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Abstract

One hope when using non-elitism in evolutionary computation is that the ability
to abandon the current-best solution aids leaving local optima. To improve our
understanding of this mechanism, we perform a rigorous runtime analysis of a basic
non-elitist evolutionary algorithm (EA), the (u, A) EA, on the most basic benchmark
function with a local optimum, the jump function. We prove that for all reasonable
values of the parameters and the problem, the expected runtime of the (u, \) EA is,
apart from lower order terms, at least as large as the expected runtime of its elitist
counterpart, the (u+ A) EA (for which we conduct the first runtime analysis on jump
functions to allow this comparison). Consequently, the ability of the (u, A) EA to
leave local optima to inferior solutions does not lead to a runtime advantage.

We complement this lower bound with an upper bound that, for broad ranges of
the parameters, is identical to our lower bound apart from lower order terms. This
is the first runtime result for a non-elitist algorithm on a multi-modal problem that
is tight apart from lower order terms.

1 Introduction

The mathematical runtime analysis of evolutionary algorithms (EAs) and other randomized
search heuristics is a young but established subfield of the general research area of heuristic

*This is the full version of a paper appearing at GECCO 2020. It contains all proofs and additional
information that had to be omitted from the conference version for reasons of space.



search [NW10, [AD11l [Jan13| [DN20]. This field, naturally, has started with regarding the
performance of simple algorithms on simple test problems: The problems usually were
unimodal, that is, without local optima different from the global optimum, the algorithms
were elitist and often had trivial populations, and the runtime guarantees only estimated
the asymptotic order of magnitude, that is, gave O(-) upper bounds or €(-) lower bounds.

Despite this restricted scope, many fundamental results have been obtained and our
understanding of the working principles of EAs has significantly increased with these works.
In this work, we go a step further with a tight (apart from lower order terms) analysis of how
a non-elitist evolutionary algorithm with both non-trivial parent and offspring populations
optimizes a multimodal problem.

In contrast to the practical use of evolutionary algorithms, where non-elitism is often
employed, the mathematical analysis of evolutionary algorithms so far could find only little
evidence for the use of non-elitism. The few existing works, very roughly speaking (see
Section for more details) indicate that when the selection pressure is large, then the
non-elitist algorithm simulates an elitist one, and when the selection pressure is low, then
no function with unique global optimum can be optimized efficiently. The gap between
these two regimes is typically very small. Consequently, a possible profit from non-elitism
would require a careful parameter choice.

One often named advantage of non-elitist algorithms is their ability to leave local op-
tima to inferior solutions, which can reduce the time spent uselessly in local optima. To
obtain a rigorous view on this possible advantage, we analyze the performance of the well-
known (u, A) EA (see Section |3.1{for a precise definition) on the multimodal jump function
benchmark [DJW02]. We note that, apart from some sporadic results on custom-tailored
example problems and the corollaries from very general results (see Theorems |1| and
further below), this is the first in-depth study of how a non-elitist algorithm optimizes a
classic benchmark with local optima.

Our main result (see Section [5)) is that in this setting, the small middle range between a
too small and a too high selection pressure, which could be envisaged from previous works,
does not exist. Rather, the two undesired regimes overlap significantly. We note that for the
(11, A) EA, the selection pressure is reasonably well described by the ratio of the offspring
population size A to the parent population size p. If the selection pressure is low, more
precisely, if A < (1—¢)epu for some constant € > 0, then the (i, \) EA needs an exponential
time to optimize any function f : {0,1}" — R with at most a polynomial number of global
optima [Leh10]. If the selection pressure is high, more precisely, if A > (1 + ¢)ep for some
constant € > 0 and A is at least logarithmic in the envisaged runtime, then the (u, A) EA
can optimize many classic benchmark functions in a runtime at most a constant factor
slower than, say, the (u + \) EA, see [Lehl11].

Our main result implies (Corollary @ that already when A > 2u, A is super-constant,
and A = o(n*7!), the runtime of the (u,\) EA on all jump functions with jump size
k < n'~¢ is at least the runtime of the (u+ A\) EA (apart from lower order terms); to
prove this statement, we also conduct the first so far and sufficiently tight runtime analysis
of the (u+ A\) EA on jump functions (Theorem . Consequently, the two regimes of
a too low selection pressure and of no advantage over the elitist algorithm overlap in



the range A € [2u, (1 — €)ep], leaving for jump functions no space for a middle regime
with runtime advantages from non-elitism. We note that our result, while natural, is not
obvious. In particular, as a comparison of the (1,1) EA and the (1 + 1) EA on highly
deceptive functions shows (see Section for more details), it is not always true that
the elitist algorithm is at least as good as its non-elitist counterpart.

Our result does not generally disrecommend to use non-elitism, in particular, it does not
say anything about possible other advantages from using non-elitism. Our result, however,
does indicate that the ability to leave local optima to inferior solutions is non-trivial to
turn into a runtime advantage (whereas at the same time, as observed in previous works,
there is a significant risk that the selection pressure is too low to admit any reasonable
progress).

We also prove an upper bound for the runtime of the (u,A) EA on jump functions
(Theorem , which shows that our lower bound for large ranges of the parameters (but,
of course, only for A > (1 + €)ep) is tight including the leading constant. This appears to
be the first precisd]on runtime result for a non-trivial non-elitist algorithm on a non-trivial
problem.

From the technical perspective, it is noteworthy that we obtain precise bounds in set-
tings where the previously used methods (negative drift for lower bounds, level-based anal-
yses of non-elitist population processes for upper bounds) could not give precise analyses,
and in the case of negative drift could usually not even determine the right asymptotic
order of the runtime. We are optimistic that our methods will be profitable for other
runtime analyses as well.

2 State of the Art and Our Results

This work progresses the state of the art in three directions with active research in the recent
past, namely non-elitist evolutionary algorithms, precise runtime analyses, and methods
to prove lower bounds in the presence of negative drift and upper bounds for non-elitist
population processes. We now describe these previous states of the art and detail what is
the particular progress made in this work. We concentrate ourselves on classic evolutionary
algorithms (also called genetic algorithms) for the optimization in discrete search spaces.
We note that non-elitism has been used in other randomized search heuristics such as the
Metropolis algorithms, simulated annealing, strong-selection-weak-mutation (SSWM), and
memetic algorithms. Letting the selection decisions not only depend on the fitness, e.g.,
in tabu search or when using fitness sharing, also introduces some form of non-elitism.
From a broader perspective, also many probabilistic model building algorithms such as
ant colony optimizers or estimation-of-distribution algorithms can be seen as non-elitist,
since they often allow moves to inferior models. From an even broader point of view,
even restart strategies can be seen as a form of non-elitism. While all these research

'We use the term precise to denote runtime estimates that are asymptotically tight including the leading
constant, that is, where the estimated runtime 7'(n) and the true runtime 7'(n) for problem size n satisfy
lim T'(n)/T(n) = 1.
n—oo



directions are interesting, it seems to us that the results obtained there, to the extent that
we understand them, are not too closely related to our results and therefore not really
comparable.

2.1 Non-Elitist Algorithms

While non-elitist evolutionary algorithms are used a lot in practice, the mathematical
theory of EAs so far was not very successful in providing convincing evidences for the
usefulness of non-elitism. This might be due to the fact that rigorous research on non-
elitist algorithms has started only relatively late, caused among others by the fact that
many non-elitist algorithms require non-trivial populations, which form another challenge
for mathematical analyses. Another reason, naturally, could be that non-elitism is not as
profitable as generally thought. Our work rather points into the latter direction.
The previous works on non-elitist algorithms can roughly be grouped as follows.

2.1.1 Exponential Runtimes When the Selection Pressure is Low

By definition, non-elitist algorithms may lose good solutions. When this happens too
frequently (low selection pressure), then the EA finds it hard to converge to good solutions,
resulting in a poor performance

The first to make this empirical observation mathematically precise in a very gen-
eral manner was Lehre in his remarkable work [Lehl10]. For a broad class of non-elitist
population-based EAs, he gives conditions on the parameters that imply that the EA can-
not optimize any pseudo-Boolean function f : {0,1}" — R with at most a polynomial
number of optima in time sub-exponential in n. Due to their general nature, we have to
restrict ourselves here to what Lehre’s results imply for the (i, \) EA, but we note that
analogous results hold for a much wider class of algorithms. For the (u, A\) EA using the
usual mutation rate %, Lehre shows that when A\ < (1 — €)eu, where € > 0 is any positive
constant, then the time to find a (global) optimum of any pseudo-Boolean function with
at most a polynomial number of optima is exponential in n with high probability.

We note that more specific results showing the danger of a too low selection pressure
have appeared earlier. For example, already in 2007 Jagerskiipper and Storch [JSO07, The-
orem 1] showed that the (1,\) EA with A < ﬁ In(n) is inefficient on any pseudo-Boolean
function with a unique optimum. The range of A for which such a negative performance is
observed was later extended to the asymptotically tight value A < (1 —¢) logﬁ n by Rowe

and Sudholt [RS14]. Happ, Johannsen, Klein, and Neumann [HJKNOS|] showed that two
simple (1+1)-type hillclimbers using fitness proportionate selection in the choice of the sur-
viving individual are not efficient on any linear function with positive weights. Neumann,
Oliveto, and Witt [NOWO09] showed that a mutation-only variant of the Simple Genetic
Algorithm with fitness proportionate selection is inefficient on the ONEMAX function when
the population size p is at most polynomial, and it is inefficient on any pseudo-Boolean
function with unique global optimum when z < § In(n). Oliveto and Witt [OW15] showed



that the true Simple Genetic Algorithm (using crossover) cannot optimize ONEMAX effi-
ciently when p < ni—e.

We note that the methods in [Leh10] were also used to prove lower bounds for particular
objective functions. The following result was given for a variant of jump functions [Leh10]
Theorem 5]. To be precise, a similar result was proven for a tournament-selection algorithm
and it was stated that an analogous statement, which we believe to be the following, holds
for the (u, A) EA as well. As a reviewer pointed out, it is not immediately clear how the

proof in |[Leh10] extends to the classic definition of jump functions.

Theorem 1 (cf. Lehre [Lehl(]). Let n € Z>1, € > 0 a constant, k < (0.2 — e)n, and k =
w(logn). Let fi, : {0,1}" — R be defined by fr(r) = ONEMAX(x) when ONEMAX(z) ¢
n —k+ 1.n — 1] and fr(z) = 0 otherwise. Then the expected runtime of the (u, A) EA
with polynomial X on JUMP,,, is at least exp(2(k)), where all asymptotics is for n tending
to infinity.

2.1.2 Pseudo-Elitism When the Selection Pressure is High

When a non-elitist algorithm has the property that, despite the theoretical danger of losing
good solutions, it very rarely does so, then its optimization behavior becomes very similar
to the one of an elitist algorithm. Again the first to make this effect precise for a broad
class of algorithms was Lehre in his first paper on level-based arguments for non-elitist
populations [Leh11].

Lehre’s fitness-level theorem for non-elitist population-based algorithms assumes that
the search space can be partitioned into levels such that (i) the algorithm has a reason-
able chance to sample a solution in some level 7 or higher once a constant fraction of the
population is at least on level j — 1 (“base level”) and (ii) there is an exponential growth
of the number of individuals on levels higher than the base level; more precisely (but still
simplified), if there are uy < you individuals above the base level, then in the next gener-
ation the number of individuals above the base level follows a binomial distribution with
parameters p and p = (14 5)%, where vy and ¢ are suitable parameters. If in addition the
population sizes involved are large enough, then (again very roughly speaking) the runtime
of the algorithm is at most a constant factor larger than the runtime guarantee which could
be obtained for an elitist analogue of the non-elitist EA. From the assumptions made here,
it cannot be excluded that the non-elitist EA loses a best-so-far solution; however, due to
the exponential growth of condition (ii) and the sufficiently large population size, this can
only happen if there are few individuals above the base level. Hence the assumptions of
the level-based method, roughly speaking, impose that that the EA behaves like an elitist
algorithm except when it just has found a new best solution. In this case, with positive
probability (usually at most some constant less than one) the new solution is lost. This
constant probability for losing a new best individual (and the resulting need to re-generate
one) may lead to a constant-factor loss in the runtime, but not more. Very roughly speak-
ing, one can say that such non-elitist EAs, while formally non-elitist algorithms, do nothing
else than a slightly slowed-down emulation of an elitist algorithm. That said, it has to be



remarked that both proving level-based theorems (see [Lehl1ll [DLI6al [CDELIS [DK20])
and applying them (see also [DLN19]) is technical and much less trivial than what the rule
of thumb “high selection pressure imitates elitism” suggests.

For the optimization of jump functions via the (i, A) EA, the work [CDELI1S8] implies
the following result. We note that it was shown only to the variant of jump functions
regarded in Theorem [I| (where the fitness in the gap region is uniformly zero), but from
the proofs it is clear that the result also holds for the standard definition [DJWO02] used in
this work.

Theorem 2 ([CDELIS]). Let k € [1..n]. Let € > 0 be a constant and let ¢ be a sufficiently
large constant (depending on ). Let A > ckIn(n) and p < ~2~. Then runtime T of the

(14e)e
(i, ) EA on JuMP,; satisfies
E[T] = O(n* + nX + Aog \).

For the particular case of the (1, \) EA and the (14 \) EA, Jagerskiipper and Storch
in an earlier work also gave fitness-level theorems [JS07, Lemma 6 and 7]. They also
showed that both algorithms essentially behave identical for ¢ iterations when A is at least
logarithmic in ¢ [JSO7, Theorem 4]. This effect, without quantifying A and without proof,
was already proposed in [JJWO05| p. 415]. Jagerskiipper and Storch show in particular that
when A > 31Inn, then the (1, \) EA optimizes ONEMAX in asymptotically the same time
as the (1 + \) EA. The actual runtimes given for the (1, \) EA in [JS07] are not tight since
at that time a tight analysis of the (1 + A) EA on ONEMAX was still missing; however, it
is clear that the arguments given in [JS07] also allow to transfer the tight upper bound of
O(nlogn + An'len) for the (1 + \) EA from [DKI5] to the (1,\) EA.

logn
The minimum value of A\ that ensures an efficient optimization of the (1,\) EA on

ONEMAX was lowered to the asymptotically tight value of A > log%ln ~ 2.18Inn

in [RS14]. Again, only the upper bound of O(nlogn + n\) was shown. We would not
be surprised if with similar arguments also a bound of O(nlogn + /\nk’lgol%) could be
shown, but this is less obvious here than for the result of [JS07].

For the benchmark function LEADINGONES, the threshold between a superpolynomial
runtime of the (1, ) EA and a runtime asymptotically equal to the one of the (1 + A) EA
was shown to be at A = (1 £¢)2log . n [RS14].

2.1.3 Examples Where Non-Elitism is Helpful

The dichotomy described in the previous two subsections suggests that it is not easy to
find examples where non-elitism is useful. This is indeed true apart from two exceptions.

Jagerskiipper and Storch [JSO7] constructed an artificial example function that is
easier to optimize for the (1,\) EA than for the (1+ A) EA. The CLIFF function
CLIFr : {0,1}" — N is defined by CrLiFF(z) = OM(x) if OM(z) < n — |n/3] and
CLIFF(z) = OM(x)—|n/3] otherwise. Jagerskiipper and Storch showed that the (1, \) EA
with A > 51nn optimizes CLIFF in an expected number of O(exp(5A)) fitness evaluations,



whereas the (1 + \) EA with high probability needs at least n™* fitness evaluations. While
this runtime difference is enormous, it has to be noted that even for the best value of
A = 5Inn, the runtime guarantee for the (1,\) EA is only O(n*). Also, we remark that
the local optimum of the CLIFF function has a particular structure which helps to leave
the local optimum: Each point on the local optimum has [n/3] neighbors from which it
is easy to hill-climb to the global optimum (as long as one does not use a steepest ascent
strategy). Also, for each point on the local optimum there are {2(n?) search points in Ham-
ming distance two from which any local search within less than n/3 improvements finds the
global optimum. This is a notable difference to the JumP,,; function, where hill-climbing
from any point of the search space that is not the global optimum or one of its n neighbors
surely leads to the local optimum. We would suspect that such larger radii of attraction
are closer to the structure of difficult real-world problems, but we leave it to the reader to
decide which model is most relevant for their applications.

We note that a second, albeit extreme and rather academic, example for an advantage
of non-elitism is implicit in the early work [GKS99] by Garnier, Kallel, and Schoenauer.
They show that the (1,1) EA on any function f : {0,1}" — R with unique global optimum
has an expected optimization time of (1 4-o(1))-%52"; this follows from Proposition 3.1 in
their work. When taking a highly deceptive function like the trap function, this runtime is
significantly better than the ones of elitist algorithms, which typically are n®™ . Of course,
all this is not overly surprising — the (1,1) EA uses no form of selection and hence just
performs a random walk in the search space (where the one-step distribution is given by
the mutation operator). Therefore, this algorithm does not suffer from the deceptiveness
of the trap function as do elitist algorithms. Also, a runtime reduction from n®™ to
exp(©(n)) clearly is not breathtaking. Nevertheless, this is a second example where a
(1, A) EA significantly outperforms the corresponding (u + A) EA.

Since in this work we are only interested in how non-elitism (and more specifically,
comma selection) helps to leave local optima and by this improve runtimes, we do not dis-
cuss in detail other motivations for employing non-elitist algorithms. We note briefly,
though, that comma selection is usually employed in self-adaptive algorithms. Self-
adaptation means that some algorithm parameters are stored as part of the genome of
the individuals and are subject to variation together with the original individual. The
hope is that this constitutes a generic way to adjust algorithm parameters. When using
plus selection together with self-adaptation, there would be the risk that the population
at some point only contains individuals with unsuitable parameter values. Now variation
will only generate inferior offspring. These will not be accepted and, consequently, the pa-
rameter values encoded in the genome of the individuals cannot be changed. When using
comma selection, it is possible to accept individuals with inferior fitness, and these may
have superior parameter values. We are not aware of a rigorous demonstration of this effect,
but we note that the two runtime analysis papers [DL16b, DWY21] on self-adaptation both
use comma selection. We further note that comma selection is very common in continuous
optimization, in particular, in evolution strategies, but since it is generally difficult to use
insights from continuous optimization in discrete optimization and vice-versa we do not
discuss results from continuous optimization here.
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2.1.4 Our Contribution

In Section [, we show that for all interesting values of the parameters of the problem and
the algorithm, the expected runtime of the (p, A\) EA on jump functions is, apart from
possibly lower order terms, at least the expected runtime of the (u + A) EA. This shows
that for this problem, there can be no significant advantage of using comma selection.

Our upper bound in Theorem [11], provided mostly to show that our analysis is tight
including the leading constant, improves Theorem [2| by making the leading constant precise
and being applicable for all offspring population sizes A > C'In(n), C' a constant indepen-
dent of the jump size k. To the best of our knowledge, this is the first time that the runtime
of a non-elitist algorithm was proven with this precision.

2.2 Precise Runtime Analyses

Traditionally, algorithm analysis aims at gaining a rough understanding how the runtime
of an algorithm depends on the problem size. As such, most results only show statements
on the asymptotic order of magnitude of the runtime, that is, results in big-Oh notation.
For classic algorithmics, this is justified among others by the fact that the predominant
performance measure, the number of elementary operations, already ignores constant factor
differences in the execution times of the elementary operations.

In evolutionary computation, where the classic performance measure is the number of
fitness evaluations, this excuse for ignoring constant factors is not valid, and in fact, in the
last few years more and more precise runtime results have appeared, that is, results which
determine the runtime asymptotically precise apart from lower order terms. Such results
are useful, obviously because constant factors matter in practice, but also because many
effects are visible only at constant-factor scales. For example, it was shown in [DGI3]
that all ©(+) mutation rates lead to a ©(nlogn) runtime of the (14 1) EA on all pseudo-
Boolean linear functions, but only Witt’s seminal result [Wit13] that the runtime is (1 +
o(1))<nlnn for the mutation rate <, ¢ > 0 a constant, allows to derive that 1 is the
asymptotically best mutation rate.

Overall, not too many non-trivial precise runtime results are known. In a very early
work [GKS99], it was shown that the (1+ 1) EA with mutation rate ¢ optimizes the
ONEMAKX function in an expected time of (1 + o(1))<nlnn and the NEEDLE function in
time (140(1));==2". More than ten years later, in independent works [BDNTI0, Sud13] the
precise runtime of the (1 + 1) EA on LEADINGONES was determined; here [BDN10] also
regarded general mutation rates and deduced from their result that the optimal mutation
rate of approximately 1'—39 is higher than the usual recommendation %, and that a fitness
dependent mutation rate gives again slightly better results (this was also the first time that
a fitness dependent parameter choice was proven to be superior to static rates by at least
a constant factor difference in the runtime). Precise runtime results for a broader class of
(1 + 1)-type algorithms on LEADINGONES have recently appeared in [Doel9al]. A series
of recent works [AL14, LOWI17, [DLOWIS] obtained precise runtimes of different hyper-

heuristics on LEADINGONES and thus allowed to discriminate them by their runtime. The




precise expected runtime of the (1 + 1) EA with general unbiased mutation operator on
the PLATEAU}, function was determined [ADIS8] to be (1 + o(1))(})py;, Where pyy is the
probability that the mutation operator flips between one and k bits. Apparently, here
the details of the mutation operator are not very important — only the probability to flip
between one and k bits has an influence on the runtime.

The only precise runtime analysis for an algorithm with a non-trivial population can be
found in [GW17], where the runtime of the (1 + A) EA with mutation rate £, c a constant,
on ONEMAX was shown to be (14 0(1))(£nInn+nA222) This result has the surprising
implication that here the mutation rate is only important when A\ is small.

The only precise runtime analysis for a multi-modal objective function was conducted
in [DLMNT17], where the runtime of the (14 1) EA with arbitrary mutation rate was
determined for jump functions; this work led to the development of a heavy-tailed mutation
operator that appears to be very successful [FQWI18, FGQW18b, [FGQW18a, WQT18|
ABD20].

In summary, there is only a small number of precise runtime analyses, but many of
them could obtain insights that would not have been possible with less precise analyses.

Our result, an analysis of the (u, \) EA on jump functions that is precise for £ < 0.1n,
A= o(nF 1), A > (1 +¢)ep, and A = Q(logn) sufficiently large, is the second precise
analysis for a population-based algorithm (after [GW17]), is the second precise analysis
for a multimodal fitness function (after [DLMNIT7]), and is the first precise analysis for a
non-elitist algorithm (apart from fact that the result [GWI7] could be transfered to the
(1, A) EA for large A via the argument [JSO7] that in this case the (14 \) EA and the
(1, \) EA have essentially identical performances).

2.3 Methods: Negative Drift and Level-based Analyses

To obtain our results, we also develop new techniques for two classic topics, namely the
analysis of processes showing a drift away from the target (“negative drift”) and the analysis
of non-elitist population processes via level-based arguments.

2.3.1 Negative Drift

It is natural that a stochastic process Xg, X1, ... finds it hard to reach a certain target when
the typical behavior is taking the process away from the target. Negative drift theorems
are an established tool for the analysis of such situations. They roughly speaking state
the following. Assume that the process starts at some point b or higher, that is, X, > b,
and that we aim at reaching a target a < b. Assume that whenever the process is above
the target value, that is, X; > a, we have an expected progress E[X; 11 — X¢] > 9, ¢
some constant, away from the target, and that this progress satisfies some concentration
assumption like two-sided exponential tails. Then the expected time to reach or undershoot
the target is at least exponential in the distance b — a.

The first such result in the context of evolutionary algorithms was shown by Oliveto and
Witt [OW11] (note the corrigendum [OW12]). Improved versions were subsequently given



in [RS14, [OWT15] [K&t16l, [LS18) (Wit19]. The comprehensive survey [Len20l Section 2.4.3]
gives a complete coverage of this topic. What is important to note for our purposes is that
(i) all existing negative drift results are quite technical to use due to the concentration
assumptions, that (ii) they all give a lower bound that is only exponential in the length of
the interval in which the (constant) negative drift is observed, and that (iii) they all (apart
from the technical work of Hajek [Haj82]) do not give tight bounds, but only bounds of
type exp(Q(b — a)) with the implicit constant in the exponent not specified.

Earlier than the general negative drift theorem, Lehre [Leh10] proved a negative drift
theorem for population-based processes via multi-type branching processes. Just as the
general negative drift theorems described above, it only gives lower bounds exponential
in the length of the negative drift regime and the base of the exponential function is not
made explicit. Consequently, in [Leh10, Theorem 5] (Theorem [I| in this work), only an
exp(Q2(k)) lower bound for the runtime of the (i, A\) EA on Jump,,; was derived

Since we aim at an Q(n*) lower bound caused by a negative drift in the short gap
region (of length k) of the jump function, and since further we aim at results that give the
precise leading constant of the runtime, we cannot use these tools. We therefore resort to
the additive drift applied to a rescaled process argument first made explicit in [ADY19].
The basic idea is very simple: For a suitable function g : R — R one regards the process
(9(X4)): instead of the original process (X;);, shows that it makes at most a slow progress
towards the target, say E[g(X;11) — 9(X:) | Xt > a] > =6, and concludes from the classic
additive drift theorem [HY0I] (Theorem [6]in this work) that the expected time to reach or
undershoot a when starting at b is at least M. While the basic approach is simple and
natural, the non-trivial part is finding a rescaling function g which both gives at most a
slow progress towards the target and gives a large difference g(b) —g(a). The rescalings used
in [ADY19] and [Doel9b] were both of exponential type, that is, g was roughly speaking
an exponential function. By construction, they only led to lower bounds exponential in
b — a, and in both cases the lower bound was not tight (apart from being exponential).

Our progress: Hence the technical novelty of this work is that we devise a rescaling for
our problem that (i) leads to a lower bound of order n* for a process having negative drift
only is an interval of length k, and (ii) such that these lower bounds are tight including
the leading constant. Clearly, our rescalings (as all rescalings used previously) are specific
to our problem. Nevertheless, they demonstrate that the rescaling method, different from
the classic negative drift theorems, can give very tight lower bounds and lower bounds that
are super-exponential in the length of the interval in which the negative drift is observed.
We are optimistic that such rescalings will find other applications in the future.

Note added in proof: For reasons of completeness of this discussion on lower bound
methods, we note that between the submission of this work in Mai 2020 and the first
notification in June 2021, a further lower bound method called negative multiplicative drift
was proposed [Doe20a]. Different from what a reviewer suggests, it is not in any way
related to the rescaling method. While we do not want to rule out that it can also be
employed to prove our lower bound, it is clear that this would either also need a rescaling
of the process (and then our approach appears more direct) or it would need estimates
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on the change of the maximum ONEMAX-value in the population that are substantially
different from ours in the proof of Theorem [§|

2.3.2 Level-based Analyses

While level-based arguments for the analysis of non-elitist algorithms have been used much
earlier, see, e.g., [Ere99], the fitness-level analysis of Lehre [Leh11] might still be the first
general method to analyze non-elitist population-based processes. We gave a high-level
description of this method in Section and we will give a more detailed discussion in
Section to enable us to prove our upper bound. For this reason, we now explain without
further explanations what is our progress over the state of the art of this method.

Similar to the state of the art in negative drift theorems, all existing variants of the
level-based methods do not give results that are tight including the leading constant. Also,
from the complexity of the proofs of these results, it appears unlikely that such tight results
can be obtained in the near future.

Our progress: For our problem of optimizing jump functions, we can exploit the fact
that the most difficult, and thus time consuming, step is generating the global optimum
from a population that has fully converged into the local optimum. To do so, we use the
non-tight level-based methods only up to the point when the population only consists of
local optima (we call this an almost perfect population). This can be done via a variation
of the existing level-based results (Corollary . From that point on, we estimate the
remaining runtime by computing the waiting time for generating the optimum from a local
optimum. Of course, since we are analyzing a non-elitist process, we are not guaranteed to
keep an almost perfect population. For that reason, we also need to analyze the probability
of losing an almost perfect population and to set up a restart argument to regain an almost
perfect population. Naturally, this has to be done in a way that the total runtime spent
here is only a lower-order fraction of the time needed to generate the global optimum from
an almost perfect population.

A side effect of this approach is that we only need a logarithmic offspring population
size, that is, it suffices to have A > C'In(n) for some constant C' that is independent of the
jump size k. This is different from using the level-based methods for the whole process,
as done in the proof of Theorem [2, which would require an offspring population size at
least logarithmic in the envisaged runtime, hence here Q(logn*) = O(klogn), which is
super-logarithmic when k is super-constant.

While our arguments exploit some characteristics of the jump functions, we are op-
timistic that they can be employed for other problems as well, in particular, when the
optimization process typically contains one step that is more difficult than the remaining
optimization.
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3 Preliminaries

In this section, we define the algorithm and the optimization problem regarded in this
paper together with the most relevant works on these.

3.1 The (g, \) EA

The (u, \) EA for the maximization of pseudo-Boolean functions f : {0,1}" — R is made
precise in Algorithm[1] It is a simple non-elitist algorithm working with a parent population
of size p and an offspring population of size A > u. Here and in the remainder by a
population we mean a multiset of individuals (elements from the search space {0, 1}"). Each
offspring is generated by selecting a random parent (independently and with replacement)
from the parent population and mutating it via standard bit mutation, that is, by flipping
each bit independently with probability 1/ nE] The next parent population consists of those
w offspring which have the highest fitness (breaking ties arbitrarily).

Algorithm 1: The (g, A) EA to maximize a function f:{0,1}" — R.

1 Initialize Py with p individuals chosen independently and uniformly at random
from {0, 1}™;

2 fort=1,2,...do

3 for i € [1..)\] do

4 Select x; € P,_; uniformly at random,;

5 L Generate y; from z; via standard bit mutation;

6 Select P, from the multi-set {1, ..., yx} by choosing u individuals of highest
f-value (breaking ties arbitrarily);

The (1 + A) EA, to which we compare the (u, A) EA, differs from the (g, \) EA only
in the selection of the next generation. Whereas the (i, \) EA selects the next generation
only from the offspring population (comma selection), the (u + A) EA selects it from the
parent and offspring population (plus selection). In other words, to obtain the (1 + A) EA
from Algorithm [I, we only have to replace the selection by “select P, from the multi-set
P,y U{y1,...,yn} by choosing p best individuals (breaking ties arbitrarily)”. Often, the
tie breaking is done by giving preference to offspring, but for all our purposes there is no
difference.

When talking about the performance of the (u, A) EA or the (u+ A) EA, as usual in
runtime analysis [ADI11) NWT10, [Jan13, [DN20], we count the number of fitness evaluations

2To ease the presentation, we only consider the standard mutation rate 1/n, but we are confident that
our results in an analogous fashion hold for general mutation rates x/n, x a constant. Previous works have
shown that the constant x has an influence (again by constant factors) on where the boundary between
the “imitating elitism” and “no efficient progress” regimes is located. Since our result is that the (u, \) EA
for no realistic parameter settings beats the (1 + \) EA, we do not expect that a constant factor change
of the mutation rate leads to substantially different findings.
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until for the first time an optimal solution is evaluated. We assume that each individual
is evaluated immediately after being generated. Consequently, if an optimum is generated
in iteration ¢, then the runtime 7' satisfies

p+t—DA+1<T < p+tA (1)

Since we described the most important results on the (i, A\) EA already in Section
let us briefly mention the most relevant results for the (u+ A) EA. Again, due to the
difficulties in analyzing population-based algorithms, not too much is known. The runtimes
of the (14 \) EA, among others on ONEMAX and LEADINGONES, were first analyzed
in [JJWO05]. The asymptotically tight runtime on ONEMAX for all polynomial A was
determined in [DK15], together with an analysis on general linear functions. In [Wit06], the
runtime of the (1 + 1) EA on ONEMAX and LEADINGONES, among others, was studied.
The runtime of the (1 + A) EA with both non-trivial parent and offspring population sizes
on the ONEMAX function was determined in [ADFHIS)].

3.2 The Jump Function Class

To define the jump functions, we first recall that the n-dimensional ONEMAX function is
defined by

OM(z) = [l = >
=1

for all z € {0,1}"
Now the n-dimensional jump function with jump parameter (jump size) k € [1..n] is
defined by
lzlls + & if f|zfly € [0.n — K] U {n},
n—|lz|; if|zlien—k+1.n-1].

JUMP,(2) = {

Hence for k£ = 1, we have a fitness landscape isomorphic to the one of ONEMAX, but for
larger values of k there is a fitness valley (“gap”)

Gy ={r €{0,1}" | n—k < ||z]) <n}

consisting of the £ — 1 highest sub-optimal fitness levels of the ONEMAX function. This
valley is hard to cross for evolutionary algorithms using standard bit mutation. When using
the common mutation rate %, the probability to generate the optimum from a parent on
the local optimum is only p; = (1 — %)"*kn*k < n~k. For this reason, e.g., the classic
(1 + A) EA has a runtime of at least n* when k is not excessively large. This was proven
formally for the (1 + 1) EA in the classic paper [DJW02], but the argument can easily be
extended to all (1 + A) EAs (as we do now for reasons of completeness). We also prove an
upper bound, which will later turn out to agree with our lower bound for the (u, A) EA
for large ranges of the parameters.
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Theorem 3. Let i, \ € Z>y. Let n € Zsy and k € [2.n]. Let p, = (1 — 2)" *n~%. Let
T denote the runtime, measured by the number of fitness evaluations until the optimum is
found, of the (u+ \) EA on the JUMP,; function.

(i) Let h(n) := \/2nlog(un)). If k <5 — h(n), then

1 1
n Dk
otherwise E[T] > (1 — %)(,u + i) with k' := % — h(n).

(1)) E[T] < pik + O(nlogn +nu+ n/\% + (L+A) logu), where we write
l(})Lg+xE:: max{l,Inz} for all x > 0. If p <A, A = exp(O(n)), and \ = o(n—;k),

then E[T] < (1 +0(1))pik.

Proof. To cover both cases, let k' = min{k, & — h(n)}. Using the additive Chernoff bound

(Theorem [5) and a union bound, we see that with probability at least

no_ L2 2 1
1—@exp(—%) > 1—uexp<—h(27;) ) >1——

n

all p initial individuals = satisfy OM(z) < n — k’. Conditioning on this, in the remaining
run all individuals that are taken into the parent population also satisfy OM(z) < n — &’
(unless they are the optimum). Consequently, for an offspring to become the first optimum
sampled, there is a unique set of ¢ > k' bits in the parent that need to be flipped (and
the other bits may not be flipped). The probability for this event is (1 — L)"~#(1)f <
(1 — Lyn=*(1)¥ = p,,. Hence the time until this happens is stochastically dominated
(see, e.g., [Doel9al) by a geometric distribution with success probability py, which has an
expectation of zi' Together with the p initial fitness evaluations, this shows the lower
bound.

For the upper bound, we use a recent analysis of the runtime of the (u+ A) EA on
ONEMAX. In [ADFHI1S], it was shown that the (1 + A) EA finds the optimum of ONEMAX

in an expected number of

log™ log™ (A
O(nlogn—i—n,u—l—n)\ og” log /,u))

log™ (A/p)

fitness evaluations (the result is stated in terms of iterations in [ADFHIS|, but with
one immediately obtains the form above). It is easy to see from the proof in [ADFHIS]
that this bound also holds for the expected time until the (u + A) EA optimizing any jump
function as found an individual on the local optimum (if it has not found the optimum
before).

What cannot be taken immediately from the previous work is remainder of the runtime
analysis. In particular, since generating the optimum from the local optimum is more
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difficult than generating an individual on the next ONEMAX fitness level, we need a larger
number of individuals on the local optimum before we have a reasonable chance of making
progress. Since we mostly aim at a good upper bound in the regime where o and A\ are
not excessively large, we allow for the time until the whole population is on the local
optimum or better. By [Sud09, Lemma 2|, this takeover time is O((p + ) log i) fitness
evaluations (or the optimum is found earlier). From this point on, any further individual
has a probability of exactly p, of being the optimum, giving an additional p— term for
the runtlme bound. This shows the general upper bound. If u < A\, A = exp(O(n)) and
A=o(- o), then (u+ A)log = O(Alog A) = O(nA) = o(1/py). For similar reasons, the

expressions nu and n)\% are of lower order. Since k > 2, we have p, = Q(n?),
and thus also the nlogn expression is of lower order. ]

By using larger mutation rates or a heavy-tailed mutation operator, the runtime of the
(1+ 1) EA can be improved by a factor of k°*) [DLMNI7], but the runtime remains Q(n*)
for k£ constant.

Asymptotically better runtimes can be achieved when using crossover, though this is
not as easy as one might expect. The first work in this direction [JW02], among other
results, showed that a simple (p + 1) genetic algorithm using uniform crossover with rate
pe = O(3%) has an O(un?k?® + 2%p_ ') runtime when the population size is at least p =
Q(klogn). A shortcoming of this result, as noted by the authors, is that it only applies to
uncommonly small crossover rates. Using a different algorithm that first applies crossover
and then mutation, a runtime of O(n*~'logn) was achieved by Dang et al. [DFKT18|
Theorem 2|. For k > 3, the logarithmic factor in the runtime can be removed by using a
higher mutation rate. With additional diversity mechanisms, the runtime can be further
reduced down to O(nlogn + 4%), see [DFKT16]. The (1 + (A, \)) GA can optimize JUMP
in time O(n*+1/2E=9R)) [ADK20].

With a three-parent majority vote crossover, among other results, a runtime of
O(nlogn) could be obtained via a suitable island model for all k = O(n!'/?=%) [FKK*16]. A
different voting algorithm also giving an O(nlogn) runtime was proposed in [RA19]. Via a
hybrid genetic algorithm using as variation operators only local search and a deterministic
voting crossover, an O(n) runtime was shown in [WVHMIS].

Runtimes of O(n(})) and O(klog(n)(})) were shown for the (1 + 1) IA™P and the
(1+1) Fast-TIA artificial immune systems, respectively [COY17, [COY18]. In [LOW19], the
runtime of a hyper-heuristic switching between elitist and non-elitist selection was studied.
The lower bound of order (nlogn)+exp(£2(k)) and the upper bound of order O(n?*~1/k),
however, are too far apart to indicate an advantage or a disadvantage over most classic
algorithms. In this work, it is further stated that the Metropolis algorithm (using the 1-bit
neighborhood) has an exp(£2(n)) runtime on jump functions.

Without diversity mechanisms and non-standard operators, the compact genetic al-
gorithm a simple estimation-of-distribution algorithm, has a runtime of O(nlogn +
20y [HS18, Doel9d.
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4 Technical Tools

In this section, we collect a few technical tools that will be used in our proofs. All but
the last one, an elementary non-asymptotic lower bound for the probability to generate an
offspring with equal ONEMAX fitness, are standard tools in the field.

Let X be a binomially distributed random variable with parameters n and p, that is,
X =>"" | X; with independent Xj; satisfying Pr[X; = 1] = p and Pr[X; = 0] = 1—p. Since
X is a sum of independent binary random variables, Chernoff bounds can be used to bound
its deviation from the expectation. However, the following elementary estimate also does
a good job. This estimate appears to be well-known (e.g., it was used in [JJWO05] without
proof or reference). Elementary proofs can be found in [GWI17, Lemma 3] or [Doe20b,
Lemma 1.10.37].

Lemma 4. Let X ~ Bin(n,p). Let k € [0..n]. Then

Pr[X > k] < (Z)p’*

The following additive Chernoff bound from Hoeffding [Hoe63], also to be found, e.g.,
in [Doe20b, Theorem 1.10.7], provides a different way to estimate the probability that a
binomial random variable and, in fact, any sum of bounded independent random variables
exceeds its expectation.

Theorem 5. Let X1,..., X, be independent random variables taking values in [0,1]. Let
X =>",X,. Then for all A >0,

Pr[X > E[X] + A < exp (— Q—V)

n

As part of our additive drift with rescaling lower bound proof strategy, we need the
following additive drift theorem of He and Yao [HYO01], see also [Len20, Theorem 2.3.1],
which allows to translate a uniform upper bound on an expected progress into a lower
bound on the expected time to reach a target.

Theorem 6. Let S C Ry be finite and 0 € S. Let Xy, Xy,... be a stochastic process
taking values in S. Let 6 > 0. Let T = inf{t > 0 | X; = 0}. If for allt > 0 and all
s € S\ {0} we have E[X; — X1y | Xy = s] <6, then E[T] > @.

Finally, we shall use occasionally the following lower bound on the probability that
standard bit mutation creates from a parent  with OM(z) < n an offspring with equal
ONEMAX-value. The main difference to the usual estimate (1 — L)" = (1 — o(1))2, which
is the probability to recreate the parent, is that our lower bound is exactly %, which avoids

having to deal with asymptotic notation.

Lemma 7. Let x € {0,1}" with 0 < OM(x) < n. Let y be obtained from x via standard
bit mutation with mutation rate =. Then PrlOM(y) = OM(z)] > L.

Proof. Let k := OM(x). For y to have this same OM-value, it suffices that either no bit in
x is flipped or that exactly one zero-bit and exactly one one-bit are flipped. The probability
for this event is (1— L) 4228 (1 Lyn=2 > (1 _Lynynolg  Lyn=2 (1 Lyt > 10

n n
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5 A Lower Bound for the Runtime of the (;, \) EA on
Jump Functions

In this section, we prove our main result, a lower bound for the runtime of the (u, A) EA
on jump functions which shows that for a large range of parameter values, the (u, A) EA
cannot even gain a constant factor speed-up over the (1 + A) EA. With its Q(n*) order of
magnitude, our result improves significantly over the only previous result on this problem,
the exp(€2(k)) lower bound in [Leh10] (Theorem [1]in this work).

Before stating the precise result, we quickly discuss two situations which, in the light of
previous results, do not appear overly interesting and for which we therefore did not make
an effort to fully cover them by our result.

e When A < (1 —¢)ep for an arbitrarily small constant € > 0 and A is at most polyno-
mial in n, the results of Lehre [Leh10] imply that the (u, A) EA has an exponential
runtime on any function with a polynomial number of optima (and consequently,
also on jump functions). We guess that the restriction to polynomial-size A was
made in [Leh10, Corollary 1] only for reasons of mathematical convenience (together
with the fact that super-polynomial population sizes raise some doubts on the im-
plementability and practicability of the algorithm). We do not see any reason why
Lehre’s result, at least in the case of the (u, A) EA, should not be true for any value
of A (possibly with a sub-exponential number of iterations, but still an exponential
number of fitness evaluations).

e Rowe and Sudholt [RS14, Theorem 10] showed that for all constants ¢ > 0 the
(1, A) EA with population size A < (1—¢) log%1 n has an expected optimization time

of at least exp(Q(n°/?)) on any function f : {0,1}" — R with a unique optimum.
From inspecting the proof given in [RS14], we strongly believe that the same result
also holds for the (p, A) EA. Since this is not central to our work, we do not give a
rigorous proof. Our main argument would be that the runtime of the (1, A) EA on a
jump function is at least (in the strong sense of stochastic domination) its runtime
on ONEMAX. This follows from a coupling arguments similar to the one given
in [Doel9al, Proof of Theorem 23]. More precisely, when comparing how offspring
are selected in the JUMP and in the ONEMAX process, we can construct a coupling
such that the parent individuals in the JUMP process always are not closer to the
optimum than in the ONEMAX process. Now comparing how the (1, \) EA and the
(1, A) EA optimize ONEMAX, we see that the (u, \) EA may select worse parent
individuals than the (1,\) EA, which generate (in the stochastic domination sense)
worse offspring, leading to a larger optimization time. As said, we do not declare this
a complete proof, but since the case of small population sizes might generally not be
too interesting and since our not fully rigorous analysis indicates that an interesting
performance of the (u, \) EA is not to be expected here, we refrain from giving a
complete analysis.
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Let us declare the parameter settings just discussed as not so interesting since previous
works show or strongly indicate that the (i, A) EA is highly inefficient on any objective
function with unique optimum. Let us further declare exponential population sizes as not
so interesting (mostly for reasons of implementability, but also because Lemmawﬂl show
that they imply exponential runtimes). With this language, our following result shows that
the runtime of the (u, A) EA on jump functions with jump size k£ < 0.1n for all interesting
parameter choices is, apart from lower order terms, at least the one of the (1 + A) EA. For
k > 0.1n, this runtime is at least n®).

Theorem 8. Let ¢ < 0.1 and C be large enough such that (4¢)¢/?> < e72. Letn > 2. Let
Cln(n) < A< 2exp(0.16n) and p < 3. Letd = 1+c and h(n, \) := exp(— (1= 26/)2 )\)+Z§:TlL.
Let k € [2.n] and py, := (1 — 2)"Fn=Fk.

If k < cn, then the expected runtime, measured by the number of fitness evaluations

until the optimum is evaluated, of the (u, \) EA on jump functions with jump size k is at
least

O

Ty = (1 — exp(—0.16n)) (u + (1 —h(n, A)),i) =L —oM)(r+ ),

where the asymptotic expression is for n — 0o and A\ = w(1).
For k > cn, the expected runtime is at least T)ey,.

We phrased our result in the above form since We felt that it captures best the most
interesting aspect, namely a runtime of essentially = when k < 0.1n and A = Q(logn)

suitably large. Since our result is non-asymptotic, both ¢ and C' do not have to be constants.
1

Hence if we are interested in the smallest possible value for A that gives an (1 — o(1))--

runtime, then by taking ¢ = £ and C' = 4/In(n/(4k)), we obtain the following result.
Corollary 9. Let k > 2. Let n > 10k and

In(n) <A < 2exp(0.16n).

Let p < 3. Letd = 14+-£ With h(n,\) := exp(—(l_gcl)z)\)%—i’;:}l and py, = (1—1)""Fn=F,
the expected runtzme of the (1, \) EA on JUMP,,, is at least

Ty 1= (1= exp(=0.16n)) (s + (1 = A, \))L ) = (1= o(1) (1 + L),

where the asymptotic expression holds for n — oo and X\ = w(1).
In particular, if k = O(n'~¢) for a constant € > 0, then it suffices to have A = w(1) for
the lower bound (1 —o(1))(u + pik) to hold.

Before giving the precise proof of Theorem [§ let us briefly explain the main ideas.
As discussed earlier, this proof is an example for proving lower bounds by applying the
additive drift theorem to a suitable rescaling of a natural potential function. As this work
shows, this method can give very tight lower bounds, different from, say, negative drift
theorems.
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The heart, and art, of this method is defining a suitable potential function. The
observation that the difficult part of the optimization process is traversing the region
{z € {0,1}" | OM(z) € [n — k..n]} together with the fact that the lower bound given
by the additive drift theorem depends on the difference in potential of starting point and
target suggested to us the following potential function. For a population P, let OM(P)
denote the maximum ONEMAX-value in the population. For OM(P) > n — k, the poten-
tial of P will essentially be min{nOM@)=(n=k) ﬁ} All other populations have a potential

of zero. This definition gives the desired large potential range of /\—]1% and, after proving
that the expected potential gain is at most one and the initial potential is zero with high
probability, gives the desired lower bound on the runtime. The proof below gives more
details, including the precise definition of the potential, which is minimally different from
this simplified description.

Since the classic definition of the runtime of an evolutionary algorithm, the number of
fitness evaluations until the optimum is evaluated, implies that we usually lose a number
of A — 1 fitness evaluations when translating iterations into fitness evaluations (since we
usually cannot rule out that the optimum is sampled as the first individual generated in
the iteration which finds the optimum, see ), we add a short argument to the proof of
Theorem [§] to gain an extra A fitness evaluations. The main observation is that both the
1 initial individuals and the X offspring of the first generation are uniformly distributed in
the search space. This makes them very unlikely to be the optimum, and this argument
(with some finetuning) allows us to start the drift argument from the second iteration on.

We now give the complete proof of our lower bound result.

Proof of Theorem[§ For a unified proof for the two cases that k is at most cn or greater
than cn, let us denote by k' the jump size and recall that this can be a function of n.
Let k := min{k’, |cn]}. Assume that n and X are large enough so that h(n,\) < 1, as
otherwise there is nothing to show

Let gmax = (1 — h(n, )\)) . Note that by our assumptlon Jmax > 0. Also, we easily

see that gmax < nf: If X > 3, then Imax < >\117k < ,\n—k/ < n¥; however, if A\ = 2, the only
other option leaving us with a positive integral i, then h(n,\) > exp(—(1—2/e)?) > 0.93
and again gmax = (1 — h(n, /\)) <0.07 2 <nf

For all L € [1..k], let g(L) := mm{n ,gmax} and let g(0) := 0. Let k* be the smallest
integer in [1..k] such that g(k*) = gmax. Note that k* is well defined since gpa < n*.

For all individuals z € {0,1}", denote by

OM(z) = Zml [0..n] its ONEMAX-value,

l(x) = max{O, OM(z) — (n —k)} € [0..K],
g(x) = g(l(x)) € {0,n,n% ..., 1", gmax} N[0, Gmax)-
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For a population P, that is, a multiset of individuals, we write

OM(P) := max{OM(z) | z € P},
(P) =max{{l(z) | x € P} = max{0, OM(P) — (n — k)},
9(P) =max{g(z) | z € P} = g(((P)).

We use g(P) as a measure for the quality of the current population of the algorithm. We
shall argue that we typically start with g(P) = 0 and that one iteration increases g(P)
in expectation by at most 1. Since we have g(P) = gmax if P contains the optimum, the
additive drift theorem yields that it takes an expected number of at least g(k*) iterations
to find the optimum. Let us make these arguments precise.

We first show that with high probability both the initial population Py and the first off-
spring population (and, consequently, also P;) contain no individual x with OM(x) > n—k.
For this, we first observe that trivially the random initial individuals are uniformly dis-
tributed in {0,1}". We recall that if z € {0,1}" is uniformly distributed, then this is
equivalent to saying that the random variables zq,xs,...,z, are independent and uni-
formly distributed in {0, 1}. Interestingly, also the individuals of the first offspring popu-
lation are uniformly distributed, since they are generated from taking a random individual
by flipping each bit independently with probability % Consequently, all their bits are in-
dependent and uniformly distributed in {0, 1} (the different offspring are not independent,
but this independence is not needed in the following). By the additive Chernoff bound
(Theorem [f]), the probability that a random individual z satisfies OM(z) > (1 — ¢)n is
at most exp(—2(0.5 — ¢)?n*/n) = exp(—0.32n) by our choice of ¢. Since u < 3 and
A< %exp(O.lGn), a simple union bound over the p initial individuals and the A offspring
shows that with probability at least 1 — (1 4+ A) exp(—0.32n) > 1 — exp(—0.16n), none
of these individuals z satisfies OM(z) > n — k. In this case, the population P; satisfies
g(P;) = 0 and up to this point, the algorithm has used p + A fitness evaluations without
ever sampling the optimum.

We now analyze the effect of one iteration. Let P be a population of i elements that
does not contain the optimum. Let P’ be the (random) offspring population generated in
one iteration of the (u, A\) EA started with P, and let P” be the next parent population,
that is, the random population generated from selecting p best individuals from P’.

Let ¢ := OM(P) and j > max{i,n — k}. Hence if OM(P") = j, then ¢(P") > ((P),
and in the case that ¢ < n — k + k* we have made a true progress with respect to our
measure g(P). For this reason, we now compute the probability that OM(P”) = j.

We consider first the case j = n. Note that here OM(P’) = j implies OM(P") = j.
Let x be an element of P and y be an offspring generated from x by mutation. Then
Prly = (1,...,1)] = (1 — 2)OM@)p~(=OM@) < (1 — Lyip=(=9) "ysing that n > 2 > 2. By
a union bound over the X offspring, we have OM(P’') = OM(P") = n with probability at
most

PrlOM(P") = n] < A(1 — L)in=(n=0), (2)

Let now j < n. By the definitions of the (i, \) EA and the jump functions, we have
OM(P") = j only if P’ contains at least A — p + 1 individuals y with OM(y) € [j..n — 1].
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To obtain an upper bound for Pr[OM(P") = j| we regard the (slightly larger) event £ that
P’ contains at least A — o + 1 individuals y with OM(y) € [j..n].

To analyze this event &, let again * € P and y be a mutation-offspring generated
from x. By a natural domination argument [Wit13, Lemma 6.1], the probability of the
event OM(y) > j does not decrease if we increase OM(x). For this reason, let us assume
that OM(z) = max{i,n — k} =: i. Now for OM(y) > j to hold, at least j — 7 of the
n — 1 zero-bits in x have to be flipped. The number of flipped zero-bits follows a binomial
distribution with parameters n — 7 and % By Lemma , we have

PrlOM(y) > j] < (" B Z) n=0=9 < (” = 5>H .

j—1 n

Since the individuals of the offspring population P’ are generated independently, the num-
ber of offspring y with OM(y) € [j..n] is binomially distributed with parameters A and
some number p’ < p;;. Using again Lemma , we see that

PrlOM(P") = j] < Pr[¢]

o~ j—i A—p+1
< A (p')’\_”H < 9 n—1
T\ —p+1 - n
-1\ M? (G—=9)A/2
(1))
n n

< ((40)P) " < 7, 3)
where we used the estimates ( /\72 +1) < 2* and our assumptions pu < % and (4¢)9/? < e72,

So far we have computed that it is difficult to strictly increase OM(P) (once OM(P)
is above n — k). Using a similar reasoning, we now show that also the probability of the
event OM(P) = OM(P") is small (when ¢ := OM(P) > n — k). Again, for this event it is
necessary that at least A — pu + 1 offspring y satisfy OM(y) € [i..n]. Let y be an offspring
generated from a parent y € P. As above, using a domination argument we can assume
that OM(z) = OM(P) = i. For such an x, we have OM(y) > i only if either no bit at
all flips or if at least one zero-bit is flipped. Hence PrflOM(y) > i] < (1 — )" + p; 4y <
I+ % < 14 ¢=¢ <0.5. Denoting by X the number of offspring y with OM(y) > 4, we
have F[X] < ¢A. Using the additive Chernoff bound (Theorem [5)) rather than Lemma
and p < %)\, we compute

PrlOM(P") =i <Pr[X > A — pu+1]
< Pr[X > 1A < Pr[X > E[X] + (0.5 — )]

om0 DY (22T

We are now ready to compute the expected progress of g(P) in one iteration. Let first
{(P) = 0 and thus g(P) = 0. Since Pr[¢(P") = L] <n2F for all L € [1..k — 1] by () and
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Pr[((P") = k] < Apy by (2), we have

k—1
E[g(P")] <1-g(0)+ Y n™?" - g(L) + APk - Gmas
L=1
k—1 1
—L
§O+g;n +1=h(n,A) < ——+1—h(n,A) <1

by the choice of gmax and h. Consequently, E[g(P") — g(P)] < 1.

For ¢ := {(P) > 0, the probability to reach ¢(P") = k is larger, however, we profit from
the fact that we can reduce the potential by having ¢(P”) < ¢. Since there is nothing to
show when ¢(P) is already at the maximal value gnax, let us assume that ¢ < k*. Now

equations , , and give

Pr[f(P”) _ k] S )\(1 . %)n—(kff)nf(kfé) S )\(1 . %)nfknf(kff)’
Pr¢(P")=L) <n "9 Le[l+1.k—1],

_ /\2
Pr[g(P//> — g] S exp (_w)\) .

With these estimates, we compute

Elg(P")] < Prlt(P") = K guus + 3 PrIU(P") = L g(L)
PP = (g(0) +1-g(f — 1)
<A1 = LynEp =m0 (1 — h(n, N))

% 1— %)—(n—k)nk
0 1—9¢ 2
+ Z n—Q(L—z)nL+eXp(_( 5 ) )\)ne+n£—1
L=0+1
1 (1—2c)2 1
=g(P)l1—-h(n,\) +—— —_—— —
m>( (m)+n_fwm( 5 +-
=g(P)

by our choice of gn.x and h as well as our assumption that g(P) < gmax. Consequently,
again we have E[g(P") — g(P)] < 1.

Assuming that the population P; satisfies g(P;) = 0, we can now apply the additive
drift theorem (Theorem @ as follows. As before, let P, denote the population at the end
of iteration ¢. For all ¢ > 0, let X; = gmax — 9(Pry1). Then X = gmax and E[X; — X4 |
X; > 0] <1 for all t > 0. Consequently, the additive drift theorem (Theorem @ gives
that 7' := min{t | X; = 0} has an expectation of at least gmay. By definition, X; = 0 is
equivalent to saying that P,,; contains the optimum. Recall that if optima are generated
in some iteration ¢, then some remain in P,. Hence T + 1 is indeed the first iteration in
which the optimum is generated.
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If the optimum is found in some iteration ¢ > 1, then the total number of fitness
evaluations up to this event is at least p + (t — 1)\ + 1, where the p accounts for the
initialization and the —1 and +1 for the fact that the optimum could be the first search
point sampled in iteration ¢ (so that we cannot count the remaining offspring generated
in the last iteration, see also (|1))). This gives an expected optimization time of at least
p+ (ET +1] = 1A+ 1= ft + gmaxA + 1 in the case g(P;) = 0.

Since we have g(P;) = 0 with probability 1 — exp(—0.16n), the expected runtime is at
least (1 — exp(—0.16n)) (1 + gmaxA + 1). Recalling that gmax = (1 — h(n, )\))A—;k, we have
proven the theorem. O

Since it might be useful in other applications, we now explicitly formulate our lower
bound of, essentially, i + A, which was observed in the proof above.

Lemma 10. Let f:{0,1}" — R. Assume that f has at most M global optima. Let u, A
be positive integers. Consider the optimization of f via the (u, \) EA (and assume p < A
in this case) or the (u+ \) EA. Let N < p+ X. Then with probability 1 — MN2~", the
optimization time is larger than N. In particular, the expected optimization time is at least
(1—MN27")(N +1) > i min{p + X, 2"/M}.

Proof. As discussed in the proof of Theorem [§] each of the first ©+ A individuals generated
in a run of the (u, A\) EA (and the same applies to the (1 + A) EA) is uniformly distributed
in {0,1}". Consequently, it is an optimum with probability at most M2~". By a union
bound over the first N of these u + A individuals, the probability that one of them is
optimal, is at most NM27". This gives the claims, where the last estimate follows from
taking N = min{u + A, 2"/(2M)}. O

6 A Tight Upper Bound

While our main target in this work was showing a lower bound that demonstrates that
the (i, \) EA has little advantage in leaving the local optima of the jump functions, we
now also present an upper bound on the runtime. It shows that our lower bound for large
parts of the parameter space is tight including the leading constant. This might be the
first non-trivial upper bound for a non-elitist evolutionary algorithm that is tight including
the leading constant. This result also shows that our way to exploit negative drift in the
lower bound analysis, namely not via the classic negative drift theorems, but via additive
drift applied to an exponential rescaling, can give very precise results, unlike the previously
used methods.
We shall show the following result.

Theorem 11. Let K be a sufficiently large constant and X > Klnn. Let 0 < <1 be a

constant and p < ﬁ)\. Let k € [2.n] and p, = (1 — £)" *n~F. Then the runtime T of

the (u, \) EA on JUMP,,, satisfies

A Cn Cn 1
ETN<——|[8C 1 91/
[ ]_1—n1/2< n+1+ pk>\+pk)\Ln3/2J+pk>\>’
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where C' is a constant depending on § onlyf]
Consequently, for X\ = o(1/(npy.)) = o(n*1), we have E[T] < (1 + 0(1)) -, and for
A= Q(1/(npr)) = Qn*1), we have E[T] = O(An).

We note that when A = o(n*1), A > Klnn with K a sufficiently large constant,
< T+9) 5 —=\, and k£ < 0.1n, our upper bound and our lower bound of Theorem [§ agree
including the leading constant. So we have a precise runtime analysis in this regime.

We did not try to find the maximal range of parameters in which the runtime is (1 &+
0(1))pik. From |RS14] (see the discussion at the beginning of Section [5)) it is clear that for

A < clnn, ¢ a sufficiently small constant, the runtime is exp(2(n®)), where C'is a constant
that depends on c. For p > = 5 7=\, Lehre [Leh10] gives an exponential lower bound. The
restriction to £ < 0.1n is most hkely not necessary, but the range of larger k appears not
to be overly interesting given that the super-exponential lower bound from the case 0.1n
still applies.

When A = Q(n*F~1), besides being a possibly unrealistically large population size, our
time estimate of O(n) iterations is the same as the best known upper bound for the runtime
of the (u, \) EA on the ONEMAX test function [CDELIS|. Since this analysis works with
the natural partition into ©(n) fitness levels, the runtime order of O(n) shows that each
fitness level is gained in an amortized constant number of iterations. This speed of progress
on a difficult problem like jump functions again indicates that the offspring population size
A here is chosen too large.

The exact order of magnitude of the runtime of the (1, A) EA on ONEMAKX is still an
open problem. The upper bound proven for the (1 + A) EA in [ADFHIS]|, which in our
setting simplifies to O("log” + nloiglf/’\;f £), indicates that there could be some (but not
much) room for improvement. So clearly, the next progress here should rather be for the
ONEMAX function than for jump functions.

The result in Theorem [11{ above improves over the O(n* + n\ + Xlog \) upper bound
for the runtime of the (u, A\) EA on JUMP,,, proven in [CDELI1S] (see Theorem [2)) in three
ways. First, as discussed above, we make the leading constant precise (and tight for large
ranges of the parameters). Second, we obtain a better, namely at most linear, dependence
of the runtime on A. Third, we reduce the minimum offspring population size required for
the result to hold, which is Q(klogn) in [CDELIS| and Q(logn) in our result.

6.1 Level-based Analyses

A central step in our proof is an analysis of how the (u, A\) EA progresses to a parent
population consisting only of individuals on the local optimum. Since the (u, ) EA is a
non-elitist algorithm, this asks for tools like the ones introduced by Lehre [Leh11] and then
improved by various authors [DL16a, [CDELIS, [DK20]. Unfortunately, all these results
are formulated for the problem of finding one individual of a certain minimum quality.
Consequently, they all cannot be directly employed to analyze the time needed to have the

3More precisely, Cn could be replaced by ¢, from @
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full parent population consist of individuals of at least a certain quality. Fortunately, in
their proofs all previous level-based analyses proceed by analyzing the time until a certain
number of individuals of a certain quality have been obtained and then building on this
with an analysis on how better individuals are generated. Among the previous works it
appears that [DK20] is the one that makes this argumentation most explicit, whereas the
other works with their intricate potential function arguments give less insight into the
working principles of the process.

For this reason, we build now on [DK20]. To avoid restating an essentially unchanged
proof from [DK20], we instead first state the level-based theorem shown in [DK20], explain
where the different expressions in the runtime estimate stem from, and then state without
explicit proof the level-based result we need. With the explanations given beforehand, we
feel that the interested reader easily can see from [DK20] why our level-based theorem is
correct.

The general setup of level-based theorems for population processes is as follows. There
is a ground set X', which will be search space {0,1}" in our applications. On this ground
set, a population-based Markov process (P;) is defined. We consider populations of fixed
size A\, which may contain elements several times (multi-sets). We write X* to denote the
set of all such populations. We only consider Markov processes where each element of the
next population is sampled independently (with repetition). That is, for each population
P € X*, there is a distribution D(P) on X such that given P;, the next population P,
consists of A\ elements of X, each chosen independently from the distribution D(F;). We
do not make any assumptions on the initial population F.

In the level-based setting, we assume that there is a partition of X into levels
A, ..., A,,. Based on information in particular on how individuals in different levels are
generated, we aim for an upper bound on the first time such that the population contains
an element of the highest level A,,. Now the level-based theorem shown in [DK20] is as
follows.

Theorem 12 (Level-based theorem). Consider a population process as described above.

Let (Ay, ..., Ap) be a partition of X. Let As; = \UZ; A; for all j € [L.m]. Let
21y ey Zm-1,0 € (0,1], and let o € (0 with Yo € Z. Let Dy = min{[100/07], oA}
and ¢; = 56000. Let

7000 — 270\ 11
t°—T< 1—%2 <1+D> xZ;)

1
7?;,.5]

=1

where logh(z) := max{0,log,(z)} for all v € R. Assume that for any population P € X*
the following three conditions are satisfied.

(G1) For each level j € [1.m — 1], if |[P N As;| > /4, then

P Asiiq] > 2.
yNDl("P)[y € Axjn] > 2

25



(G2) For each level j € [1.m — 2] and all v € (0,7%], if |[P N As;| > YA/4 and
|PﬂAZ]‘+1’ > ’)/>\, then

P Asi] > (1+6)7.
Jr W € Azj] 2 (14 0)y

(G3) The population size \ satisfies

256
A > —— In(8ty).
~ Y0 (8o)

Then T := min{\t | P, N A,, # 0} satisfies

A 270)\ 11
< = Cc1— E — E _
E[T]_S)\to C16< 1_70 1 ( > b\ < Z)

Let us explain where the time bound stated in this theorem stems from. We argue in
terms of iterations now, not in terms of search point evaluations. Then the time bound is
8to with tg as defined in the theorem. The main argument of the proof given in [DK20] is as
follows. Let us, in the next three paragraphs, say that a population P is well-established on
level j if |P N As;| > 70A/4. Now condition (G2) imposes that if the current population
is well-established on level j, then the number of individuals on level j 4+ 1 or higher
increases, in expectation, by a factor of 1 + ¢ until at least v\ such individuals are in the
population. It appears natural (and is true, but not trivial to prove) that it takes roughly
logy,5(70A) ~ 5log(yA) iterations from the first individual on level j + 1 to having at
least 7oA individuals on this level. This explains roughly the middle term in the definition
of tg. Without going into details, we remark that the extra %—’\ expression exploits that
when generating individuals on a higher level (as described in (Gl)) is easy, then we can
assume that we do not start with a single individual on level j + 1, but with roughly z;A
individuals. Consequently, we need the factor-(1 4 §) growth only to go from z;A to A
individuals.

The remaining term m + 5 Z Z accounts for the time needed to generate the first

individuals on a higher level. leen that the population is well-established on some level j,
by (G1) the probability that a new individual is on level j + 1 or higher is at least z;.
Since we generate A individuals in each step, the time to find an individual on a higher level
(tacitly assuming that we stay well-established on level j, which is ensured by (G3) via
Martingale concentration arguments) is at most [ X/A| < 14+ X/\, where X is geometrically
distributed with success probability z; and thus expectation zi

This explanation of the definition of t; motivates that we can extend the result of
Theorem [12[ to statements on how long it takes to have a certain level well-established (or
even filled with at least 7oA individuals). This is what we do now. We omit the formal
proof, but invite the reader to consult the proof in [DK20], which immediately yields our
claim.
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Corollary 13 (Level-based theorem for filling sub-optimal levels). Let a population process
be given as described above.

Let (Ay,..., Ap) be a partition of X. Let As; == \U;Z; Ai for all j € [L.m]. Let
21y Zm—1,0 € (0,1], and let v € (0, 1_41-5] with yoA € Z. Let Dy = min{[100/0],y0A}
and ¢; = 56 000.

Let ¢ € [1.m — 1] and

(-1 l
7000 1 2 ) 1L 1
folh) = =5 <m+1_%210gg< - ) XZZ)
j=1 =1

where logh(z) := max{0,log,(z)} for all x € R. Assume that for any population P € X*
the following three conditions are satisfied.

(G1) For each level j € [1..0 — 1], if |P N As;| > 7A/4, then

P A > 2.
yNDEP)[y € ZJ+1] Z Zj

(G2) Foreach level j € [1..£—2] and ally € (0,7], if |[PNAs;| > vA/4 and |PNAs; 1] >
YA, then
ywlgﬁp)[y € Asjn] = (1+0)y
(G3) The population size \ satisfies

256
A > —1In(8%(¢)).
> = n(8to(0)

Then T := min{t | |P, N As¢| > A} satisfies

-1
E[T] < 8Mty(¢) = 2(m+—21 <2%A >+§ zl)

j=1 "

6.2 Proof of the Upper Bound

We are now ready to prove our upper bound result. We start by giving a brief outline of
the main arguments. We use our variant of the level-based theorem to argue that from any
possible state of the algorithm, it takes an expected number of O(n) iterations to reach
a parent population that consists only of individuals in the local optimum (or the global
optimum, but since we are done then, we can ignore this case). We call this an almost
perfect population. From this point on, we cannot use the level-based method anymore,
since the small probability for going from the local to the global optimum would require a
large value of A\, a requirement we try to avoid. This requirement is necessary in the level-
based method because there one tries to ensure that once a decent number of individuals
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are on at least a certain level, this state is never lost. When A is only logarithmic in n, there
is an inverse-polynomial probability to completely lose a level. Since for, say, k = O(n),
we expect a runtime of roughly n* /), in this time it will regularly happen that we lose a
level, including the cases that we lose a level in each of several iterations or that we lose
several levels at once.

We overcome this difficulty with a restart argument. Since the probability for such an
undesirable event is only inverse-polynomial in n, we see that we keep an almost perfect
population for at least n? iterations (with high probability). Since it took us only O(n)
iterations to reach (or regain) an almost perfect population, we obtain that in all but a
lower order fraction of the iterations we have an almost perfect parent population. Hence
apart from this lower order performance loss, we can assume that we are always in an
almost perfect population. From such a state, we reach the optimum in one iteration with
probability 1 — (1 — pg)?, which quickly leads to the claimed result.

We now state the formal proof, which makes this proof sketch precise and adds a few
arguments not discussed so far.

Proof of Theorem[11] Since n™ is a trivial upper bound for the expected runtime of any
evolutionary algorithm creating all individuals as random search points or via standard bit
mutation w1th mutation rate £, simply because each of these search points with probability
at least n™" is the optlmumﬁ we can assume that k£ < n.

Let m =n+ 1 and let A;,..., A, be the partition of {0, 1}" into the fitness levels of
JUMP,, that is, for all ¢ € [1..m — 1] we have A; = {z € {0,1}" | f(z) =i} and for i =m
we have A; = {(1,...,1)}. In particular, for all i € [1.m — 1] and all z € A;, y € A; 41 we
have f(z) < f(y). Also, A, consists of the unique optimum and A,,_; consists of all local
optima.

Consider a run of the (1, A) EA on JUMP,;. As in Algorithm [I] we denote by P, the
population (of size ;1) selected in iteration ¢, which serves as parent population in generation
t 4+ 1. Let Py denote the initial population. We denote by @; the offspring population (of
size A) generated in iteration ¢. Hence P, consists of y best individuals chosen from ;.
For the sake of a smooth presentation, let )y be a population obtained from P, by adding
A — p random search points of minimal fitness. Note that we can again assume that F, is
obtained from @)y by selecting p best individuals.

We say that a parent population P is almost perfect if P, C As,,—;. Note that this is
equivalent to having |Q; N Asp_1| > p.

Step 1: We first argue that for any time s > 0 and regardless of what is (s, the first
time S > s such that Py is almost perfect satisfies E[S — s] < 8ty, where

om g (e 25 S (%) 150

To ease the notation, we assume that s = 0. To estimate S, we apply our variant of the
level-based theorem (Corollary to the process (Qt)t>0. Since optimizing jump functions

4This argument, ignoring however the initial search points, was made already in [DJW02] to show this
runtime bound for the (1 + 1) EA.
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up to the local optimum is very similar to optimizing the ONEMAX function, this analysis
is similar to an analogous analysis for ONEMAX (where we note that the work [CDEL1S]
proving the previous-best result for ONEMAX for most details of the proof refers to the

not very detailed conference paper [Lehll]).
We choose suitable parameters to use the level-theorem. For j € [1..k — 1], this cor-
responds to the fitness levels lying in the gap region of JUMP,;, let z; = }l—n] For
€ [k.m — 2], here A; consists of the search points z with OM(z) = j — k, we let

zj = i# Note that for j € [1..k — 1], we have z; > i%, and hence

m—2

Zzi<4enz < 4denlnn, (5)
J

J=1 =

recalling that the harmonic number H, = " 1 satisfies H, < In(n) + 1, see, e.g.,
[Doe20b), (1.4.12)]. Note also, for later that for any j we have z; > 121,
Let 7o be such that Yo\ = | =2~ 1+5

|. Note that by our assumption that A is large, v\
is an integer greater than one as required in Corollary l Also, 79 < as required.

1
1+6
By our assumption A > (1 + d)eu, we have v\ > p. Trivially, 7o < m < 1 Let
Dy = min{[100/§], voA}.

We check that the conditions (G1) to (G3) of Corollary [13] are satisfied for £ = m — 1.
To show (G1) and (G2), let t > 0 be any iteration.

(G1): Let j € [1.m — 2| such that |Q; N As;| > 7A/4. We need to show that an
offspring y generated in iteration ¢ 4+ 1 is in A>;;; with probability at least z;. Let first
Jj > k, that is, A; is not a level in the gap. Let y be an offspring generated in iteration
t+1 and let x € P, be its random parent, which we can assume to be not the optimum as
otherwise we would be done already. Since y9\/4 > u/4, there are at least p/4 individuals
in P, N As;. Hence with probability at least 1/4, we have x € As;. In this case, we have

n—1 .
Prly € Aj] > min{l, (1 - l) w}
e n n

— =k

- en Y
where the first case refers to x already being in As 44, thatis, 1 <j+1—k < OM(z) <
n—1, and uses Lemma/[7], and where the second case refers to 2 € Aj, that is, OM(z) = j—Fk.
In total, we have Prly € As,i4] > 1M = z;. If j <k, we proceed analogously with
the only exception that, since in the ﬁrst case we could have OM(z) = 0, we now estimate
PrlOM(y) = OM(z)] > (1 — L) We thus obtain Prly € 441 | € A5;] > min{(1 —
Lyn (1-2)yn=tn=dy > (1—Lyn=1n2l > 22 Consequently, now Prly € Asjyq] > 1251 = 2.
(G2): Let j € [1.m — 2] such that |Q: N Asj| > vA/4. Let v € (0,7)] such that
|Qr N Asj1] > yA. We need to show that an offspring y generated in iteration t + 1
is in As;y; with probability at least (1 4+ d)7. Let z be a parent selected uniformly at

random from P, where again we assume that P; contains no optimal solution. There are
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at least min{y\, u} > min{y(1 + d)ep, pu} = v(1 + d)ep individuals in P, N A>;4;. Hence
with probability at least y(1 + d)e, we have x € As;iy. In this case, Prly € As;11] >
Pr[OM(y) = OM(z)] > % by Lemma [7| when OM(z) # 0. When OM(z) = 0, then
Prly € Asj1] > Pr[OM(y) € {0,1}] > Pr[Vi € [2.n] : 2, = y] = (1 — 2)"' > 1 where
the first estimate uses our assumption k < n. Hence without conditioning on z € A1,
we have Prly € Asjiq] > y(1+d)e- £ > (14 6)y.

(G3): We first estimate ty. We recall that vy < % and z; > }1% for all j. Thus, for
all j € [1..m — 2], we have

2790 A 2/e)D D
logg %z.,\ < logg (—( /e) 0) < log2(8 0@).
1+ 5—0 Zj n—y

Consequently,

e (8Dgn)" e
Se_lb&( - >:€_an&@d%%

where we used the well-known estimate n! > (n/e)", see, e.g., [Doe20bl, (1.4.13)].
From this and , we obtain

10* — 27(])\ 11
“:7< 1—%2 ( ) X§Z>

=1

4

< Ll (m + Lnlog;2(86D0) + 14671 In n) = O(n), (6)
) e—1 A

where the asymptotic estimate uses the fact that A\ = Q(logn). This shows (G3).

From (G1) to (G3), Corollary[L3|shows that after an expected number of 8¢, iterations,
we have reached an offspring population Q; with [Q; N A>,—1] > YA = p and thus an
almost perfect population P,.

Step 2: We now show that when P, contains only local optima, then with probability
at least 1 — n~2, the same is true for P,,; or the global optimum has been found. Indeed,
by our initial assumption k < n, the search points on the local optimum have a ONEMAX-
value between 1 and n — 1. Hence Lemma (7] implies that X := [Q;11 N Asp—1| follows
a binomial law with parameters A and success probability at least % By the additive
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Chernoff bound (Theorem [5)), we have

Pr XgL = Pr XgE[X]—LE[X]
e(1+9) 1+

< exp <——2(1%6E[X])2>

2/ 6§ \?
— < 2
ep( <1+5) A>—"

by our assumption that A > K In(n) with a constant K sufficiently large. Since p < (1+ 5
we have [P N Aspo1| < ponly if X < pu < As just computed, this happens with

-2

1+§
probability at most n

Step 3: Recall that p, = (1— %)”_kn_k is the probability to generate the optimum from
a parent on the local optimum. Let T = min{ L/to/x\pk—‘, LnS/QJ } We call a phase of a

run of the algorithm an interval of (i) first all iterations until we have an almost perfect
parent population P, and then (ii) another exactly Tj iterations. We assume here for
simplicity that we continue to run the algorithm even when it found the optimum; in such
a case, we replace such an optimum immediately with a random search point on the local
optimum. Since we are interested in the first time an optimum is found, this modification
does not change our results. By definition and step 1 above, the expected length of a phase
is at most 8ty + Tj regardless of how this phase starts.

We call a phase regular if after reaching an almost perfect parent population P, we
never (in the following exactly Ty iterations) encounter a parent population P; that is not
almost perfect. By a simple union bound and step 2 above, each phase is regular with
probability at least 1 — n=2Ty > 1 — n~ /2, regardless how the phase started and how it
reached an almost perfect parent population.

A regular phase is successful if it finds the optimum at least once. Since in a regular
phase at least AT times an offspring is generated from a parent on the local optimum
(which results in the global optimum with probability py), and since these offspring are
generated independently, the probability for a regular phase to be not successful is at most
(1—py)*0, which is at most m by an elementary estimate stated as Lemma 8 in [RS14].

Since thus a regular phase is successful with probability at least 1 — 5 +pi = ﬁ’;’g?fo, it

7; regular phases to find the optimum. Since
~1/2

14+ppATo 1
takes an expected number of Ty = 1+ oo

phases are regular with probability at least 1 — n™"/=, it takes an expected number of at
most 1+1/2 (1+ %) phases to find the optimum. By Wald’s equation, these take an
-n PrALO

expected number of at most —— - (1+ m) - (8tg + Tp) iterations. We estimate

1 8to 1
1 - (8t Ty) = 8t T —
( +pk)\To> (8to + To) o+ 0+pk)\To+pk/\

to to 8ty 1
<8tg+4/—+1+8 + + .
‘ DrA V orA  peAln®2] 0 peA
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Recalling that to = O(n), we note that this expression is O(n) when ppA = Q(1/n) and
(1+ 0(1))$ when pgA = o(1/n). Recalling further that each iteration contains A fitness
evaluations, see also , the claim follows. O

7 Conclusion

In this work, we observed that for all reasonable parameter values, the (u, \) EA cannot
optimize jump functions faster than the (ux+ A) EA. The (u, \) EA thus fails to profit
from its ability to leave local optima to inferior solutions. While we prove this absence
of advantage formally only for the basic (1, A) EA and jump functions (which constitute,
however, a standard algorithm and a classic benchmark), we feel that our proofs do not
suggest that this result is caused by very special characteristics of the (i, \) EA or the
jump functions, but that it rather follows from the fact that leaving a local optimum
having moderate radius of attraction via comma selection is generally difficult because,
relatively independent of the population sizes, there is a strong drift towards the local
optimum. We do not show such a strong drift when A < 24, but in this case the selection
pressure is known to be so low that no efficient optimization is possible.

Overall, this work suggests that the role of comma selection in evolutionary computation
deserves some clarification. Interesting directions for future research could be to try to find
convincing examples where comma selection is helpful or a general result going beyond
particular examples that shows in which situations comma selection cannot speed up the
optimization of multimodal objective functions. From a broader perspective, any result
giving a mildly general advice which of the existing approaches to cope with local optima
are preferable in which situations, would be highly desirable. The new analysis methods
developed in this work, which can yield precise runtime bounds for non-elitist population
processes and negative drift situations, could be helpful as they now allow to prove or
disprove constant-factor advantages.
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