
Parseval’s theorem) to minimizing the difference between the
model electron density and the density corresponding to the map
coefficients �FO� exp�i�C�; a lower residual is obtained either by
making the model look more like the true structure, or by making
the model-phased map look more like the model through the
introduction of systematic phase errors.

A number of strategies are available to reduce the degree or
impact of refinement bias. The overestimation of phase accuracy
has been overcome in a new version of SIGMAA that is under
development (Read, unpublished). Cross-validation data, which are
normally used to compute Rfree as an unbiased indicator of
refinement progress (Brünger, 1992), are used to obtain unbiased
�A estimates. Because of the high statistical error of �A estimates
computed from small numbers of reflections, reliable values can
only be obtained by exploiting the smoothness of the �A curve as a
function of resolution. This can be achieved either by fitting a
functional form or by adding a penalty to points that deviate from
the line connecting their neighbours. Lunin & Skovoroda (1995)
have independently proposed the use of cross-validation data for
this purpose, but as their algorithm is equivalent to the conventional
SIGMAA algorithm, it will suffer severely from statistical error.

The degree of refinement bias can be reduced by placing less
weight on the agreement of structure-factor amplitudes. Anecdotal
evidence suggests that the problem is less serious, in structures
refined using X-PLOR (Brünger et al., 1987), when the Engh &
Huber (1991) parameter set is used for the energy terms. In this new
parameter set, the deviations from standard geometry are much
more strictly restrained, so in effect the pressure on the agreement
of structure-factor amplitudes is reduced. The use of maximum-
likelihood targets for refinement (discussed below) also helps to
reduce overfitting.

If errors are suspected in certain parts of the structure, ‘omit
refinement’ (in which the questionable parts are omitted from the
model) can be a very effective way to eliminate refinement bias in
those regions (James et al., 1980; Hodel et al., 1992).

If MIR or MAD (multiwavelength anomalous dispersion) phases
are available, combined phase maps tend to suffer less from
refinement bias, depending on the extent to which the experimental
phases influence the combined phases. Finally, it is always a good
idea to refer occasionally to the original MIR or MAD map, which
cannot suffer at all from model bias or refinement bias.

15.2.9. Maximum-likelihood structure refinement

In the past, conventional structure refinement was based on a least-
squares target, which would be justified if the observed and
calculated structure-factor amplitudes were related by a Gaussian
probability distribution. Unfortunately, the relationship between
�FO� and �FC� is not Gaussian, and the distribution for �FO� is not
even centred on �FC�. Because of this, it was suggested (Read, 1990;
Bricogne, 1991) that a maximum-likelihood target should be used
instead, and that it should be based on probability distributions such
as those described above.

Three implementations of maximum-likelihood structure refine-
ment have now been reported (Pannu & Read, 1996; Murshudov et
al., 1997; Bricogne & Irwin, 1996). As expected, there is a decrease
in refinement bias, as the calculated structure-factor amplitudes will
not be forced to be equal to the observed amplitudes. Maximum-
likelihood targets have been shown to work much better than least-
squares targets, particularly when the starting models are poor.

Prior phase information can also be incorporated into a
maximum-likelihood target (Pannu et al., 1998). Tests show that
even weak phase information can have a dramatic effect on the
success of refinement, and that the amount of overfitting is even
further reduced (Pannu et al., 1998).
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