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Abstract

A generalization of the problem of interactive configu-
ration has previously been presented in [1]. This general-
ization utilized decomposition to extend the standard finite
domain interactive configuration framework to deal with
unbounded string variables and provided features such as
prefix autocompletion.

In this paper we present several significant improve-
ments to the core data structures and algorithms in [1] as
well as the first implementation of an interactive configura-
tor on string variables.

The primary improvement is obtained by replacing the
binary decomposition model with a finite domain model.
We then describe an optimization for this model which al-
lows us to replace the use of costly conjunctions with simple
restrict operations during synchronization between decom-
posed constraints. In addition we describe how to improve
the performance of the autocomplete operation, by using
projection on relevant variables to significantly reduce the
size of the data structures involved.

We empirically verify the critical significance of these
improvements using our own implementation of a string
variable based configurator on real-world example data.

1 Introduction

Interactive configuration is a type of decision support
used when dealing with Constraint Satisfaction Problem
(CSP) in which a user is assisted in the task of configuration
by interacting with a piece of software known as a configu-
rator. The user repeatedly chooses an unassigned variable
and assigns it a value until all variables are assigned. The
task of the configurator is to present only the choices for
each of the unassigned that can lead to a complete solution
to the problem. The set of valid choices for an unassigned
variable z is called the valid domain of x [2].

As an example consider the problem of assigning val-
ues to the variables x1,xo and x3 where z; € {1,...,5}
and z2,23 € {1,...,10} with the requirement that z; =
1Vax, =2Vay =2and o = x3. Initially the user can
choose to assign a value from {1,...,5} to x; or assign a
value from {1,...,10} to o or x3. Suppose the user as-
signs 3 to x3. In this case the valid domain of x5 is {3}
and the valid domain of x; is {1,2}. Obviously the valid
domain of each unassigned variable has to be updated every
time a value is assigned. Since the user will have to wait
from the time he makes a choice to the time the configu-
rator is ready to present the valid domains it is critical that
the valid domains can be computed fast enough to ensure
that the user experiences it as real-time interaction, which
in practice means that the configurator has to update the
valid domains within approximately 250 milliseconds [3].
In theory it is an NP-hard problem to calculate even the ini-
tial valid domains since this corresponds to achieving GAC
for the entire constraint problem. However, if we have pre-
compiled a binary decision diagram (BDD) [4] that repre-
sents the solutions to the set of constraints in the configu-
ration problem, then we are able to keep the computation
time polynomial in the size of the BDD. The BDD con-
structed in this manner can be exponentially large, but in
practice BDDs have proved themselves to be tractable for
many configuration problems occurring in practice [2].

Standard configurators based on this approach use a set
of binary variables in the BDD to represent finite domain
variables in the configuration problem. In this paper we will
consider the case of variables that take unbounded strings
as their values which implies that a standard finite domain
configurator cannot be used to achieve interactive configu-
ration.

As a small example of the functionality we want to pro-
vide, suppose that a user has to fill in a form containing a
number of input fields under some set of constraints on the
content of the input fields. Consider a CSP with the string
variables phone, country, zip and district along with the
following constraints:



I The prefix of phone is “+45” <= country = “Den-
mark”

II country = “Denmark” = zip has four digits

III zip =“2300” A country = “Denmark” <= district =
“Copenhagen S”

Suppose that the user enters district = “Copenhagen S”.
This restricts the valid domain of zip to the singleton set
{*2300”} and the valid domain of country to {“Denmark”}
by (III). The valid domain of phone is decreased to the set
of strings which has “+45” as a prefix by (I).

Suppose instead that the user has entered phone = “+45
23493844”. This decreases the valid domain of country to
{“Denmark”} by (I), and the valid domain of zip to strings
consisting of 4 digits. This restriction can be performed as
soon as the user have entered “+45”, since every completion
of phone achieved by appending additional letters at the
end of phone still will have “+45” as a prefix.

2 Related Work

As mentioned in the introduction, interactive configu-
ration of variables with finite integer domains has already
been described in [2]. Other previous results take a sim-
ilar approach but compiles into other representations than
BDDs, such as for example a Deterministic Finite Automa-
ton (DFA) [5].

The idea of using regular expressions as constraints on
variables has been considered from two different perspec-
tives by [6] and [7]. In [6] regular expressions are applied
as a global constraint to the variables in the constraint net-
work where each variable is considered as a letter and the
alphabet corresponds to the domains of the variables. Hence
[6] considers only regular expression constraints on a single
string of fixed size unlike the unbounded strings considering
in this paper and [1]. In [7] the domains of string variables
are specified by regular string constraints, but unlike the re-
sult in this paper and [1] their approach does not allow mix-
ing regular constraints with logical constraints.

3 Preliminaries

Given a constraint ¢, we will use ¢ interchangeably as the
constraint itself and the set of solutions it allows. Addition-
ally given a set C' = {cy,...,c} of constraints, we also
use C' to denote the constraint representing /\1 <j<k Cj

Definition 1 (Regular CSP) A regular CSP is a triple
CSP = (X,%,C). Where X = {x1,...,2,} is a set of
variables, each on the domain ¥*, where Y denotes an al-
phabet. Finally C = {cy,...,c|c|} is a set of constraint of
the form

¢ u=cVc| —c| mateh(z;, o)

where o is a regular expression over X and 1 < ¢ < n.

The expression match(x, «) evaluates to true iff x €
L(«), where L(«) is the language defined by the regular
expression . We use f A g, f = g and f < g as shortcuts
for ~(=fV—g),~fVgand (f = g)A(g = f) respectively.

Regular expressions are written using the syntax

as=aa|alalax |w

listed in increasing order of strength of binding, where w €
3.

We denote by p = {wy,...,w,}, where p; = w;, a
complete assignment of the values wy, ..., w, € X* to the
variables z1,...,z,. An assignment p is a solution to the
regular CSP (X, 3, C) if the p satisfies all the constraints in
C'. An assignment p’ is an extension of p iff p}, = p; - w; for
w; € X*. Note that p is therefore considered an extension
of itself.

Definition 2 (Extendable assignment) For a  regular
CSP = (X, %,C) an assignment p is extendable iff there
exists an extension p' of p for which p' is a solution to the
regular CSP.

The core problem discussed in [1] is that of tracking
whether or not an assignment is extendable under append
operations to X . Based on this information decision support
can be provided in the form of autocompletion and sugges-
tions.

Definition 3 (DFA) We define a DFA as M =
(Q,%,6,s,A), where Q is a finite set of states,
6 1 QXX — Q is a transition function, ¥ is some
alphabet, s € Q is the starting state and A : Q — Bis a
Sunction such that a state q is accepting iff A(q) = true.

We use 4(¢w) as a  shorthand  for
5(---6(0(q,w1),ws),...,w;), where (wi,...,w;) are
the letters of a word in ¥*. A word w € ¥* is accepted by
M iff A(§(s,w)) = true. We use 6(w) as a shortcut for
) (s, w). Further we say that a state in a DFA ¢ is reachable
from a state p, denoted p ~» ¢ iff there exists a word
w € ¥* such that §(p, w) = q.

4 Decomposing the regular CSP

The general idea presented in [1] is to separate the logical
constraints defined by the logical operators in the regular
CSP from the semantics of the match-expressions. As a
simple example consider the regular CSP

match(xy, o) A match(xa, B) V ~match(xz, )



where «, 3 and -y are three regular expressions. The boolean
connectors A,V and — define a SAT problem if the match-
expressions are replaced by boolean variables. In this case

by A by V —bs

We call this problem the logical constraint.

4.1 Logical constraint

For every match-expression match(z;, aé) we introduce
a boolean variable y}, where y§ = true corresponds to p; €
L(c%) and y} = false corresponds to p; ¢ L(c) and let
Y; = {y} | k = i}. Every assignment p to the variables in
X corresponds to an assignment

1/’1’ = (,01 € L(Ol;), NS L(Oé:'ni))

for each set of variables Y; where m; is the number of
match-expressions on the variable z;.

If we replace every match-expression in the constraints
in C with their corresponding y-variable we get a SAT prob-
lem which we denote C',. While an assignment p solv-
ing C' implies assignments to Y that satisfies C,, the re-
verse is not true. To see this consider the regular con-
straint match(zy1,”a”) A match(zy,”b”). Though ¢; =
(true, true) satisfies the logical constraint there is no as-
signment to the variable x; that corresponds to such an as-
signment. We therefore need some further constraints on
the Y -variables to model this restriction.

4.2 The reachability constraint

In order for the regular CSP to be satisfied by a solution
to the logical constraint it has to be allowed by the semantics
of the match expressions. That is, the assignments to the
logical variables corresponding to match expressions on the
same variable x;, has to be simultaneously achievable by a
single word assigned to x;.

We define the acceptance value of a word assigned to z;
as

a;i(w) = (match(w, o), ..., match(w, al, ).

Informally, the acceptance a;(w) is the tuple of evaluations
of each match expression on x; of the word w.

Furthermore, for a string variable x; and a word w we
define the reachability constraint R;(w) over the variables
Y;:

Ry(w) = {a;(w') | v’ = w - o}

That is, the reachability constraint R;(w) restricts the
variables in Y; to those assignments that are consistent with

some word assigned to z; that can be obtained by appending
to w. ~
Given an assignment p to X we define C as:

C=0CpA /\ R;(pi)
1<i<n

This SAT problem has the property that p is extendable
iff C is satisfiable.

In the encoding of match-expression we will always add
a special symbol, say <EOL>, at the end of each regular
string in the match-expressions, representing that the typed
input is completed, by the user typing enter, leaving the in-
put field or similar. For simplicity we will not consider this.

4.3 Core configuration algorithms

In the following we sketch the core algorithms that is
used in both the previous approach of [1] and in this paper.
Below p is the current assignment to X and initially p =
(€,...,¢€). Therefore we initially compute C' as

C‘<—CL/\ /\ RZ(G)

1<i<n

The first algorithm is APPEND(z;,w) which updates C
to reflect that the word w has been appended by the user
to the variable z;. Before the append is performed it is
checked whether p will still be extendable after w is ap-
pended to p;.

APPEND(x;, w)
if C A R;(p;w) is unsatisfiable
then error “invalid append”
Pi < piw
C — C A Ri(pi)
for each (z; € X)
do AUTOCOMPLETE(x;)

AN AW

An update using APPEND might enable us to autocom-
plete one or more variables. A word w assigned to x; can
be autocompleted to w - w iff w - w is a prefix of all valid
assignments to x;. The algorithm AUTOCOMPLETE shown
below performs this update if possible.

AUTOCOMPLETE(x;)

1 if C A a;(p;w) is unsatisfiable and
there exists exactly one w € X for which
C A Ri(p;w) is satisfiable

2 then p; — p;w

3 AUTOCOMPLETE(z;)

The final algorithm is SUGGEST. It is initially called
with the parameters (z;, €) and returns the valid domain of
x; (in practice an upper limit is put on the number of strings
returned).



SUGGEST(z;, w)
1 S0
2 if C A {a(p; - w)} is satisfiable
3 then S — S U {p; - w}
4 for each w’ € X for which
C A Ri(p; - w - w') is satisfiable
do SUGGEST(z;, w - w')
6 return S

9]

4.4 Implementation

We will now briefly sketch how the logical operations
and the computation of the reachability constraints in the
above algorithms were implemented in [1]. Initially the
logical constraint is compiled into a single MDD[8] using
the standard MDD logical operators. Following this a de-
terministic finite automata F; is build for each o'. Let
Fi= {F;C | k=i}.

In order to combine the constraints on each string vari-
able x; we compute the the minimized product DFA of the
DFAs in F* as defined below.

i
e

Definition 4 ((Minimized) Product DFA — (M)PDFA)

A product DFA of a set of DFAs {(Q1,%, 91,81, 41), ...,
(Qk, X, 0k, Sk, Ak)} is  the automata M =
(X1<j<k @, 2, 0, X1<ji<hsjs X1<j<k ;) where
5((Q1,...,C]k),a) = (51((]17a)"'~75k(qk7a))' We
use My = (Qx,Xx,0x,8x,ax) to denote the minimized
product DFA obtained by minimizing M.

The minimized product DFA can be constructed in linear
time in the size of the output using a simultaneous DFS in
all k DFAs, constructing a state in the MDFA for each dis-
tinct combination of states in the DFAs that is encountered
in the DFS [1]. For convinience, given a state ¢ € M ;

where 8 (s, w) = g we let R;(¢) = R;(w).

4.4.1 Computation of reachability constraints

Given the minimized product DFA M} =
(Q, %y, 06%, st ,a;) for F' we can evaluate
a;(w) = a;(6%(s%,w)) easily, but as indicated in the
algorithms shown above it is also necessary that we can
compute R;(w).

The algorithm that computes the reachability constraints
labels each state with B(q) = {a;(¢)}. In the next step
the strongly connected components S = {S,...,Sk} in
M, are found and each S; is associated a label B(S;) =
{ai(¢) | ¢ € S;}. The strongly connected components
are then considered in reverse topological order. For each
component S; with neighbors S, ..., Sk, , B(S;) is up-
dated to | J, -, B(Sk, ). This allows R;(g¢) to be computed
as B(Sy). The labels and final reachability constraints are
represented using MDDs.

Since both reachability constraints and the logical con-
straint are now represented as MDDs, we can easily support
the operations required by APPEND, AUTOCOMPLETE and
SUGGEST.

5 Improved representation of acceptance val-
ues

The approach described in Section 4 has two critical per-
formance bottlenecks. The first is Line 2 of APPEND, which
performs a conjunction between the MDD representing the
current logical model C' and a reachability constraint. The
second is Line 1 in AUTOCOMPLETE which is called n
times for every call to APPEND and involves several con-
junctions between the logical model and a reachability con-
straint in order to determine satisfiability.

Conjoining two MDDs G and G5 requires time O(|G1 |-
|G2|) in the worst case. As pointed out in [1] this issue
makes it impossible to guarantee a response time linear in
the size of the compiled representation. This guarantee is an
important feature in the standard interactive configuration
scheme.

In this section we will consider two ways to tackle the
bottleneck:

e In Section 5.1 we will reduce the problem by encoding
the acceptance values in a more efficient way. This
will reduce the size of the MDD encoding of both the
reachability constraints and the MDD encoding of C.
Hence the time required to perform the conjunctions
will be decreased significantly.

e In Section 5.2 we will change the representation of the
reachability constraints in such a way that we can re-
place each conjunction of the MDDs in the algorithms,
described in Section 4, by a restrict-operation. Restric-
tions can be done in linear time in the size of the MDD
and hence we can obtain the linear response time guar-
antee that could not be provided in [1].

In the approach described in Section 4, the acceptance val-
ues are modelled directly with boolean variables. This ap-
proach has the advantage that it makes it very simple to
construct the MDD as each match-expression corresponds
to exactly one boolean variable. Both improvements that
we will consider in the next two subsections will involve
changing this simple representation to a more complex but
also more efficient representation.

For the sake of simplicity we will in the reminder of Sec-
tion 5 neglect the fact that (almost) every state in a PDFA
has a transition to a state corresponding to that all DFAs are
rejecting with a self-loop on all w € 3.



5.1 Integer encoding

In many cases only a small fraction of the 2 possible
acceptance values for a variable x; can occur because the
regular constraint tightly limits the simultaneous allowed
assignments to Y. We can use this fact to create a much
more compact MDD to represent the logical constraints of
the regular CSP. To this end we introduce for each string
variable z; an integer valued variable y; and for each PDFA
we assign a unique integer id I*(a’, (¢;)) to each occuring
acceptance value a’ (q;). Further, we denote by I; the set
of ids of acceptance values satisfying the jth match expres-
sion on x;. That is:

IJ’: = {I'(d’,(¢:)) | ; € Q% A the jtheentry in a’, (g;) is true}

Suppose that aj- is the regular expression of the j occur-
rence of a match expression on z;. We can now express the
corresponding logical constraints by replacing each occur-
rence of match(z;, j) (which in Section 4 was replaced
by %) with the disjunction VaeI;I (i = a). That is, we
specify that y; must be assigned to one of the integer ids
that correspond to a state in the PDFA satisfying the match
expression. The use of this encoding implies new reachabil-
ity constraints R;(q) restricting ¢; to the set of ids reachable
from ¢ in M.

Figure 1. A PDFA on the constraint from Example 1.
Each state ¢ in the figure is labeled with a : b where
a = ak(q)(showing true as 1, and false as 0) and b =

I'(a%(a))-

Example 1 Consider the constraint

match(zy, aax) A (match(zy, ab * cx) V match(zy, aa))

ey
and the corresponding PDFA in Figure 1. In this example
5 of the 2% possible acceptance values occurs in the PDFA.
Note that since the acceptance value 010 appears twice the
integer id 4 appears twice as well.

In the encoding from Section 4 the representation of C
would be yi N (y% \Y yé) In the integer encoding we have
numbered the five acceptance values with 0, ... 4, such
that

— (-
g1 =1 <= (y; Ays Ay3)
=2 <= (y1 AW Ay3)
g1 =3 <= (yl A—ys A—wd)
=4 = (-l Ays A-wd)

which entails that

yI <= 1 =1V =2Viy =3
ys = 7 =2

y3 = hi=1vy =4
Hence the integer constraint will be
(h =1V =2V =3)A (h =2V (I = 1V = 4))

which reduces to y; =1V y; = 2.
5.2 Updates using restrict

In order to achieve that restrict operations are sufficient
for updates we need to adapt the MDD on C' to the structure
of the PDFA as described below.

Definition 5 (Connection Graph) A graph G« (V«,Ex)
is a connection graph on a PDFA M iff there exists a bi-
Jjective mapping I' : Qx — Vi and for any p,q € Q it
holds that (T'(p),T'(q)) € Ex <= Jyex : 0x(p,w) = q.

We define reachability constraints for the nodes in Vy as
R;(T'(q)) = Ri(q) and the acceptance value of the nodes

as a;(I'(q)) = ai(q).

Note that the edges in the connection graph are unlabeled
and that all transitions between p to g are represented by the
single unlabeled edge (I', (p), ['(q)).

We define contraction of an edge (u,v) as redirecting
all start-points and end-points of edges from w to v, that is,
replacing all (u,u’) by (v,u’) and all (u/,u) by (u/,v) in
FE, and then removing u from V.

Definition 6 (Macro-DAG) A Macro-DAG on a PDFA
M? is a connection graph (Vy,Ey) on M! where all
edges (u,v) € Eyx where R;(u) = R;(v) are contracted.
The height h of the DAG is the length of the longest path in
the DAG. Nodes with an out-degree of zero are called ter-
minals and are labeled with h. All other nodes are called
internal nodes and are labeled with the length of the longest
path from the root to the node. The edges in the Macro-DAG
is labeled in such a way that any pair of edges with the same
start-point have different labels.

Note that all internal nodes have labels that are less than
h. A Macro-DAG is essentially an MDD where terminals
with different reachability constraints are kept separate.



Every match(z;, aé) is represented by an MDD. This
MDD is obtained by removing all terminals ¢ that corre-
sponds to violating match(x;, aé-) from the Macro-DAG
(VEi, EY), removing all nodes from which a terminal is not
reachable and merging isomorphic nodes. The variable la-
beling of each MDD node v is §yper-+1(v) Where [(v) is the
label on v and offset is the first variable that is not used in

the encoding of the variables x1, . .

<y Li—1

(b) Macro DAG on x;.
Edges are labeled by
transition label and the
(a) PDFA on x1. The Macro-DAG label sepa-
nodes are labeled by ac- rated by colon
ceptance values, where 1 Q

corresponds to true and O 2
b G 7

corresponds to false
(c) MDD for

match(z1,ald)

Figure 2. Data structures representing the CSP
consisting of the constraint match(z1, (alb)c) VvV
match(z1, ((a|b)d)|e) V match(zi, f(gh)x)

Figure 2 shows how a Macro-DAG is obtained from a
PDFA and how the MDD of a match-expression is obtained
from a Macro-DAG. Note that the two edges labeled a and b
in Figure 2(a) are represented by a single edge in the Macro-
DAG. The two nodes with acceptance value 1, 0, 0 in Figure
2(a) are contracted into one node in the Macro-DAG.

The only terminal in the Macro-DAG that does not vi-
olate the the second match-expression is the middle one,
hence only this one terminal is present in Figure 2(c).

The next example clarifies how the MDD is constructed
for each of the three representations in Section 4, 5.1 and
5.2 respectively.

Example 2 Consider

f1 = match(xy, (alb)c
f2 = match(x1, ((alb)d)|e)
fs = match(z, f(gh)*)

A match(xs,a)
A match(xz,a)
A match(xa,b)

and regular CSP on the constraint fi V fo V f3. The

Macro-DAG on x1 is the one shown in Figure 2(b), and the
Macro-DAG on x5 is:

al
O ="

In Figure 3 we have shown how the MDD on C will be
constructed given the three different encodings. For each
encoding four MDDs encoding f1, fa, f3 and f1 V f2 V f3
respectively are shown. We have assumed that the match-
expressions are numbered in order of occurrence in the con-
straint. In the integer encoding the acceptance values of x1
are numbered 001 = 1,010 = 2 and 100 = 3. For x5 the
numbering is 10 = 1 and 01 = 2.

Suppose that x1 = xo = € and that an a is appended
to x1. In the encoding in (a — d) an MDD corresponding
to ~y1 A ~y2 A ys V —y1 A ya A —ys is conjoined with the
MDD from Figure 3(d). In the encoding in (e — h) an MDD
corresponding to y1 = 1V y1 = 2 will be conjoined with
the MDD from Figure 3(h). In the encoding in (i — ) the
value of 11 will be restricted to 1 in the MDD from Figure
3(h).

6 Improving performance of autocomplete

The approach in [1] suggests performing the satisfiabil-
ity check in Line 1 of AUTOCOMPLETE by actually com-
puting the conjunction using the MDD apply operator. This
will be very expensive both assymptotically and in practice.
A very significant improvement can be achieved by using
projections.

Definition 7 (Projection) We denote by the projection of C
on x;, written as C' | x; as the constraint C where all but
the variables that corresponds to x; are removed from C' by
existential quantificantion.

The general idea is to compute (C' | x;) A R;(p;w) in-
stead of C' A R;(p;w) in Line 1 of AUTOCOMPLETE. We
note that we can compute a projection on all the variables in
X by a single scan through the MDD hence in linear time in
the size of the MDD. This can be done simply by copying
each variable layer and reduce it.

Note that making the projection on C'is related to com-
puting the Valid Domains on C' [9].

7 Experiments

We have implemented a configurator for regular CSPs
that is able to choose between the three different represen-
tations of acceptance values described in Section 4.4.1. The
implementation was done in C# using the BudDDy package
[10] and the C# port supplied as a part of the C# implemen-
tation of CLab [11]. MDDs have been encoded as BDDs
by using log-encoding [9], hence the size mentioned in the
experiments are counting BDD nodes.



Figure 3. The construction of the MDD based the encoding from Section 4 (a-d), Section 5.1 (e-h) and Section 5.2 (i-1)

7.1 Database scenario

For the first part of our experiments we consider a sce-
nario where we want to assist the user in filling out a form
that is restricted based on the content of several relational
database tables. We start by describing how we model this
problem as a regular CSP.

Let S = {z1,...,2r} C X be a set of string variables
and let T" be a table with £ attributes containing m tuples
(oot e, (B0, 0.

We want to model the constraint ¢ such that for any
assignment of values aj,...,a; to the string variables
x1,...,xy the constraint c is satisfied iff (a1, ..., ax) cor-
responds to a tuple in 7, that is \/, ;<. A< j<p @5 = th
We can express this as the table constraint on the variables
in S as \/,cic,, Ai<j<p match(z;, t%). using the fact that
o = w and match(z,w) are equivalent iff w € X! for some
[, that is, w is a word. When constructed in this fashion, the
MDFAs are likely to result in a tree structure. Further if we
assume that no match-expression occurs more than once in
the constraints every state in the MDFA will correspond to
acceptance of at most one match-expression.

Note that the conjunction of the table constraints of two
relations R and 7T is equivalent to the table constraint of the
join thatis R T.

7.2 Results

We loaded a database join with 91 x 91 x 77 = 637637
tuples based on a join from the Northwind database instance
[12]. We joined two copies of the Customers table (one with
renamed attributes) and the Products table. The tables have
no attributes in common. We show the results of testing

interaction sequences with our configurator on the resulting
string configuration instance in Figure 4(a) and 4(b).

7.3 Car configuration scenario

In addition to the above database data, we also loaded
the renault instance from CLib [13] (the largest configura-
tion instance available). This instance represents realworld
data related to the the configuration of a specific car model.
Compiled as a BDD it has a node count of approximately
450000 nodes. Since this instance is a finite domain con-
straint problem, we turned it into a string variable problem
by mapping each finite domain value into a string drawn
from a database. For this scenario we only tested with the
integer encoding technique from Section 5.1, and not for the
encoding used in [1] or the integer encoding from Section
5.2. We generated a set of interaction sequences for this
problem. The max interaction time was in this case 350 ms.

8 Conclusion

We have presented several improvements to the approach
in [1]. We have implemented a configurator that can use the
approach from [1] as well as the improved approaches pre-
sented in this paper. By using the implemented configurator
we have empirically showed that the representation of the
constraints suggested in [1] fail to give a real-time response
time (250 ms) on a real-world instance, that our improved
representation easily can achieve.

8.1 Future work

On the implementation side, one additional optimization
is possible. Earlier in the paper we have been consider-



[1] Sec. 5.1 | Sec.5.2
BDD nodes in RCs | 210341 27182 6773
BDD nodes in AVs | 147173 12709 22556
BDD nodes in ¢ 143038 13356 23877
States in MDFAs 16998 16998 16998

(a) This figure shows the sizes of the data structures involved in
modeling the database instance described in Section 7.2. As ex-
pected the integer encoding from Section 5.1 greatly reduces the
size of the BDDs representing the logical constraints and reacha-
bility constraint (RC) compared to the representation used in [1].
The representation from Section 5.2, yields a somewhat larger
logical BDD, but smaller BDDs for the reachability constraints.
The former is due to the additional variables used to encode ac-
ceptance values, while the latter is caused by the improved prefix
sharing.

ing modifications of the decision diagram by AND and RE-
STRICT operations. In practice it will be more efficient to
avoid modifying the decision diagram and instead simply
store the list of values that has not been restricted. In this
scenario the projections can still be computed efficiently.
On the theoritical side we plan to consider more expres-
sive representations than regular and DFAs for representing
the string domains as well as allowing more complex con-
traints on string variables than just match expression.

bitvector integer Operation
no proj proj Sec. 5.1  Sec. 5.2 | count
Total APPEND 1710 1690 140 260 47
Total BDD Projection 0 15610 | 2080 2460 435
Total AUTOCOMPLETE | 93454 40 20 140 435
[ Max Response time [ 5721 [ 520 [ 40 [ 10 “ ]

(b) The results shown in this table is obtained by loading the database described in
Section 7.2 and making a small scenario by handpicking some append operations that
require a lot of synchronization. The figure shows the total time used in the entire sce-
nario by APPEND, AUTOCOMPLETE and BDD projections respectively. The number
of times each of the three operations are performed in the scenario are listed in the
right-hand column. The critical performance parameter in the figure is the response
time. The approach of [1] provides a completely unacceptable response time of nearly
6 seconds. Even when projection are used, the maximal response time is problematic.
Both integer based representations provide acceptable response times. In comparing
the integer representations, we note that even though the integer representation of Sec-
tion 5.2 is slower on average than the one from Section 5.1 it is better in the worst
case. This is due to the fact that the former representation is very fast for the first few
assignments, which is usually the most time consuming, since the size of C' is large and
a lot of pruning will be performed

Figure 4.
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