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ON THE DISCRETIZATION OF DISTANCE GEOMETRY PROBLEMS
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Abstract: Distance geometry consists of finding an embedding of a weighted undirected graph inIR™. Since some
years, we are working on suitable discretizations for this problem. Because of the discretization, the search domain is
reduced from a continuous to a discrete set which has the structure of a tree. Based on this combinatorial structure,
we developed an efficient branch-and-prune (BP) algorithm for the solution of distance geometry problems. In
this paper, we focus on two important aspects of the discretization: the identification of suitable vertex discretizing
orderings and the analysis of the symmetries that can be found in BP trees.
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Introduction

The Distance Geometry Problem (DGP) is the problem of finding an embedding of a weighted undirected graph G
inR™. Let G = (V, E, d) be a weighted undirected graph representing an instance of the DGP, where each vertex
v € V corresponds to a point x,, in R™, and there is an edge between two vertices if and only if their relative
distance is known (the weight associated to the edge). That is, the DGP is the problem of finding a function

z:V —R"

such that
V(u,v) € E || 2y — 2y || = d(u,v), (1)

where z,, = z(u) and z, = z(v). Inits basic form, the DGP is a constraint satisfaction problem, because a
set of coordinates x,, must be found that satisfies the constraints (1). In the problem definition, the symbol || - ||
represents the computed distance between x,, and x,,, whereas d(u, v) refers to the known distances. The DGP
is NP-hard Saxe [1979].

The DGP has various interesting applications. An example is given by the problem of identifying sensors in
telecommunication networks Biswas et al. [2006]; Krislock [2010]. The distances between pairs of sensors can
be estimated by the time needed for a two-way communication, and such distances can be exploited for identifying
the position in space of each sensor. In this application, some sensors are fixed (they are called anchors in this
domain) and the dimension of the space is usually n = 2.

A very interesting application arises in the field of biology. Experiences of Nuclear Magnetic Resonance (NMR) are
able to estimate distances between some pairs of atoms of a molecule. Such distances, therefore, can be used
for defining a DGP, whose solutions correspond to the set of conformations for the molecules that satisfy all given
distances. In this context, the DGP is referred to as Molecular DGP (MDGP) Crippen et al. [1988]; Havel [1995].
This problem is particularly interesting for molecules such as proteins, because the conformation of the protein can
provide clues about its function. MDGPs are DGPs in three-dimensional spaces (n = 3).

The basic approach to the DGP is to reformulate it as a continuous global optimization problem, where a penalty
function is employed in order to measure the satisfaction of the constraints based on the known distances. Many
methods and algorithms have been proposed for the solution of this optimization problem, and most of them are
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based on a search in a continuous space, and/or on heuristic approaches to optimization. Recent surveys on this
topic can be found in Liberti et al. [2010]and Lavor et al. [2012c].

We are working on suitable discretizations of the DGP, which are possible when some assumptions are satisfied.
We give in the following the definition of two classes of DGPs that can be discretized.

The Discretizable MDGP (DMDGP)  Lavor et al. [2012b]

Supposing there is a total order relation on the vertices of /', the DMDGP consists of all the instances of the MDGP
satisfying the two assumptions:

A1 F contains all cliques on quadruplets of consecutive vertices;
A2 the triangular inequalities
Yoe{l,...,|V| =2} dv,v+2)<dv,v+1)+dv+1v+2)

must hold strictly.

The Discretizable DGP (DDGP)  Mucherino et al. [2012]

Supposing there is a partial order relation on the vertices of V', the DDGP consists of all the instances of the DGP
satisfying the two assumptions:

B1 there exists a subset 1 of V' such that

- Vol =4;

- the order relation on V; is total;

- Vpisaclique;

=Yy elVy YweV Vy, vy<o.

B2 Vv e V ~ Vp, Jul,u?, u® € V such that:

-yl <v,u2 <v,u3<v;
- {(ul,v), (UQ,’U), (u3,v)} € E’
= d(ul,u?) < d(ul,u?) + d(u?,u?).

Note that we removed the word Molecular in the definition of the DDGP, because this is a more general problem and
not necessarily related to protein molecules. We proved that DMDGP < DDGP.

The idea behind the discretization is that the intersection among three spheres in the three-dimensional space can
produce, with probability 1, at most two points in the hypothesis in which their centers are not aligned. Consider
four vertices u!, u?, u3 and v. If the coordinates for u*, u? and u> are known, as well as the distances d(u', v),
d(u?,v) and d(u3,v), then the three spheres can be defined, and their intersection provides the two possible
positions in the space for the last vertex v. In the hypothesis of the DMDGP, the four vertices «!, u?, u3 and v are
consecutive in the ordering associated to V. In the DDGP, this condition is relaxed, so that the three vertices w!,
u?, u? only have to precede v. In both cases, if the vertices !, v? and «* are already placed somewhere, there
are only two possible positions for v.

This suggests a recursive search on a binary tree containing the potential coordinates for the vertices of G. The
Branch & Prune (BP) algorithm Liberti et al. [2008] is an exact algorithm which is based on a search on this tree.
The binary tree of possible solutions (to which we will also refer as “BP tree”) is explored starting from its top, where
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the first vertex is positioned, and by placing one vertex per time. At each step, two possible positions for the current
vertex v are computed, and two new branches are added to the tree. As a consequence, the size of the binary
tree can get very large quite quickly, but the presence of additional distances (not employed in the construction of
the tree) can help in verifying the feasibility of the computed positions. To this aim, we consider pruning devices:
as soon as a position is found to be infeasible, the corresponding branch can be pruned and the search can be
backtracked. We noticed that protein-like instances contain a sufficient number of distances that can be used in
the BP pruning phase, so that the complete set of solutions can be found very efficiently Liberti et al. [2011a]. The
strong point of the BP algorithm is given by the possibility to enumerate all solutions to a given D(M)DGP.

Solutions to the DMDGP or to the DDGP can be represented as a complete path on the BP tree, from the root
(the node associated to the first vertex) to one of the leaf nodes (corresponding to the last vertex). Layer by layer,
this path shows all branches associated to the solution: in particular, it shows the selected branches on each layer
of the tree. Since only two branches (related to the two positions of the sphere intersection) can be chosen at
each layer based on the preceding branches that were already selected, this information can be coded as a binary
variable. A solution can therefore be also represented as a binary vector of length |V'|. If we associate an ordering
to the branches having the same root on the previous layer, we can say that each binary variable indicates if the
“first” or the “second” branch is selected, or if the ‘left” or the ‘right” branch is selected (see Figure 3 for a graphical
representation).

In both DMDGP and DDGP, the ordering in which the vertices of G are considered is of fundamental importance. As
widely discussed in Mucherino et al. [2012], an instance may or may not satisfy the assumptions for the discretization
depending on this ordering. Supposing we have an instance with a predefined ordering for its vertices for which the
discretization is not possible, a suitable rearrangement of these vertices may transform the instance ina discretizable
instance. Since DMDGP < DDGP, this task is, in general, easier for the DDGP.

The problem of sorting the vertices of a graph in order to satisfy certain conditions can be seen as a combinatorial
optimization problem. We developed an efficient greedy algorithm for the solution of this problem Lavor et al. [20122]
(for the DDGP), but in the easier case in which all distances are supposed to be exact. Especially in the field of
biology, distances are not precisely known, but rather approximations of such distances are available. Since the
discretization is still possible if only one of the three reference distances (for both DMDGP and DDGP) is represented
by an interval (which gives the uncertainty on the value of the distance), discretization orderings must take this
condition into consideration.

Another interesting feature of DMDGPs and DDGPs is given by the definition of BP trees that are symmetric. This
implies the possibility to reduce the search on a subset of branches of the tree. If one or more solutions are identified
in this subset of branches, other solutions can be reconstructed by applying symmetry rules. As a consequence, the
study of the symmetries present in BP trees is essential for improving the algorithm. This is particularly important
for instances containing uncertain data, where such an uncertainty makes the computational cost higher.

In this paper, we focus our attention on these two important aspects of the DGP discretization: the identification of

suitable vertex discretizing orderings, and the analysis of the symmetries that can be found in BP trees. We will
devote the next two session to these two topics. Conclusions will be drawn in the last session.

Discretization orderings

Let G = (V, E,d) be a weighted undirected graph representing an instance of the DGP. As mentioned in the
Introduction, the ordering given to the vertices in V' plays a very important role in the discretization. There exist
indeed orderings for which neither the assumptions for the DMDGP nor the ones for the DDGP can be satisfied.
Moreover, there can be orderings for which G represents an instance of the DDGP which is not in the DMDGP
class. If the assumptions for the DMDGP are satisfied (A1 and A2), then the assumptions for the DDGP are also
satisfied (B1 and B2) Mucherino et al. [2012].

We noticed the importance of the ordering associated to the vertex set V' since the beginning of our work. Later,
we studied the problem of finding suitable vertex orderings by solving a combinatorial optimization problem and we
found an efficient solution for the DDGP Lavor et al. [2012a]. In this work, however, we supposed that all available
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Figure 1: The hand-crafted artificial ordering rp 5.

distances were exact, while real-life instances usually contain a percentage of distances whose values are subject
to uncertainty. In the field of biology, distances obtained by NMR are commonly represented by a lower bound and
an upper bound on the actual value for the distance.

As widely explained in Lavor et al. [2012¢e], the discretization is still possible in presence of uncertain distances, but,
in each sphere intersection, only one reference distance can be imprecise, i.e. at least two of them must be exact.
In this case, indeed, the problem of intersecting three spheres (related to 3 exact distances) is transformed in the
problem intersecting two spheres with one spherical shell (the uncertainty gives a certain thickness to one of the
three spheres). Once two spheres are intersected, the intersection between the obtained circle and the spherical
shell produces two disjoint curves in the three-dimensional space. At this point, a predetermined number of sample
points can be chosen on the two curves. Notice that, in this case, BP trees are not binary anymore, and that a
solution to the problem cannot be represented by a binary vector, but rather by a vector of integer numbers (there
are several left branches, and several right branches).

Suitable vertex orderings do not only have to satisfy the assumptions A1 and A2 (for the DMDGP) or the assumptions
B1 and B2 (for the DDGP), but, in addition, for each quadruplet of vertices u', u?, u?, v, only one of the distances
d(ut,v), d(u?,v), d(u?,v) can be represented by an interval. We are currently working for finding a solution to
this problem.

Meanwhile, we are also working for identifying suitable orderings for particular classes of molecules. If the chemical
composition of a molecule is known, indeed, the distances that are needed for the discretization can be obtained
by analyzing its chemical structure. Proteins, for example, are chains of amino acids, and the chemical structure
of each amino acid is known. Exact distances can be obtained by observing the atomic bonds, while imprecise
distances can be found by analyzing the degrees of freedom of the structure. In this situation, NMR data are not
necessary for performing the discretization (they can be rather employed in the pruning phase of BP), and therefore
the ordering can be identified independently by the available information.

We carefully hand-crafted a special ordering for the protein backbones Lavor et al. [2012¢] (see Figure 1). We found
a particular ordering for the generic amino acid which composes a protein, and hence the ordering rp 5 related to
the whole protein backbone as the composition of the several orderings for its amino acids (without side chains):

_ gl 2 i P
TPB = {V"PBaTPBw--aTPBw--J’pB}-

The ordering rﬁg 5 corresponds to the ih amino acid of the protein (superscripts indicate the amino acid to which
each atom belongs): ' o S

rop = {N,C" L H N CL L HE, C O
In order to artificially add exact distances, atoms are considered more than once: the distance between two copies

of the same atom is 0. It is important to remark that this trick for allowing the discretization does not increase the
complexity of the problem, because the second copy of an atom can only be positioned as its first copy. In other
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words, there is no branching on the BP tree in correspondence with duplicated atoms. For example, in the ordering
for the generic amino acid 7%, , the nitrogen N is considered twice, the carbon C?, is considered 3 times, and the
carbon C*~! belonging to the previous amino acid is repeated among the atoms of this amino acid. In total, there
are four copies of atoms that already appeared earlier in the sequence. Hydrogen atoms are not duplicated.

The first and the last amino acids of the chain have a slightly different structure, and therefore we designed particular
orderings for such amino acids. At the beginning of the sequence, we consider the following ordering for the first
amino acid:

rpg = {NY H' H°,C: N HL Cl Cc'.
One of the hydrogens bound to N'! (in general, in %, 5, there is only one hydrogen) is indicated by the symbol H°.
Between 71 ; and the generic amino acid ordering r, , we consider the following ordering, which makes a sort of
bridge between the beginning of the sequence and the generic ordering:

rpp = {N*C3, H* N*,C3, Hy, C*, CZ}.
Finally, for the last amino acid of the sequence, we have the following ordering:
r? . = {NP?,CP~1 CP HP NP CP H,,CP CP,OP,CP,OP*1}.

Note that this is the only case in which oxygen atoms appear. The two oxygens OP and OP*! which are present in
the last amino acid 7%, ;; correspond to the two oxygens of the C'-terminal carboxyl group COO™ of the protein.

The special ordering r p is constructed in order to satisfy the assumptions for the DMDGP. In particular, for each
atomwv € V, the three edges (v — 3,v), (v —2,v) and (v — 1, v) are always contained in E. The corresponding
distances are obtained from known bond lengths and bond angles, that only depend on the kind of bonded atoms.
The two edges (v—2, v) and (v—1, v) are always associated to exact distances, whereas only the edge (v—3, v)
may be associated to an interval distance. In particular, there are three different possibilities. If d(v — 3,v) = 0,
then v represents a duplicated atom, and therefore the only feasible coordinates for v are the same of its previous
copy. If d(v — 3,v) is an exact distance, the standard discretization process can be applied (intersection among
three spheres), and two possible positions for v can be computed. Finally, if d(v — 3,v) is represented by an
interval, we discretize the interval and take D sample distances from it. For each sample distance, we perform the
sphere intersection: 2 x D possible atomic positions can be computed for v.

In order to discretize instances related to entire protein conformations, it is necessary to identify an ordering for all
side chains for the 20 amino acids that can be involved in the protein synthesis. This is not trivial, because side
chains have more complex structures with respect to the part which is common to each amino acid. Figure 2 shows
a discretization ordering for the glycine, the smallest amino acid that can be found in proteins, whose side chain is
composed by a hydrogen atom only:

rqry ={C,,N', H.,,C!, Hj, C" H},C},C"}.

Here, we denote with Hé the hydrogen forming the glycine side chain. The ordering »¢ 1y can be plugged in the
ordering rp 3. If we consider the first amino acid, for example, the last two vertices Cclt and C'!' need to be replaced
by rc .y in order to consider this side chain. In spite of the simplicity of glycine, this ordering is rather complex and
it considers various atoms of the protein backbone, which are duplicated in order to satisfy the needed assumptions.
Future works will be devoted to the development of suitable hand-crafted orderings for all other 19 amino acids. This
will allow us to solve real NMR instances by using our discrete approach to DGPs.

Symmetries

If a D(M)DGP instance admits solutions, then there is an even number of solutions Lavor et al. [2012b]. This
is a theoretical result proved for the DMDGP which is immediately extensible to the DDGP. Our computational
experiments confirmed this result. However, the sets of solutions found by the BP algorithm always satisfied a
stronger property: the cardinality of the set of solutions is always a power of 2.
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Figure 2: The artificial ordering v,y for the glycine.

This theoretical result remained unproved for a long time. At a certain point, we found indeed a counterexample,
i.e. an instance, artificially generated in a particular way, for which the total number of solutions was not a power of 2.
But then we were able to prove that the Lebesgue measure of the subset of instances for which this property is not
satisfied is 0 Liberti et al. [2011b]. As a consequence, we can say that, in practice, real-life instances should always
have a power of 2 of solutions. This result has been formally proved for the DMDGP; we are currently working for
extending this result to the DDGP.

The “power of 2” property is due the presence of various symmetries in BP binary trees Lavor et al. [2012b]. First of
all, there is a symmetry at layer 4 of all BP trees, which makes even the total number of solutions. We usually refer
to this symmetry as the first symmetry. At layer 4, there are no distances for pruning, and the two branches rooted at
node 3 are perfectly symmetric. In other words, any solution found on the first branch is related to another solution
on the second one, which can be obtained by inverting, at each layer, left with right branches, and vice versa.

In the DMDGP, as for the first symmetry, each partial reflection symmetry appears every time there are no pruning
distances concerning some layer ». In such a case, the number of feasible branches on layer v is duplicated with
respect to the one of the previous layer v — 1, and pairs of branches rooted at the same node ., are perfectly
symmetric. Figure 3 shows a BP tree containing 3 symmetries.

As mentioned in the Introduction, a solution to a DMDGP can be represented in different ways, such as a path on
the tree and a list of binary choices 0—1 (we suppose here that all distances are exact). Since solutions sharing
symmetric branches of the tree have symmetric local binary representations, we can derive a very easy strategy
for generating all solutions to a DMDGP from one found solution and the information on the symmetries in the

Figure 3: All symmetries of an instance with 9 vertices and B = {4, 6, 8}. Feasible branches are marked in light
yellow.



166 Mathematics of Distances and Applications

corresponding tree Mucherino et al. [2011]. Let us consider for example the solution in Fig. 3 corresponding to the
second leaf node (from left to right). The binary vector corresponding to this solution is

Sy = (0707 0707 0707 07 17 1);

where we suppose that 0 represents the choice left, and 1 represents right (the first three zeros are associated to
the first three fixed vertices of the graph). Since there is a symmetry at layer 6, another solution to the problem can
be easily computed by repeating all choices from the root node until the layer 5, and by inverting all other choices.
On the binary vector, repeating means copying, and inverting means flipping. So, another solution to the problem is

s; = (0,0,0,0,0,1,1,0,0).

This solution corresponds to the third feasible leaf node in Fig. 3.

This property can be exploited for speeding up the solution to DMDGPs. The procedure we mentioned above can
indeed be used for reconstructing any solution to the problem. Thus, once one solution to the problem is known, all
the others can be obtained by exploiting information on the symmetries of BP trees. The set

B={veV :Auw)st.u+3<v<w}

contains all layers v of the tree where there is a symmetry Mucherino et al. [2011]. As a consequence, |B] is the
number of symmetries that are present in the tree. Naturally, since the first symmetry is present in all BP trees,
| B| > 1. The total number of solutions is, with probability 1, equal to 2!51.

If the current layer is related to the vertex v € B, for each x,,_1 on the previous layer, both the newly generated
positions for x,, are feasible. If v € B, instead, only one of the two positions can be part of a branch leading to a
solution. The other position is either infeasible or it defines a branch that will be pruned later on at a further layer
v, in correspondence with a pruning distance whose graph edge {u, w} is such that u + 3 < v < w. Therefore,
we can exploit such information for performing the selection of the branches that actually define a solution to the
problem. When v ¢ B (only one position is feasible), it is not known a priori which of the two branches (left/right)
is the correct one. This is the reason why at least one solution must be computed before having the possibility of
exploiting the symmetries for computing all the others.

Computational experiments presented in Mucherino et al. [2011] showed that the BP algorithm can be enhanced
by exploiting this a priori knowledge on the symmetries, specially when instances having many solutions are
considered. Once one solution is obtained by BP, all the others can be quickly obtained by using this information.
Even if protein-like instances usually contain a few symmetries Libertietal. [2011a], the extension of the BP
algorithm to interval data actually needs to be integrated with symmetry-based strategies in order to improve its
efficiency. Research in this direction will be performed in the future.

Conclusions

The discretization of DGPs allows us to solve these problems by employing the BP algorithm, which is based on a
search on the BP trees. This algorithm is the first exact algorithm which is potentially able to solve DGPs containing
interval data. Differently from other proposed algorithms for this problem, BP can enumerate all the solutions for a
given instance, allowing to obtain multiple solutions and to leave any other out with certainty.

These works on the DGP also open the doors for suitable discretizations of other important problems, specially in
the field of biology. The discretizing ordering for proteins that we detailed in this paper, for example, is completely
independent on NMR data, and therefore it could also be applied in the context of protein foldingand protein docking.
The exploitation of the symmetries in BP trees can be essential for managing these more complex problems. These
are the main directions that we will take for our future research.
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