A best possible strategy for finding ground states
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Finding the ground state of a system with a complex en-
ergy landscape is important for many physical problems in-
cluding protein folding, spin glasses, chemical clusters, and
neural networks. Such problems are usually solved by heuris-
tic search methods whose efficacy is judged by empirical per-
formance on selected examples. We present a proof that,
within the large class of algorithms that simulate a random
walk on the landscape, Threshold Accepting is the best pos-
sible strategy. In particular, it can perform better than Sim-
ulated Annealing and Tsallis Statistics. Our proof is the first
example of a provably optimal strategy in this area.
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Introduction. Experimentally, the ground state of a
physical system can be prepared by slow, careful cool-
ing. The computational analogue, Simulated Annealing
(SA), works similarly [1,2]. SA uses the Metropolis al-
gorithm [3] which is the classical Monte Carlo method
for simulating the behavior of a physical system at tem-
perature 7. By running the Metropolis algorithm at
lower and lower temperatures, SA can be used to find
the ground state for model physical systems such as spin
glasses. Apart from finding such ground states, these
computational techniques have proved useful for many
optimization problems of a more abstract nature such
as the traveling salesman problem. The characteristic
feature shared by these problems is that their energy
landscapes are fraught with many local minima which
confound most search algorithms.

In the present paper we consider a broad class of algo-
rithms for finding ground states, namely all algorithms
that work by simulating a random walk on the complex
energy landscape of the problem. In these algorithms,
a neighboring state is selected at random, and then an
acceptance rule is applied for deciding whether or not
the move to this neighboring state should be accepted.
In the Metropolis algorithm, the candidate state is ac-
cepted with probability exp(—AFE/T), where AE is the
energy change associated with the move. More recently
advocated modifications of this acceptance rule include
Tsallis Statistics [4,5] for which improved performance
has been reported on some traveling salesman problems.
Another less recent modification, called Threshold Ac-
cepting (TA) [6,7], was introduced originally as a way to
cut corners on the expense of calculating many values
of the exponential function. TA accepts a move if and

only if the energy change AFE is below a certain threshold
value. It is the surprising conclusion of this paper that
TA is provably optimal among this class of algorithms.
By this we do not mean that TA can guarantee finding
the ground state [8], but rather that it is the best possible
strategy to use in searching for this ground state using a
restricted number of function evaluations.

Some Definitions. We begin by formally defining the
class of algorithms under consideration. Consider a sys-
tem specified by a set of states Q = {a}, an energy func-
tion assigning a number F, to each state and a neigh-
borhood relation N(«) C Q which is the set of states one
move away from a. The random walk on the state space
of this system proceeds as follows: Being in a certain
state a, the random walker chooses a new state 0 from
its set of neighbors N(a) with a probability IIz, and ac-
cepts the new state as the next state in the random walk
with a certain acceptance probability PgTa. The accep-
tance probability depends on a parameter T called the
temperature in analogy to relaxation phenomena. For
T = oo all moves are accepted. For any fixed T, all the
algorithms cited above show the following properties:

(A1) The acceptance probability PBTQ depends only on
the energy difference AE = Eg — E,, ie. Pg:l =
PT(AE).

(A2) For energy differences AE < 0, the functions
PT(AE) = 1, i.e. downward moves in energy are
always accepted.

(A3) For energy differences AE > 0, the function
PT(AE) is monotone decreasing, i.e. it is more
likely to accept small steps upwards in energy than
large steps.

We consider controlling the random walk by choosing
the probabilities PT(AFE) at each time step ¢ in the al-
gorithm, t € {1,2,...,S}. This amounts to choosing a
cooling schedule T'(¢) and thus a corresponding sequence
of acceptance rules P7(*). Since the only role of the con-
trol parameter 7T is to specify the rule PT(AE), in the
present treatment we suppress the intermediate variable
T, and optimize directly the acceptance rules PT(t) = pt.

The purpose of the random walk is to bring the walker
as far down in the energy landscape as possible. Accord-
ingly, we will be interested in choosing acceptance rules
P! which optimize some measure of how far down the



random walker goes. Let p!, be the probability that the
random walk is in state o at time step ¢. The most com-
mon objective functions used to describe the quality of
an annealing run are:

(O1) the final mean energy E should be as small as pos-
sible,

the final probability p2¢ of obtaining the groun
(02) the final bability %S f obtaining the g d
state should be as large as possible.

Note that both of these objectives are linear functions
of the final state probabilities p5. Our arguments below
apply equally well to any linear function of p5 and thus
include (O1) and (0O2) as special cases.

The present paper proves that among acceptance rules
satisfying (A1)-(A3), the optimal strategy is to use only
Threshold Accepting rules. We remark that Threshold
Accepting does not satisfy detailed balance and so the
intermediate distributions will not be Boltzmann even in
the limit of very slow schedules.

The optimality of Threshold Accepting was already
seen for some special classes of problems. For instance,
reference [9] numerically compares different acceptance
rules using a modified Tsallis Statistics, which includes
Metropolis and Threshold Accepting as limiting cases
[10]. There Threshold Accepting was found to be the
best possible optimization technique. The present pa-
per extends this work by investigating the whole class of
acceptance rules satisfying (A1)-(A3) and not just opti-
mal annealing schedules for a modified Tsallis Statistics.
Another partial result in this direction [11] showed that
an optimal annealing schedule begins and ends with a
number of threshold steps.

The Formal Problem. We restrict our considerations
to a finite set of states (2. We consider a random walk of
S steps on € which visits state « at time ¢ € {1,2,..., S}
with probability p%. The time development of pf, is de-
scribed by the master equation

pho=> Thspl (1)
BEQ

with the transition probabilities
I =Tos- P (Eq— Eg) for a#p (2)
and

T, =1-> Th, (3)

B

The probabilities II,5 of choosing a neighbor oo € N((3)
as the candidate for a move from ( are a given stochastic
matrix such that II,g = 0 iff @ ¢ N(5). The schedule of
acceptance rules P? is to be chosen in such a way that a
linear function F in the probabilities p> is minimized.
We begin by noting some consequences of our finiteness
assumption on €. The probabilities p, can be considered

as an |Q|-dimensional vector p'. Likewise, the energy
function can also be considered as an |Q|-dimensional vec-
tor E. Since the objective function F' is assumed to be
linear, it can also be written as an |Q|-dimensional vector
F such that the optimization task becomes

F(]_?S) = Etrgs = Z Fapg — min, (4)
acl

where () denotes transpose and the minimum is taken
over all possible sequences of acceptance rules P!, t =
1,...,5. A sequence of acceptance rules is an optimal
schedule for the problem (4), if for this sequence the min-
imum in (4) is achieved. The vector F may be any arbi-
trary |Q|-tuple of numbers. For instance, when minimiz-
ing the mean energy, F' = E, whereas for maximizing the
ground state probability pés, F,, = 0 for all non-ground
states o and Fag = —1.

Let M < <|§22|> be the number of distinct positive

values of the energy differences Eg — E, between neigh-
boring states. Then the acceptance rule P can be con-
sidered as an M-dimensional vector of numbers in [0, 1].
This follows since by property (A2) we are only inter-
ested in acceptance probabilities for positive energy dif-
ferences. Furthermore, by the monotonicity property
(A3), the order of the elements of P’ is conveniently
fixed by the values of AE which we assume to be sorted.
The possible range for the P vectors is a simplex! in
the M-dimensional space. Then for M = 2, i.e. for
two possible positive values of AF, the set of P’ values
is the triangle {1 > P'(AE;) > P'(AE;) > 0}. For
M = 3, the set of possible P’ values is the tetrahedron
{1 > PY(AE,) > P'(AEy) > P'(AE3) > 0}. The ver-
tices of this simplex are those vectors P’ containing an
initial sequence of ones followed by a sequence of zeros.
Let the set of vertices of this simplex be denoted by V.
The set V is exactly the set of all possible threshold ac-
ceptance rules.

The Solution. The optimization task (4) for the dy-
namic process described by (1)—(3) is a discrete control
problem, where the controls are the acceptance vectors
P!, Such problems can be solved by dynamic program-
ming. The scheme of our dynamic programming problem
is shown in figure 1.

In every step ¢, an input, the probability distribution

p'~!, is transformed into the ouput, p’ under the influ-

ence of the control P!, which is the acceptance rule at
time ¢. Finally, the output of the last step p* is used
to determine the optimality criterion F(p®) = F“p°.
In this case the Bellman principle holds [12]. This

! A simplex in real n-dimensional space is the smallest convex
set containing n+1 points in general position, i.e. not all lying
in a hyperplane.



means the optimal control can be computed backwards
t=58,8-1,...,1.

Let us first consider the last step S. For any given
input p°~! we have to solve the optimization problem

Z FopS — min  with p3 = Z Fgﬁpgfl,

[e1<19) BeN
i.e.
Y Faligps ' =E"L%p"" — min, (5)
a,BeQ

where the matrix elements I' gﬁ given in (2) depend lin-

early on the control P®. The possible range for P® is the
simplex described in the previous section. Hence we have
to find the minimum of a linear function on a simplex.
This minimum is found at one of the vertices in V, i.e.
at a threshold acceptance function. Call this vertex v°.
Of course this vertex v¥ depends on the input pS—!, i.e.
VS = QS<BS—1>_

Now let us continue with the second to last step S — 1.
For any given input p~2 we have to solve

EtrES — Etr232371£572 N IniIl,

where we now already know that LS is a transition matrix
corresponding to a threshold acceptance function. Let us

denote this by £S (v%). Since we do not know in advance

S

the vector p°~! which determines v¥, we consider |V|

different objective functions
Etr]_?s — Etr;S(yS)gs—lgs—Q — min, (6)

one for every vertex v° € V. For fixed v* the optimiza-
tion problem (6) is again a linear problem with the same
structure as (5) over the same range, thus also here an
optimal control is found at one of the vertices in V, i.e. at
a threshold acceptance function. Call this vertex v°~1.
This vertex v5~! depends on the input p°~2 and on the

S e v571 = o571(p52,05)

vertex v . Since the ver-
tex set V is finite, there is a vertex v® which gives the
minimum over all |V possible minimum values in prob-
lem (6). It follows that in the last two steps threshold
acceptance functions are optimal.

In a similar way, we process all the remaining steps of
the dynamical optimization problem from the end to the
beginning. At each step we find a linear optimization
problem over the same simplex range which attains its
minimum at one of the vertices. Hence in every step a
threshold acceptance function is optimal.

Uniqueness. The proof above follows from the funda-
mental theorem of linear programming, which states that
a linear function on a simplex takes on its optimal value
at a vertex. While this proof establishes that an optimal

strategy is of the Threshold Accepting form, it does not

assert that all optimal strategies are of this form, i.e. by
our arguments thus far, other strategies may do equally
well (but not better!). In the following, we show that
TA actually does better than other strategies except on
trivial problems for which the acceptance rule makes no
difference.

In terms of the linear programming problem at each
t, the existence of other strategies that do equally well
means that a face or edge of the simplex is degenerate, i.e.
that there exist energy changes AFE for which an accep-
tance probability of zero or one or anything in between
does equally well. Conversely, if an optimal acceptance
probability is strictly between 0 and 1 for some AFE > 0,
then setting this probability equal to 0 or 1 would do
equally well, i.e. for such values of AE, the algorithm
does as well whether or not it accepts such moves.

To see the full implications of this fact, consider the
class of acceptance rules for which the following property
holds.

(A4) The acceptance probability P'(AE) is strictly be-
tween 0 and 1 for all AE, with 0 < AE < oo.

Note that both Metropolis and Tsallis acceptance rules
belong to this class. It follows from our argument above,
that if an acceptance rule satisfying (A4) is optimal, then
so is any acceptance rule, since in that case for all AE > 0
the vertices always accepting that move and always re-
jecting that move must be degenerate. In the language
of Metropolis based annealing, this means that a quench
(rejecting all moves with AE > 0) and a random run (ac-
cepting all moves) would both be optimal. This can only
happen for very special, rather trivial problems. In sum-
mary, if for a certain problem an acceptance rule satisfy-
ing (A4) is optimal, then all acceptance rules do equally
well for that problem.

Conclusions. In the present paper we considered the
problem of finding the ground state of a system whose
energy landscape contains many local minima. We ex-
amined search strategies based on visiting states of the
problem according to a random walk. We formulated
the general properties (A1)-(A3) which characterize “rea-
sonable” acceptance rules and showed that among all
search strategies obeying these rules, optimal strategies
always exist consisting entirely of Threshold Accepting.
The proof holds not just for finding the ground state,
but for any objective that depends linearly on the final
state probabilities. Furthermore, except for highly trivial
problems for which all acceptance rules do equally well,
strategies satisfying (A4) cannot be optimal. In particu-
lar, strategies based on Metropolis or Tsallis acceptance
rules cannot be optimal. While this does not exactly es-
tablish uniqueness of TA as the optimal strategy for all
problems, it does establish such uniqueness for all but a
negligible class of problems.

Knowledge that the best performance can be achieved
using Threshold Accepting is of limited use without



knowing the optimal sequence of thresholds which will
in general depend on the initial distribution. In particu-
lar, even though we have shown that Metropolis or Tsal-
lis based acceptance rules cannot achieve the optimum
performance of the algorithm, it may still be better to
use acceptance rules for which a good cooling schedule
is known rather than using Threshold Accepting with a
poor schedule. Thus, the issue of comparing schedules
using different strategies remains unsettled.

The freedom to use any linear objective includes most
but not all possible objectives of interest. It excludes,
for example, the expected minimum energy seen in an
ensemble of N independent random walkers. We men-
tion however that a slightly stronger version of our re-
sult which allows linear dependence of the objective
function on states other than the final state can be
proved by a similar argument. This strengthened form
implies, for example, that Threshold Accepting maxi-
mizes the expected number of visits to the ground state
F =pgs + i +Dog + -+ Pes-

Our proof had to assume that the state space is finite.
It is our belief that a similar proof can be pushed through
for larger state spaces but we postpone the exploration of
this problem to a future effort. We remark however that
the realities of finite arithmetic on a digital computer
forces every state space to be finite.

Our result does not prove that TA is the best possible
algorithm for finding ground states. In particular, there
may be better algorithms outside the broad class of well
studied Monte Carlo methods considered here. For the
algorithms in this class, which are often termed heuris-
tics [13], proven results are rare. Our result establishes
the structure of the optimal implementation within this
class of heuristics. As such, it is an important advance in
global optimization, moving the subject from the realm
of empiricism toward the realm of provably optimal al-
gorithms. The theorem proved is powerful and simple: a
move is either good or bad so one should accept it always
or never.

Acknowledgements. We thank the anonymous refer-
ees for numerous helpful suggestions.

[1] S. Kirkpatrick, C. D. Gelatt, and M. P. Vecchi, Science
220 671 (1983).

[2] V. Cerny, J. Optim. Theory Appl. 45, 41 (1985).

[3] N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth,
A. H. Teller, and E. Teller, J. Chem. Phys. 21, 1087
(1953).

[4] T. J. P. Penna, Phys. Rev. E 51, R1 (1995).

[5] C. Tsallis and D. A. Stariolo, Physica A 233, 395 (1996).

[6] G. Dueck and T. Scheuer, J. Comput. Phys. 90, 161
(1990).

[7] P. Moscato and J. F. Fontanari, Phys. Lett. A 146, 204
(1990).
[8] 1. Althofer and K.-U. Koschnick, Appl. Math. Optim. 24,
183 (1991).
[9] A. Franz and K. H. Hoffmann, J. Comput. Phys. (sub-
mitted).
[10] A. Franz and K. H. Hoffmann, Appl. Math. Lett. (sub-
mitted).
[11] P. N. Strenski and S. Kirkpatrick, Algorithmica 6, 346
(1991).
[12] R. E. Bellman and S. E. Dreyfus, Applied Dynamic Pro-
gramming (Princeton University Press, Princeton, 1962).
[13] R. Garey and D. S. Johnson, Computers and Intractabil-
ity, p. 22 (W. H. Freeman & Co., New York, 1979).

%
]
[
(v}
%
[y}
]

(k]

EZ
— 1 > 2

|
l
|

t-1 t S-1| S
ptp p
o g -

FIG. 1. Dynamic programming problem with control given
by the acceptance rule P’. Every step t takes as input the
probability distribution ;_ot_l, and transforms it into an output

Qt according to the control P'. The final output determines

the objective function F' trgs of the dynamic programming
problem.



