/5/0.0469
8. the Variable dimension function 5000 3/44/6,/0.0469 3/243/5/0.0938
9. the Variable dimension function 10000 3/46/9/0.0625 3/264/5/0.1875
10. the Penalty function I 500 2/52/4/0.0313 2/54/4/0.0469
11. the Penalty function I 1000 2/11/4/0.0469 2/60/4/0.0469
12. the Penalty function I 5000 22/92/53/0.1875 29/419/33/0.1875
13. the Penalty function I 10000 | 23/176/102/0.0936 27/314/30/0.3906
14. the Penalty function I 50000 17/81/43/1.0156 35/706/38/1.8906
15. the Penalty function I 100000 | 13/66/32/1.3438 40/830/44/3.8281

TABLE 4.2. The numerical results

inner loops in a way. In the Armijo-type line search, the step-length «y is determined
by letting o, =max{o?, 7=0,1,2,...} satisfy the condition

f(@p+ady) < f(zk)+poigp dp,

(4.2)

where p, o € (0,1) are constants. Here, we set p=0.35, 0 =0.5 in (4.2) and other parame-
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ters are set as default. For the STCG, we randomly compare the numerical performance
of using the Wolfe line search with that of using the Armijo-type line search for 15 test
problems with different dimensions and other conditions being the same. The numerical
results in Table 4.2 provide evidences that the number of function evaluations (nf) and
the number of gradient functions (ng) are both less when the Wolfe line search is used.
Specifically, the advantage is greater when the dimension of the test problem is larger.

5. Conclusion

In this paper, a new subspace three-term conjugate gradient method has been pre-
sented. In this method, the search direction is determined by minimizing the affine
quadratic approximate of the objective function in a subspace which is discussed in two
cases. We prove the global convergence of the proposed method with the Wolfe line
search under proper conditions. For a set of 80 test problems, the performance profiles
show that the proposed method is robust and meaningful.
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