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An BDD-based implementation of the Allegro
software

Daniel Gudbjartssoh  Anna Ingglfsdéttir # Augustin Kong

With improved technology in collecting and processing biological data, the need for
improved computational methods to interpret the corresponding results is rapidly grow-
ing. In particular this is the case for the field of linkage analysis. Existing algorithms or
methods for linkage analysis are in most cases based either on the Elston-Stuart algo-
rithm [ES71] or the algorithm due to Lander and Green, originally presented in [LG87].
As the complexity of the Elston-Stuart algorithm grows exponentially in the number
of markers under investigation, it obviously does not suit for analysis based on modern
techniques as they typically involve many markers. The Lander-Green algorithm, on
the other hand, grows linearly in the number of markers but, which of course is a great
improvement. But unfortunately the running time of the algorithm grows exponen-
tially in the number of members of the pedigree being investigated and consequently it
is only suitable for pedigrees of small or moderate sizes although many improvements
have been suggested to ease the complexity of the method by recognizing symmetries
when finding the single point probabilities for the single point case and applying fast
Fourier transforms in the multi point calculations [KL95, KL96].

Recently researchers interest in analyzing large pedigrees has increased. This is for
instance definitely the case at DeCode Genetics in Reykjavik, where huge amount of
data is available and just waits for being investigated with improved methods.

In year 2000, Gudbjartsson et. al. [GJFKO0O] proposed a method that greatly im-
proved the performance of existing methods. The main improvement from the com-
putational point of view was that the authors, by traversing the pedigree in a top down
fashion and correspondingly extending the inheritance pattern, relatively early discov-
ered which patterns were inconsistent with the genotype data given as an input to the
algorithm. Furthermore some more symmetries were recognized and applied to for
further reductions of the state space that has to be investigated.

Recently Abecasis et. al. [ACCC02] improved further on this method by represent-
ing the inheritance patterns as sparse binary trees (but inheritance patterns are typically
represented as binary vectors) where symmetries occur as identical subtrees which do
not need to be recalculated every time they are referenced.

In theoretical computer science, or more precisely in software verification, software
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systems are often modelled as state machines. With more powerful computers, and at
the same time more complicated problems that are to be solved by computers, the num-
ber of states that have to be explored is often huge. In particular this is the case when
concurrent systems are described in this way. Therefore a large number of methods has
been put forward in the literature to reduce this complexity, at least in many of the cases
that occur in practice (but many of these problems are inherently complex to solve in
worst case). One of the techniques used for this purpose was invented by Bryant and
is reported in [Br86]. This method suggests that the problem is represented by means
of a special data structure, Binary Decision Diagrams (BDD’s), that was designed to
express and manipulate Boolean functions with multiple inputs. BDD's keep track of
symmetries that occur in the structure they describe in a systematic manner and in that
way greatly reduce the average running time of many systems that implement queries
and therefore can be encoded as Boolean functions. This technique has turned out to be
very successful in many applications such as model checking and circuit verification.

A generalization of the BDD data structure , the so called Multi Teminal BDD's
(MTBDD’s) [CFMMY93] allow for encoding of and reasoning about function that take
Boolean as input and but where the output value is not necessarily Boolean. MTBDD’s
enjoy many of the nice properties of the original BDD’s and have also turned out to be
successful in many applications.

We have applied MTBDD’s to parts of the algorithms sitting inside the Allegro
software. The results have been really promising and we have been able to handle
considerably larger pedigrees than with other methods. This implementation was per-
formed by students at Aalborg University under the supervision of the second author
and is currently being incorporated in the software at DeCode Genetics where it will
be more thoroughly tested.
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