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Abstract. A short review of the development of the successive dichotomy method for index-
ing powder diffraction patterns is presented. The use of logical filters in the tree-type ap-
proach is discussed, particularly for searching smallest unit cells according to the crystallo-
graphic convention. An additional option, based on an extended search, has been imple-
mented for unstable cases. The new version of the program, DICVOL06, offers the two op-
tions to the users, i.e. DICVOL04 with its optimized search procedure and an extended 
search. A few examples are used for comparing CPU times with the two options. 

Introduction 
Indexing of powder diffraction patterns is a major application of powder diffraction [1]. With 
the advent of the computer technology, the first efficient approaches were introduced in the 
late sixties and seventies (see the reviews on computer programs for pattern indexing re-
ported by Shirley [2,3]). Among the modern methods, the successive dichotomy algorithm 
[4] is based on an optimal exhaustive strategy. It has been applied in many ab initio structure 
determinations from powder data. The program developed in parallel to the speed of the 
computers. Its modern version [5] has been considerably improved, with facilities adapted to 
the experimental features of the measured powder data. A short review of the successive 
developments of the dichotomy method and a new option based on an extended search, in-
corporated in DICVOL06, are reported in the present study. 

The indexing problem and the dichotomy algorithm 
Pattern indexing is based on the quadratic equation obtained by squaring the diffraction vec-
tors dhkl*, i.e. Qi(hkl) = f(a,b,c,α,β,γ,h,k,l) (= di*2) where a, b, c, α, β, γ are the lattice pa-
rameters and hikili the Miller indices. Indexing a powder diffraction pattern consists in ob-
taining a, b, c, α, β, γ, hi, ki, li, which are unknown, from the known set of measured Qi. The 
problem cannot be solved by ordinary algebra, since whatever how many equations are con-
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sidered, there are always more unknowns than equations. The dichotomy method (method of 
division in halves) is based on a scan of the parameter space by dividing cell edges and an-
gles into equal intervals (i.e. 0.4 Å and 5° for linear and angular parameters, respectively), so 
that the entire space is divided into volume domains. Each volume domain is then trans-
formed into a calculated pattern expressed in terms of ranges [Q-(hkl),Q+(hkl)]. A domain 
can contain a solution if for the observed lines Qi: 
 
 Q-(hkl) – ΔQi < Qi < Q+(hkl) + ΔQi,     (1) 
 
where ΔQi is the absolute error on observed Qi. If so, each domain edge is bisected to gener-
ate volume sub-domains analysed as before. The dichotomy process is applied at six levels, 
with volume domain edges progressively reduced. Each crystal lattice is explored separately, 
starting from the cubic side of the symmetry sequence. The strategy of the dichotomy algo-
rithm consists of searching smallest cell volume(s) according to the universal crystallo-
graphic convention, i.e. the smallest repeat unit that has the full symmetry of the crystal. The 
procedure is a tree-type approach, which is optimized with criteria for discarding or retaining 
mathematical solutions. The figure of merit (FoM) MN [6] is used as a filter to discard solu-
tions with too low FoMs. MN includes two ideas, the average discrepancy between observed 
and calculated Qi and the size of the unit cell (the smaller they are, the greater is MN). Final 
checks on validity of solutions are based on a review of all available data; new refined pa-
rameters and FoM are then obtained. In the WinPLOTR/FULLPROF suite [7], in which 
DICVOL04 is implemented, an additional useful check is performed with a pattern matching 
facility (Le Bail algorithm). 

 

Figure 1. Pattern decomposition of a cluster of diffraction lines, using pseudo-Voigt functions, with the 
interactive fitting program PROFILE (λ = 1.5406 Å). Peak positions are expressed in °(2θ). 



Z. Kristallogr. Suppl. 26 (2007) 193  

Data requirements 
Powder pattern indexing requires high quality data to be confident in the physical solution 
suggested by a computer program. They must be collected with a correctly adjusted powder 
diffractometer. The effect of systematic and random errors has been discussed elsewhere [8]. 
The refinement of an extra degree of freedom, named ‘zero-point’, available in DICVOL04 
[5], allows to a certain extent an overall correction of usual aberrations (e.g. zero-point shift, 
sample surface displacement, transparency and umbrella effects, capillary displacement). In 
practice, peak positions are extracted with automatic procedures, see for instance the soft-
ware WinPLOTR [7]. Interactive pattern decomposition is useful too, particularly for the 
detection of shoulders in line profiles. An example of decomposition into elementary com-
ponents of a cluster of lines, carried out with the profile fitting PC-program PROFILE from 
Socabim, is shown in figure 1. The peak positions of the diffraction lines are extracted with 
the program and used subsequently for indexing. 

Successive programs until DICVOL06 
With the introduction of the successive dichotomy method in 1972 [4] two computer pro-
grams for the indexing of high symmetry patterns were also reported. With the advances in 
computer technology, the method and the programs have been progressively extended to 
lower symmetry cases. The successive programs appeared as follows. 
- P1, down to orthorhombic lattice symmetry [4]. In the related program P2, density and 
molecular weight information were introduced, speeding the calculations. 
- DICVOL, down to monoclinic symmetry [9]. A search strategy based on a partition of the 
volume space into 400 Å3 shells of volumes was introduced in order to find first solutions 
with smallest cell volumes. 
- DICVOL91, down to triclinic symmetry [10]. A detailed mathematical analysis of dichot-
omy domain limits for monoclinic and triclinic systems was reported. For computing time 
considerations, unlike the higher symmetry cases for which the dichotomy method has been 
applied in the parameter space (direct space), the triclinic case has been investigated in the 
Q-space with constraints on the indices of the first two lines. 
- DICVOL04 [5] was a significant improvement of the DICVOL91 version. In addition to an 
optimization of the triclinic case, the program includes new facilities, such as a tolerance for 
spurious lines, a ‘zero-point’ error analysis, a refinement of the ‘zero-point’ shift together 
with the cell parameters, a cell analysis in terms of reduced cell and a review of all available 
powder data for helping space group derivation. The tolerance for spurious lines concerns 
both impurity lines and lines for which the input error on peak position is too small. This 
tolerance is applied at all levels of the dichotomy process. However, at the final stage the 
lattice parameters are least-squares refined from the peak positions with a greater error range, 
which means that lines rejected at the last dichotomy level may, by chance, be indexed in the 
output file. 
- DICVOL06, reported here, offers to the user two options in which logical filters are applied 
differently, i.e. DICVOL04 and an extended search in shells of volumes where a solution is 
found. Compared to the initial program (P1), the reduction of CPU times with the more re-
cent programs can be seen in Table 1. 
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Table 1. CPU times (sec) for indexing the patterns of two orthorhombic compounds using the first 
program P1 (CII 10070 computer) and DICVOL91 or DICVOL06 (Dell Latitude D800 laptop). 

 P1 [4] DICVOL91/06 

BiF3 260 0.01 

β-Cd(OH)Br 300 0.01 

 
Additionally, in the program LOSH [11] a dichotomy search was also used for locating the 
reciprocal angles α* and β* of a triclinic cell. This subroutine was subsequently combined to 
the Visser’s zone indexing algorithm [12] in the combination-strategy program LZON [11]. 

Logical filters 
The dichotomy algorithm is a tree-type approach devised for searching the mathematical 
solutions to the indexing of a powder pattern, within volume space limits. Solutions are then 
discarded/retained, namely filtered, according to two types of logical filters. 
(i) User-decision-dependent filters, which are the ranges scanned by the parameters and 
volume space, the absolute errors on peak position measurements, the minimum value of the 
figure of merit MN for retaining a solution. 
(ii) Strategy dependent filters, which drive the tree-type approach. As described above, the 
crystallographic definition of the unit cell requires searching ‘mathematical’ solutions with 
smallest cell volumes, which is an important feature in the dichotomy algorithm. Indeed, as 
soon as a solution is found, only new solutions with smaller volumes should be searched. 
This strategy is used in DICVOL04, with however a tolerance to take into account experi-
mental errors and dichotomy interval limits. This is an optimized strategy with normal qual-
ity data. It has been found powerful from the indexing of a great number of powder diffrac-
tion data collected with usual care. For some data sets, where precision is low or spurious 
lines are present or, simply, unstable cases (e.g. dominant zones, large axis case, solutions 
with close cell volumes, etc.), an extended search can be helpful. This is the purpose of an 
option implemented in the new version of DICVOL, i.e. DICVOL06. As soon as a solution is 
found in a 400 Å3 shell of volume, unlike the DICVOL04 option, the exhaustive search is 
extended to the whole domain. Then, all solutions within 400 Å3 are displayed, according to 
the filters defined in (i). Of course, the number of mathematical solutions is, generally, 
greater. To make easier the selection of the physical solution, they are ranked according to 
their figure of merit MN in a second output file with the extension ‘ord’. However, the sug-
gested solutions must be critically analysed. 
DICVOL06 is available via the CCP14 website (http://www.ccp14.ac.uk). 

Tests with the new extended search option 
The two options, i.e. DICVOL04 and extended search, have been tested with powder data 
used elsewhere [5,13]. Calculations were carried out with a Dell Latitude D800 laptop. Ap-
plications to powder data of pharmaceutical compounds collected with the capillary tech-
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nique (Cu Kα1) are reported in Table 2. The increase of CPU time is small for most com-
pounds. However, it can be significant as soon as impurity lines are present (see aspirin). 

Table 2. CPU times (sec) for indexing the powder data of pharmaceutical compounds. 
 M20 DICVOL04 Extended search 

Barbital sodium (Orthorhombic) 69 < 1 < 1 

Phenacetin (Monoclinic) 56 2 3 

Theophylline (Orthorhombic) 97 < 1 < 1 

Sulfaguanidine (Monoclinic) 49 2 3 

Aspirin (Monoclinic) [3 spurious lines] 25 20 48 

Urea (Tetragonal) 235 < 1 < 1 

Piracetam Form I (Monoclinic) 158 < 1 2 

Piracetam Form II (Triclinic) 69 2 3 

Piracetam Form III (Monoclinic) 26 2 3 

 
The patterns of the 71 substances in section 20 of the NBS Monograph 25 [14] have also 
been studied. The average CPU times (sec) for the two ‘DICVOL04/Extended-search’ op-
tions were 0.01/0.08 for 9 cubic patterns, 0.03/0.12 for 11 tetragonal patterns, 0.03/0.30 for 
17 hexagonal patterns, 0.06/0.11 for 16 orthorhombic patterns and 2.50/14.30 for 18 mono-
clinic patterns. Only the data of monoclinic Eu2O3 were indexed with a shorter CPU time 
using the extended search, i.e. 51 sec against 152 sec with DICVOL04. This is due to the 
relaxation in the ‘extended search’ of a constraint used in DICVOL04 and to the presence of 
a dominant zone in the powder data (a/b = 3.92). Indeed, in DICVOL04, to speed the calcu-
lation the search is first carried out with linear parameter limits equal to twice the first ob-
served d-spacing, which is generally appropriate for monoclinic cases. If there is no solution, 
as for Eu2O3, the search is then extended to the input maximum values. 
All 29 triclinic powder patterns in the NBS monograph 25 have also been studied. From the 
DICVOL04 to the extended search options, CPU times increase by variable percentages. 
However, with the extended search, 23 patterns are indexed in less than 360 sec, including 
15 patterns in less that 60 sec. 
In case of lattice metric singularity, where two (or more) cells have an identical set of d-
spacings, the indexing solution is not unique. As discussed elsewhere [5], the strategy used in 
DICVOL, based on lattices scanned successively is appropriate. Using data reported recently 
(Table 3 in ref. 15) for the quaternary lattice metric singularity described for tetragonal maw-
sonite [15], the two options of DICVOL06 give in automatic mode three of the cells with 
smallest volumes in each symmetry, i.e. cubic (V = 1238.8 Å3), tetragonal (V = 309.7 Å3) and 
orthorhombic (V = 154.8 Å3). The fourth cell (orthorhombic, V = 825.9 Å3) is only displayed 
among about 15 mathematical solutions by acting on the facilities available in DICVOL06 
(extended search). 
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Concluding remarks 
The implementation in the program DICVOL of an option with an extended search of solu-
tions can be helpful in presence of difficult indexing problems. However, this option should 
not be regarded as a panacea, since for low quality data, the number of solutions increases 
and their discrimination on the basis of FOMs may not be easy. With DICVOL06, a good 
practice remains the use of the option based on DICVOL04 with good quality data. For pat-
tern indexing, the collection of precise data remains a basic recommendation. Practices in 
presence of impurity lines and short or long axis cases have been discussed elsewhere [5]. 
Additional aspects related to the dichotomy algorithm, e.g. the number of lines required for 
indexing and two-phases patterns, have also been discussed [13]. Finally, the indexing of the 
pattern of turkey egg-white lysozyme with a large hexagonal cell volume, 374 057 Å3 [16], is 
a representative example of the performance of the dichotomy method. 
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