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Subclasses of linear inequalities where each inequality has at most two variables are
popular in abstract interpretation and model checking, because they strike a balance
between what can be described and what can be efficiently computed. This paper
focuses on the TVPI class of inequalities, for which each coefficient of each two variable
inequality is unrestricted. An implied TVPI inequality can be generated from a pair of
TVPI inequalities by eliminating a given common variable (echoing resolution on clauses).
This operation, called result, can be applied to derive TVPI inequalities which are entailed
(implied) by a given TVPI system. The key operation on TVPI is calculating closure:
satisfiability can be observed from a closed system and a closed system also simplifies the
calculation of other operations. A closed system can be derived by repeatedly applying the
result operator. The process of adding a single TVPI inequality to an already closed input
TVPI system and then finding the closure of this augmented system is called incremental
closure. This too can be calculated by the repeated application of the result operator.
This paper studies the calculus defined by result, the structure of result derivations, and
how derivations can be combined and controlled. A series of lemmata on derivations
are presented that, collectively, provide a pathway for synthesising an algorithm for
incremental closure. The complexity of the incremental closure algorithm is analysed and
found to be O ((n% +m?)lg(m)), where n is the number of variables and m the number of

inequalities of the input TVPI system.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The study of how to eliminate a variable from a system of linear inequalities dates back to at least Fourier’s 1824 work
[15], that demonstrates that the satisfiability of a system of inequalities can be established by successively eliminating
variables until exactly one remains. This satisfiability argument is also used by Nelson [34], who considers it in the special
case that each inequality has at most two variables, a satisfiability problem further considered by [7,21]. Further restrictions
to the class of linear inequalities have also been considered, with Harvey [19] considering the integer satisfiability of systems
of inequalities with two variables per inequality where the coefficients are unit (that is, 0, 1 or —1).
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These unit two variables per inequality systems are also considered in the context of program analysis, where they form
the underlying system of inequalities of the abstract domain of Octagons [33]. A number of classes of inequalities have
been used as the foundation of numeric abstract domains, including the class of inequalities with at most two variables per
inequality [40]. Note that Octagons are a strict subclass of these inequalities.

This paper is concerned with systems of inequalities with two variables per inequality (TVPI), and the addition of in-
equalities to the system. In particular adding inequalities incrementally, that is, one at a time. The work is focused on a
normal form for systems of inequalities with two variables per inequality, and how the normal form can be reached using
a calculus of operations which combines inequalities using a resolution-like operator, similar to the Fourier-Motzkin elimi-
nation step. Key results in this work will show that the calculus need only be applied in a restricted way in order to derive
the inequalities required for the normal form.

A system (set) in this normal form is called closed. Given a set of two or fewer variables, the syntactic projection of
a system onto these variables is the subsystem (subset of the given system) consisting solely of those inequalities whose
variables are drawn entirely from the set. A system is closed when every inequality with two or fewer variables that
is entailed (implied) by the system is also entailed by the syntactic projection of the system onto the variables of the
inequality being considered. For example, consider the system {x — y <0,y — z < 1}. This is not closed since the x —z <2
is entailed by the system, but not by the subsystem of inequalities that contain only the variables x, z (which is empty in
this case). However, {x —y <0,y —z<1,x — z <1} is closed, because the syntactic projection onto x, z is the subsystem
{x —z <1} which entails x — z < 2.

To obtain a closed system, implied inequalities in each two variable projection need to be made explicit and inserted. To
be closed, all the irredundant inequalities in each one or two variable projection must be enumerated. Implied inequalities
can be found by eliminating a single common variable from a pair of inequalities drawn from the system, or calculating a
resultant of the two inequalities, using the terminology of Nelson [34]. The resultant calculation is here formalised (see Sec-
tion 3) as the result operator. Control of the generation of these inequalities is not straightforward, as the following example
illustrates. Consider the system of inequalities Iop = {x — y < 0,2x — z < 0}, which is closed. Now consider augmenting the
system with co = —x+2z <0, and note that I;, = Io U {co} is not closed, since z— y <0 is entailed by If, but not included in
it, nor entailed by the syntactic projection of Ij onto {z, y} (which is empty). Using the result operation, implied inequalities
can be derived. For example, the result operation can be applied four times to give the following derivation (the notation
will be formally introduced in Section 3):

Co
—Xx+2z<0 x—y<0 N
z—y<0 2x—z<0 ,
2x—y <0 —x+z<0 N
2z—y <0 2x—2z<0
4x —y <0
The system is incrementally augmented with derived inequalities as follows.
L=Iju{z—y =<0} IL=ILU{2x—y <0}
I3=1,U{2z—y <0} I4=13U{4x — y <0}

Observe that the syntactic projection of Ij onto {x, y} is x — y <0, which does not entail 2x — y < 0. Thus I}, is not closed.
To address this, the syntactic projection of I, onto {x, y} is tightened. Again the syntactic projection of I, onto {x, y} does
not entail 4x — y <0, hence I, is not closed. Therefore, again the syntactic projection of I4 onto {x, y} is tightened. In this
way, the syntactic projection onto {x, y} can be tightened ad infinitum, hence a closed system is never achieved. However,
observe that

2x—2z<0 —Xx+2z<0
x<0

If this were added to Ij then 2x — y <0 would be entailed by the syntactic projection onto {x, y}, {x—y <0,x <0}, and
its addition would not tighten the system. In fact, the system Iy U{z —y <0,x <0,z <0} is closed. Note that the addition
of new inequalities might well make some inequalities within the system redundant.

This poses some questions as to how to derive a closed system. Which inequalities should be combined using the
result operator, and in what order should this be done, so that a terminating procedure giving a closed system is realised?
In addition, are all the new inequalities necessary for a closed system or its derivation? Can unnecessary inequalities be
removed?

The work in this paper answers these questions by reasoning about the result calculus. The answers then inform the
construction of a polynomial algorithm for incrementally closing a system of TVPI inequalities. This results in an algorithm
whose construction is principled, and whose results are justified rather than merely aligning with a closed system for
inexplicable reasons; the technical challenge is not formulating the algorithm, but understanding and demonstrating that it
is correct.
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In studying this problem, this paper makes the following contributions:

o formalisation of the result calculus and notions including syntactic projection, closure, filtering (removal of extraneous
inequalities) and completion (a combination of closure and filtering);

e the result calculus is treated as an object of study. A series of results are presented on the rewriting of derivations
of inequalities into derivations where structural properties hold, demonstrating that only a certain class of derivations
need to be considered; these results stem from the desire to make progress [41] on TVPI by advancing reasoning on
TVPI systems;

e an algorithm is presented for inserting a new two (or fewer) variable inequality into a non-redundant planar system of
inequalities, which results in an updated system with no redundancy. This is lifted to systems of TVPI inequalities and
is used to define incremental completion;

e a complexity analysis of operations relating to incremental completion is given. Incremental closure realised as incre-
mental completion resides in O((n? + m?)1g(m)) time where n is the number of variables and m is the number of
inequalities in the system being augmented;

e the restriction of these results to the Octagon and Logahedra subclasses of two variables per inequality systems is also
considered. The complexity of operations (in particular closure) on Octagons over rationals of this specialisation matches
that given in previous work [33] despite not relying on the encoded matrix representation given there. This suggests
that alternative representations of Octagons, including compact representations, are conceivable;

e the algorithm is implemented and the growth of incrementally closed systems is evaluated.

The rest of the paper is structured as follows: Section 2 places this paper in the context of related work and Section 3
defines key concepts. Section 4 gives the proof of the correctness of incremental closure (using completion). This is followed
by Section 5 that gives a discussion of the construction of the algorithm together with analysis of its complexity, and
Section 6 that experimentally evaluates the algorithm. Section 7 concludes.

2. Context and background

This section positions the current work in the context of previous work on restricted classes of linear inequalities, how
they arise and the problems addressed. This work is motivated by applications in abstract interpretation (Section 2.4) and
model checking (Section 2.3).

2.1. Satisfiability

Given a system S of m TVPI inequalities over a set of n variables X, a chosen variable x € X and an arbitrary constant
c €Q, it is possible to decide whether the augmented system S U {x = c} is satisfiable over Q in O(mn) time [1]. Strongly
polynomial decision procedures for feasibility have been proposed for TVPI systems [7], including one, founded on [1],
which resides in O (mn?1g(m)) [21]. The satisfiability problem for integer TVPI is NP-complete [26].

2.2. Linear programming

Linear programming over TVPI has attracted interest because the dual problem is a generalised minimum-cost flow
problem (flow with losses and gains) [20]. A linear program over TVPI can be solved in O(m3n?lg(m)lg(B)) time [44]
where B is an upper bound on the number of bits required to store the absolute value of the largest (rational) coefficient
of the TVPI system. The B term implies the algorithm is not strongly polynomial. Integer TVPI linear programming is
NP-complete since satisfiability for integer TVPI is NP-complete [26] (it also follows by encoding the vertex cover problem
[17, Section 3.1.3]).

2.3. Model checking

Pratt [35] observed that solving systems of TVPI inequalities of the restricted form x; — x; < c, where x;, x; € X, can be
solved in polynomial time. These inequalities, called difference constraints, have gained traction in model checking [11,28],
where they are deployed to bound the time difference [31] between event i and event j. If X = {xp,...,%;—1} then an
inequality x; — xj < ¢ can be represented by storing c at the i, j entry of an n x n matrix, called a Difference Bound Matrix
(DBM). The absence of an upper bound on x; — x; is indicated by an entry of co. A DBM thus gives a natural representation
for differences, and an all-pairs shortest path algorithm [14,43] can determine satisfiability in O (n3), whereas a single source
shortest path algorithm [3] can determine satisfiability in O (nm) time.

2.4. Abstract interpretation

The class of TVPI inequalities where the coefficients are either —1, 0 or 1 is called Octagons [33]. DBMs can be adapted
to represent Octagons [33] and an all-pairs shortest path algorithm used to determine satisfiability [33], including over
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Least upper bound of I and J

Fig. 1. Closure and least upper bound. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

integers [2], in O(n®) time (based on the Floyd-Warshall all pairs shortest path algorithm), or O(n®lgn + mn) (based
on Johnson’s algorithm [24], exploiting a sparse representation). A single source algorithm has also been applied to this
satisfiability problem [27] yielding an O (nm) algorithm, work that has been extended to check satisfiability incrementally
in O(nlg(n) +m) [38].

Two important operations in abstract interpretation are join (least upper bound) and projection (forget). These operators
are deployed in concert in abstract interpretation [8] to compute invariants that hold on every path through a program,
even when there are infinitely many. For Octagons, join computes the least Octagon which includes two given Octagons; it
is used to summarise the properties that hold on different branches of a program. Projection eliminates a variable from an
Octagon; it is used to discard information pertaining to a variable of a program which goes out of scope. Closed systems of
inequalities provide a way to straightforwardly compute the join and projection operators. The join of two closed systems
can be computed pairwise, by considering each two variable pair, and calculating the convex union of the two sets of
inequalities found by projecting each of the two input systems onto this pair. Similarly, join and projection for closed TVPI
systems can be calculated pairwise for closed systems.

To illustrate, consider again I, = {x —y <0,2x —z <0, —x + z < 0} (coloured red in the first row of Fig. 1) and recall
that I =1y U{z—y <0,x <0,z <0} is closed (coloured grey in the first row of Fig. 1). Now consider in addition, Jj =
{(x+y=<02x—y=<0z<-1,y4+2<0,z—y < —1} (coloured red in the second row of Fig. 1) and observe that Jj =
Jo U {x <0} is closed (coloured grey in the second row of Fig. 1). Observe that the third row of Fig. 1 describes the TVPI
system that encloses those of Ij and J{. Moreover, this system can be derived pairwise by computing the planar join
(convex union) of each two variable projection. That is, each projection on the final row of Fig. 1 is the convex union of the
two projections on the preceeding rows. Notice that without computing closure the pairwise convex union calculations will
not give the join of the two input systems; for example, without closure, the convex union of the two {y, z} spaces is the
whole {y, z} space.

Invariants can be inferred using general polyhedra [9], but there is much interest in identifying subclasses of linear
inequalities which balance the expressiveness of the invariants against computational tractability. As well as Octagons and
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TVPI [40], other examples of these weakly relation domains include: differences (or zones) [32], pentagons [30], zonotopes
[18], Logahedra [22], octahedra [6], subpolyhedra [29], and linear template constraints [37].

A frequently occurring use-case in abstract interpretation is adding a single constraint to system of constraints and then
checking satisfiability, a problem which is addressed herein for TVPI. This use-case arises when a TVPI description for the
program state at one line is adjusted to obtain a TVPI description for the next, possibly adding a series of TVPI inequalities
to a given TVPI system [33]. Incremental closure also arises when modelling machine arithmetic with polyhedra [39] where
integer wrapping is simulated by repeatedly partitioning a space into two (by adding a single unary inequality), closing and
then performing translation. Integer wrapping is applied whenever a guard is encountered and since each encounter invokes
incremental closure repeatedly, the faithful modelling of machine arithmetic is predicated on the existence of an efficient
incremental closure algorithm.

2.5. Polyhedral compilation

Polyhedral compilation [36] offers a formal way to understand loop optimisation for bounded iteration, where array
indices are restricted to affine functions on the loop variables (possibly augmented with symbolic constants). A dependency
graph is created with statements for nodes and edges which indicate a dependence between one statement that writes to
an array element and another that reads from an array. Each edge is decorated with a polyhedron, which indicates how
the array indices differ or overlap when the read of one statement is reached after the write of another statement [12].
A transformation phase [10] then follows, for example to minimise the overall latency [13], which amounts to finding
a partial order (a schedule) whose edges include those of the dependency graph, which can be realised with code that
satisfies given architectural constraints. Although it appears intractable to compute a best schedule [25], good schedules can
be derived efficiently by approximating the polyhedra with TVPI inequalities, so as to provide a way of scaling polyhedral
compilation [42].

3. Preliminaries

The study commences with the class of two variables per inequality constraints [34,40] that is defined over a given set
of variables X:

Definition 1. TVPIx ={ax+ by <e|x,y € X Aa,b,e € Q}

Suppose X = {u, x, y, z}. Note that TVPIyx includes unary constraints, such as 2x < 3, by setting, say, b = 0. It also contains
constant constraints such as 0 <0 and 0 < —1 which abbreviate to true and false respectively. This class of inequalities
possesses the property that TVPIy is closed under variable elimination. That is, eliminating variables from some S C TVPIx
results in a system of inequalities S’ C TVPIx. For example, the variable y can be eliminated from the system S = {x —
2y <5,3y+2z<7,5y —u <0} by combining pairs of inequality with opposing signs for y. This yields the projection
S’ ={3x+2z <29, —2u + 5x < 25}, which is indeed a system of TVPIx inequalities.

Observe that c € TVPIx can be represented in several ways. For example the inequality 2x 4+ 4y < 2 might also be
represented by x + 2y < 1. This leads to the concept of semantic equivalence. Denote by ¢ = ¢’ that one inequality is merely
a multiple of the other. This will be used when naming inequalities, for example, c=x —2y <3 or ci =a1x+ b1y <ej.
More generally, equivalence is formulated in terms of the entailment relation. Given two systems S, S’ € TVPIy, S entails
S/, denoted S = S/, if any assignment that satisfies S also satisfies S’ (where an assignment is assumed to be a mapping
from X to Q). For instance, S =S’ where S={x—2y <7,y < -2} and S’ = {x <4} since every assignment to x and y that
satisfies S also satisfies S’. The converse is not true since the assignment {x — 4, y — 3} satisfies S’ but not S. Equivalence
is defined as S= 5’ iff S|=S" and S’ = S. The entailment of a single inequality ¢ by system S will be denoted S = c. For
notational convenience this paper implicitly assumes that an inequality is a representative of an equivalence class and might
be multiplied through by any positive constant.

The set of variables that occur in c is denoted vars(c) and is defined:

Definition 2.

] if x=yAna=-b

] elseif a=b=0
vars(ax + by <e) = { {y} elseif a=0

{x} elseif b=0

{x,y} otherwise

The set vars(c) contains either 2, 1 or 0 variables defining whether c is binary, unary or constant. This is then lifted to sets

of inequalities, so as vars(S U {c}) = vars(S) U vars(c). For example, in the example at the start of this section, vars(S) = X.
Other classes of inequalities with two variables per inequality can be defined and are of interest. In particular, Octagons

[33] and their generalisation, Logahedra [22]. These classes of inequalities are given below. Octagons have variations where
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the constant term is drawn from Z; in addition, bounded Logahedra are defined where the set of coefficients is generated
with a maximum exponent (so that Octagons are 0-Logahedra).

Definition 3. Octy = {ax+ by <e|x,ye X Ana,be{—1,0,1} Ae € Q}
Definition 4. Logy = {ax+ by <e|x,ye X Aa,be{-2",0,2"ne Z} ne € Q}

Observe that Octy C Logy € TVPIx.

As noted above, when a variable is eliminated from a subset of TVPIx (or Logy or Octy), the resulting inequalities are still
a subset of TVPIx (or Logy or Octy). In particular, the action of combining a pair of inequalities in TVPIx with a common
variable to eliminate this variable results in an inequality that is again in TVPIx. The action of combining inequalities, or
computing resultants to use the terminology of Nelson [34], is formalised below:

Definition 5. If c; =a1x+ b1y <eq, c; =axx+ byz <e; and aja; <0 then

¢ =result(ct, c2,x) = |az|b1y + |a11baz < |az|eq + |ailez

otherwise result(ct, ¢z, X) = _L. This resultant will also be denoted:

C1 2

X
C

The term in y is said to derive from cq and that in z to derive from c;.

Note that a single pair of inequalities may possess two resultants, as is illustrated by the pair c; =x+ y <1 and
cp = —2x — 3y <1 for which result(cq, c2,X) = —y < 3 and result(cq, c2, y) = x < 4. Hence it is necessary to stipulate which
variable is being eliminated. However, in contexts when the eliminated variable is not named result(cq, c2) will be used
without explicit stipulation of the variable. Pairs of inequalities for which the given variable cannot be eliminated are
indicated by L, which can be ignored from that point on.

The result operation defines a resultant calculus, and it is derivations of inequalities in this calculus that are the object
of study in much of this paper.

Definition 6. A series of applications of result form a derivation tree. If c is a leaf of the derivation tree (that is, not the result
of an application of result) then size(c) = 0. If size(c1) =n; and the size(cy) =ny, and ¢ = result(cq, c3, x) then size(c) =
ny+ny+1.

Note the slight abuse of notation. The size is a property of a derivation, not an inequality, hence size(c) will have differing
values for different derivations of c.

Example 1. Let co=x+y<1,c1=-2x+u<2,c=—-4y—x<1and c3 =—y + z < 1. Consider the following derivation
treeof c=2u+2z<11:

Co C1
x+y<1 —2x+u<2 N 2 Co c3
2y4+u<4 —4y —x<1 x+y<1 -y+z<1
2u—x<9 y XxX+z<2
2u+z<11

In this derivation size(c) = 4.
The resultant operator lifts to sets of inequalities by:
Definition 7. If C1, C; C TVPIx then
result(C1, C2) ={c|c1 € C1 Acy € Co Ax evars(c1) Nvars(cy) A c =result(cr, 2, X) AC# L}
The following abbreviations are used: result(c, C) = result({c}, C) and result(C, ¢) = result(C, {c}), where ¢ € TVPIx and

C C TVPIy.
Another fundamental operator is syntactic projection, defined below.
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)

Fig. 2. T[(x_y)(c/), ”(x.z)(cr) and ﬂ(y.z)(cl).

Definition 8. The syntactic projection, denoted my for some Y C X, of system of inequalities S C TVPIy is defined as my(S) =
{ce S |vars(c) C Y}

That is, the syntactic projection onto Y retains all inequalities whose variables are all in Y and discards all others. In a
non-closed system syntactic projection will possibly lose information; syntactic projection is not semantic projection.
Consider the definition of a closed system:

Definition 9. A system C C TVPIx is closed if the following predicate holds:
closed(C) <= Vc e TVPIx . (C == Tyars(c)(C) E=0)

A closed system is defined so that syntactic and semantic projection coincide. No further implied inequalities can be
added to the system that will tighten any two variable projection.
The following example illustrates closed systems.

Example 2. Suppose C={x+y<0,—x+y<0,—-y+2z<0,2y+x<2}.Put ('=CU{x+2<0,—x+2<0,y<0,z<
0}. Then C’ is closed. Note that y <0 is redundant in n{x,y}(C/) ={x+y<0,—x+y <0,y <0} but is irredundant in
Tyy,2(C")={-y+2<0,y <0,z <0} as illustrated in Fig. 2. Further note that 2y + x <2 is redundant in each two variable
projection; closed systems can contain truly redundant inequalities.

The second example illustrates closed systems, noting that unary inequalities need to be considered.

Example 3. Suppose C ={x+y <0, —x+ y <0}. Then C is not closed since C =y <0 but m(y;(C) = = y < 0. However,
C U {y <0} is closed.

The third example illustrates that consistency of the system needs to be considered.

Example 4. Suppose C = {x < —1,—x < —1}. Then C is not closed because C |= false and 7y(C) = @ [~ false. Put C’' =
C U {false}. For any other constraint c € TVPIlyx if C’ |=c it follows that 7Tyas()(C’) = ¢ hence C’ is closed. In particular
C’ =true and 7y(C’) = {false} = true.

A system C can be augmented with inequalities to get C’ so that closed(C’), that is, the system can be closed in a process
called closure.

If Y = {x, y} then the syntactic projection my (S) yields a planar system. A planar system over Y can be filtered to remove
any redundant inequalities. Similarly, the syntactic projection onto a single variable can be filtered (and this is trivial for
projection onto no variables). These operators can be constructed for planar (and zero and one dimensional) polyhedra and
lifted to systems of inequalities by taking the union of each filtered planar (and zero and one dimensional) projection. This
is formalised in Definition 10. Therefore, only inequalities that are redundant in all one and two variable projections are
removed.

The next definition considers how a two (or one or zero) dimensional projection can be filtered. This operation can then
be lifted to systems of inequalities.

Definition 10. The mapping filter : p (TVPIx) — o (TVPIx) is defined:

filter(C) = Uffiltery (my (C))|Y C X A |Y| <2}
where:

o filtery (C) C C
o filtery (C) =7y (C)
o for every C’ Cfiltery (C), C' #C.



8 J.M. Howe et al. / Theoretical Computer Science 768 (2019) 1-42

That no information is lost by filtering is formalised in the following lemma.
Lemma 1. If X’ C vars(C) and wx (C) |= ¢ then mwy (filter(C)) = c.

Proof. Since mx (C) = U{my (C)|Y € X’ A |Y| <2} and 7y (C) = filtery (7ry (C)) for each Y then my (C) = Uffiltery (;ty (C))|Y €
X' A Y| < 2}. Hence my (filter(C)) =c. O

Example 5. If S={x+y <0,—x+y <0,y <0} then filter(S) = S.
Example 6. If S={x < —1, —x < —1, false} then filter(S) = {false}.

The following lemma demonstrates that a closed system remains closed after filtering.
Lemma 2. If S C TVPIy and closed(S) then closed(filter(S)).

Proof. Let S € TVPIx and suppose closed(S) holds. Let ¢ € TVPIx such that S |=c. Then Tyars(c)(S) = c. Therefore by
Lemma 1, 7Tyars(c) (filter(S)) l=c. O

4. Completion

A closed system of inequalities I € TVPIx [40] can be found by augmenting I with inequalities result(I, I) until an I’ is
obtained such that no further (non-redundant) inequalities can be added to my (I) for any |Y| < 2. In this paper, the process
of finding a closed system, including an interleaved filtering step to remove unnecessary inequalities, is called completion.
Nelson [34] used closure as a way of deciding whether a given I C TVPIy is satisfiable over Q or R and this provides the
starting point for this section.

4.1. Full completion

The following result is Lemma 1b from Nelson [34].

Lemma 3. Suppose C C TVPIy, c € TVPIx and that C U {—c} is unsatisfiable, where C" U {—c} is satisfiable for all C' C C. Then, there
exists X' C X such that | X'| < ||X|/2] + 1 and 7wx: (C U result(C, C)) U {—c} is unsatisfiable.

Note that for ¢ € TVPI the constraint —c is a strict two variable inequality, hence —c ¢ TVPI, given the definition of TVPI
used in this paper. However, the results in [34] allow strict inequalities. Hence the following is a corollary of Lemma 3,
expressing the result in terms of entailment.

Corollary 1. Suppose C C TVPIy, ¢ € TVPIx and that C = c. Then, there exists X’ C X such that |X'| < ||X|/2] + 1 and wx (C U
result(C, C)) E=c.

The following defines the congruence relation = for TVPI systems. Two systems are congruent when they agree when
syntactically projected onto each projection of two or fewer variables.

Definition 11. [ = I’ iff for all Y € X such that |Y| <2, wy(I) =y (I').
The following lemma states that repeatedly applying result and filter leads to stability.
Lemma 4. Let | C TVPIy. Put Iy = filter(I) and I; 1 = filter(I; U result(l;, I;)). Then I} = I;11 where k = [1g, (| X])].

Proof. Note that Ip=... =y = Ij41.

1. For Y € X, |Y| <2 consider ¢ € wy (Ix+1). Observe that Iy = Ix41, hence Ig = c. Put Xo = X. By Corollary 1 it follows that
there exists Xj;1 C X; such that |Xj 1] < [|X;|/2]+1 and 7y, , (I; Uresult(l;, I})) |= ¢, hence by Lemma 1 7y, , (Iiy1) E=c.
In particular, 7ty (Ix) = c, since vars(c) C Y.

2. For Y € X, |Y| <2 consider c € y (Iy). Since I;1 = c it follows that my (Ix4+1) =

Thus my (Ix) = wy (Ig41), hence Iy = Ix4q. O
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The definition of closed allows systems to contain inequalities that are redundant in the sense that they can be removed
from the system whilst every one or two variable syntactic projection will still define the same space. These are the in-
equalities that are removed by filter. Computationally these inequalities incur a performance hit for operations on TVPIy
systems. This motivates a variation on closed systems, here called complete. This is specified as a function on TVPIy systems
below. A system where complete(I) = I will be referred to as complete, and the process of computing a complete system
will be referred to as completion.

Definition 12. Let [ C TVPIx. Put Iy = filter(I) and I;+1 = filter(I; U result(I;, I;)). Then complete : o (TVPIx) — e (TVPIy) is
defined

complete(I) = I,, where 41 = I, and for every 0 <m < n, Iyy1 & I
The following lemma shows that the complete function calculates a stable fixed point.
Lemma 5. Let complete(I) = Iy, as in Definition 12. Then forallm >n I, = I,.

Proof. Consider I, where m >n and I;; = I;;—1. Then I, = filter(I;;—1 U result(I;—1, I;m—1)). Suppose c € result(I;—1, Im—1)-
Then, since I,_1 is complete, Tyars(c)(Im—1) = ¢. If ¢ € I;;—1 then the result hold immediately. If ¢ ¢ I;;—1 then filter(I;;—1 U
{c}) = In_1 and the result holds. O

The intention is that complete returns closed systems, and this is established by the following theorem.
Theorem 1. Let C C TVPIy. Then closed(complete(C)) holds.

Proof. Since complete(C) = C it is enough to show that for every c € TVPIy, if complete(C) |= ¢, then 7Tyars(c) (complete(C)) =
c. Following the proof of Lemma 4 myas(c)(complete(C)) = myars(c)(Ik), Where k = [lg,(|X])], hence if C = ¢, then
Tvars(c) (complete(C)) =c. DO

The remainder of this paper is concerned with calculating completion, hence maintaining closed systems.
4.2. Incremental completion

This work is primarily concerned with incremental completion in two variables per inequality systems, that is, considering
how to make a system complete after the addition of a single new inequality to a complete system. Formally, where
I C TVPIy, complete(I) =1 and cg € TVPIy, the incremental completion is complete(I U {cg}), which is a closed system.

As demonstrated in the introduction, when a new inequality is added to a TVPI system the resultant calculus allows
many new inequalities to be derived from arbitrarily complicated derivation trees. However, with the exception of false,
only those derived from one or two result steps need to be considered. The approach taken here is to consider derivation
trees as objects of study.

The following sections give a series of lemmata relating to derivations trees:

e a result on redundancy (Lemma 6), showing that redundant inequalities cannot be used in the derivation of non-
redundant inequalities;

e two results on compaction of derivations, showing that a derivation of a non-redundant inequality consisting of three
successive applications of the result operation can be rewritten to a derivation of lower depth (one result for binary
inequalities, Lemma 7, and one for unary inequalities, Lemma 9);

e a result on linearisation of derivations (Lemma 10), showing that the derivation of a non-redundant inequality can be
rewritten so that one premiss of every result step is a leaf;

e two results showing that it is unnecessary to use the new inequality added to the complete system more than once,
Lemmata 11 and 12.

The concluding Theorem 2 uses the lemmata to demonstrate that any element of the incremental completion can be
generated using at most two result steps (with the exception of false indicating an inconsistent system, which can be
detected within the closed system). The proofs of the lemmata and theorem are constructive, and contain rewriting rules
for derivations in order to demonstrate their results.

Example 7. Returning to the derivation given in Example 1, first observe that {c1, ¢z, c3} is a complete, hence closed system
of inequalities. Adding co to this system allows additional inequalities to be derived using the result calculus. Example 1
gives one such derivation, which involves more than two result steps. The concluding Theorem 2 says that ¢ can either
be derived using fewer result steps, or that c ¢ complete({co, c1, c2, c3}). The proofs of the theorem and lemmata specify
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reductions to demonstrate this. In this example, case (5) of the proof of Theorem 2 indicates that Lemma 10 (linearisation),
following by Lemma 12 (multiple use, which in turn utilises the compaction Lemma 7) can be used to show that c ¢
complete({cop, c1, C2, c3}). The reasoning is illustrated in Example 13 and Example 11, and the redundancy indicated by the
latter is described in Example 9. The complete and closed system generated by adding co to {ci,c2,c3} is considered in
Example 15.

4.3. Inconsistency

As noted above, and demonstrated in this paper, any inequality in complete(I U {cg}) can be found in at most two results
steps. However, it should be noted that inconsistency of a system might not be detected in these two steps. This is illustrated
in the following example.

Example 8. Let I = {cq, ¢}, where ¢y = —x—u <0, c; = —3x—u < —3, hence closed(I) and complete(I) = I. Consider adding
co=2x+u <1 to I. Observe that the system is then inconsistent:

where 0 < —1 = false. Observe that there is no selection of ¢;, cj € I so that result(result(co, ¢;), ;) = false.

At the heart of this paper is the result that when incrementally adding a new inequality to a closed system of inequalities,
any inequality that can strengthen a two dimensional projection can be generated in at most two result steps. In the case
above, the two dimensional projection is already inconsistent, so generating false does not tighten the projection, hence it
is similar to a redundant inequality, hence is not generated. However, false is needed for closure. This does, however, mean
that this inconsistency of the projection (hence system) needs to be explicitly noted.

4.4. Redundancy

Redundancy is important in two senses. The first is that using the result calculus, inequalities redundant with respect to
the entire system are added in order to make them explicit. In a second sense, within a two variable projection inequalities
that are redundant within this projection are not part of the completion (and are unnecessary for a closed system) and can
be removed. That is, these inequalities are redundant with respect to a complete system. Redundancy is primarily used in
this second sense through much of the rest of this paper, and is defined below.

Definition 13. Inequality c € TVPIy is said to be redundant with respect to I C TVPIy iff I |=c and c ¢ complete(I).

In any two variable projection, a redundant inequality can be obtained as the positive linear combination of one or
two other inequalities. This is represented with the following notation describing the entailment of the inequality in the
conclusion by the two in the premisses:

a1x+b1y <e @x+byy <e;
(Aaq 4+ A2a2)X 4 (Mb1 + A2b2)y < Aier + Azex +6

T (1.42.8)

This says that multiplying the first premiss by A1 > 0 and the second premiss by A, > 0, summing the results and adding
8 > 0 to the constant term gives the conclusion.

The following lemma shows that for system of inequalities I, if inequality c is redundant with respect to complete(I)
then the resultant of ¢ with any inequality cq is redundant with respect to the completion of I U{co} (hence also redundant
with respect to I U {co}).

This is a powerful result, redundancy really means just that: a redundant inequality is useless for forming non-redundant
inequalities, any resultant formed is guaranteed to be redundant. This will be useful in later results, where derivations of
inequalities are rewritten and after rewriting it might be that some intermediates are redundant.

Lemma 6 (Redundancy). Let I € TVPIx and let c, cg € TVPlx where x € vars(c), x € vars(cg). Suppose ¢ ¢ complete(I) and I = c.
Then complete(I U {co}) = result(co, c, X) and result(co, ¢, x) ¢ complete(I U {co}).

Proof. Without loss of generality there are two cases to consider:

i) Where |vars(c)| =1.
ii) Where |vars(c)| = 2.



J.M. Howe et al. / Theoretical Computer Science 768 (2019) 1-42 11

i) By the definition of closed there exists ¢y € complete(I), c1 # ¢ such that {c1} &= c. Suppose c =ax <e and ¢y = apx +
boy < eo (where it might be that bg = 0). Hence result(cq, ¢, x) = |a|lboy < |aleg + |agle. Then put c; =ax<e—35,8 >0
and consider ¢} =result(co, c1, %) = |alboy < |aleg + |agle — |ag|8. Observe that ¢ = result(co, ¢, x) and the result holds.

ii) Suppose vars(c) = {x, z} and vars(cg) C {x, y}. Consider c =ax+bz <e, where I =c, co =apx+boy < eg (where it might
be that bg = 0) and ¢’ = result(cg, c, x). Then (since I =c and noting Theorem 1) one of the two cases holds:

(a) There exists c1 € complete(I) such that c; =ax+ bz <e —§, for some § > 0 (that is, {c1} =c¢)
(b) There exists cq, c; € complete(I), vars({c1, c3}) = vars(c) such that:

€1 €
c

t(1.42.8)

In each case, considering the resultant of ¢y with ¢; and/or ¢, will lead to a demonstration of the redundancy of ¢’.
(a) ¢’ =result(co, ¢, x) is derived as follows:

apx+boy <ep ax+bz<e .
lalboy + laolbz < |aleo + |aole

Since {c1} = ¢ observe that ¢} =result(co, c1, x) is derived:

apx+boy <ey ax+bz<e-—34§ .
lalboy + |aolbz < |aleg + |ag|(e — &)

Hence {c}} =/, that is complete(I U {co}) [=c'.
(b) ¢’ =result(cg, c, x) is derived as follows:

1 0

co Fr1.22.8)

X
c

There are four cases to considered, depending on the values of aj, a. Consider the case where a; >0 and a; <0
and observe that

Co C1
x €1 C

/ X
c C12
i L o lag| lag |
o (=221 -A2 15.7-19018)

The other cases are similar (see proof appendix), demonstrating the result. O

Note that the conclusion of Lemma 6, that complete(I U {cp}) = result(co, ¢, X) might also be written as, let ¢’ =
result(co, ¢, x), then Tyars(c) (complete(I U {co}) = c'.
Consider the following example illustrating Lemma 6.

Example 9. Consider again the inequalities from Example 1. Observe that

Co (o)
1 x+y<1 -4y —x=<1
Co —2x+u<2 3x<5
+2,1,0
x+y<1 —Xx+2u<9 N

y+2u<10

and that this derivation demonstrates that —x + 2u <9 is redundant, therefore according to Lemma 6 y + 2u < 10 should
also be redundant. The following rewriting, following the proof of the lemma shows this:

Co C2
Co c1 c1 x+y<1 —4y —x<1
x+y<1 —2x+u<2 N —2x+u<2 3x<5
2y+u<4 3u<16
y+2u<10

+d.10

N—=
[SE

Hence y + 2u < 10 ¢ complete({co, c1, €2, C3}).
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xy} {xu} X x,y} {xu} X
{y,u} {u, v} {y,u} {u, v}
{y, v} {v,z} v {y, v} {y, 2z} y
(1) {y.z} ) {v,z}
{x, ¥y} {xu} N x ¥y} {xu} X
{y,u} {y, v} y {y,u} {y, v} y
{u, v} {u, z} U {u, v} {v,z}
(3) {v,z} “4) {u, z}

Fig. 3. Possible resultant combinations for generating a binary inequality.
4.5. Compaction of a chain

The results in this section and the next concern chains of resultant calculations, explaining that combining a new in-
equality co with three inequalities drawn from a complete system is unnecessary. That is, if inequality c is derived in three
resultant steps, it can be shown either to be redundant in a two variable projection or to be derivable from fewer resultant
steps. Lemma 7 demonstrates this in the case that the derived inequality ¢ contains exactly two variables. Lemma 9 then
demonstrates this in the case that the derived inequality ¢ contains only a single variable (and will ensure that the strongest
unary inequality is included, even if this is redundant, as in the definition of closed).

Each proof will present its case analysis as a skeleton, that is, showing the variables involved in the chain of resultant
steps, abstracting away from numerical details of coefficients and constants.

Lemma 7 (Compaction). Let cg € TVPIx, c1,¢3 € I C TVPIy, c3 € I U {co} and xg, x1,x2 € X, where complete(I) = I. If c €
complete(I U {co}) and

¢ = result(result(result(co, c1, Xo0), €2, X1), C3, X2)

and |vars(c)| = 2 then there exists dy, dy € I and yg, y1 € X such that

¢ = result(result(co, do, Yo),d1, y1)

Proof. The structure of the series of resultants being considered is:

Ci Cc
0 . 1 X0
Cl C2
/ xl
Cz C3

X
c 2

The proof proceeds by giving a series of reductions demonstrating that by reordering the application of the result op-
eration either the conclusion of the lemma holds, or ¢ ¢ complete(I U {co}), that is the premiss of the lemma does not
hold.

There are four possible configurations that lead to different combinations of the variables being eliminated in the se-
quence of resultant steps. The skeletons of these four cases are given in Fig. 3. Only case four is considered in detail.

Where co =agx+boy <eg, c1 =ai1x+biju<eq,ca=azy+byv <ey and c3 =a3zv+bsz<es3, withxg=x,x1 =y, xa = v.
In this case

Co C1
— X

/
(o C2

reduces to

Co (1
U e I
(o C23

(o

v
y

Put dg = c1, dq =result(ca, c3,Vv), yo=x and y; = y. Since I is complete, either di; € I and the result holds, or di ¢ I,
therefore 7wyars(g,)(I) = d1, hence by Lemma 6 ¢ ¢ complete(I U {co}).

However, in the case that the variables v and x are the same an alternative analysis is needed. Here the initial derivation
can be reduced to
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Co 1
— X C2 C3
(o C23

c F(lazlla3] a1 11bol,0)

If ¢33 € complete(I) then c is redundant because it is a linear combination of ¢} and c23. If c23 ¢ complete(I), but ¢/ €
complete(I U {co}) then by Lemma 6 it also follows that ¢ is redundant. Likewise if ¢} ¢ complete(I U {co}). In all cases, the
pre-condition of the lemma that ¢ € complete(I U {co}) is contradicted. Other variable identities lead to variations on these
two cases (see proof appendix). O

Example 10. To illustrate case 4 of the proof, as detailed above, suppose co =x+ y <1 and cq,c3,c3 € I C TVPIx where
complete(I) = I and

ci=—x—2u<l cp=-y—-5v<1 c3=v—2z<0

Then c in the proof is derived:

Co 1
x+y<1 —x—-2u<1 N C
—2u+y<2 —-y—5v <1 c3
—2u—-5v<3 y v—2z<0
—2u—10z<3
This can be reduced to the following derivation of c:
Co C1 (o) C3
x+y<1 —x—-2u<1 X —-y—-5v<i —3y—-2z<0
—2u+y=<2 -y—10z<1
—2u—10v<3

that is, where dy = c1, di = result(ca,c3,Vv), yo = x, and y1 = y. Notice that either dyp € I, or Lemma 6 says that
¢ ¢ complete(I U {co}).

Example 11. Returning to the set of inequalities from Example 1, consider the following where x and v coincide, leading to
the redundancy of ¢ in complete(I U {cg}), again as given in the proof above:

Co C1
x+y=<1 —2x4+u<2 X c
2y+u<4 —4y—x<1 y Co
2u—x<9 x+y<1
2u+y<10
From this, the following can be observed:
Co 1 C2 Co
x+y=<1 —2x4+u<2 —4y —x<1 x+y=<1
X
2y4+u<4 -3y <2
+4.,2.0)
4qu+2y <20

demonstrating that 2u + y < 10 ¢ complete(I U {c,}).

4.6. Unary inequalities

Unary inequalities are of particular importance in domains with two variables per inequality since a single unary in-
equality might be included in many two variable projections. The definition of closure used in this paper makes this explicit
by stating that a closed system must include all unary inequalities (see Example 3). The example in the introduction shows
why this is. Some of these unary inequalities might well be redundant in the sense that they are redundant in each two
variable projection in which they occur. The example in the introduction can be viewed as demonstrating either that unary
inequalities need to be generated whether redundant or not, or that all projections onto two or fewer variables need to be
considered - then the unary inequalities are not redundant in unary projections.
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Lemma 9 augments Lemma 7 by showing that when adding a single new inequality to a complete system all unary
inequalities required to ensure that the new system is also complete - including redundant unary inequalities - can be
derived in at most two resultant steps.

Before the main result, Lemma 9, a preliminary lemma on the entailment of unary inequalities is given. This is used in
the proof of Lemma 9. Lemma 8 says that if two consistent unary inequalities entail a third, then that third unary inequality
must be entailed by one of the other two.

Lemma 8. Suppose vars(c) = {x}, vars(cy), vars(cz) C {x} and that {c1, c2} = c. Then either c; =corc; =c.

Lemma 9 (Unary inequalities). Suppose that I € TVPIx and complete(I) = I. Suppose co € TVPIx and that ¢ € complete(I U {co})
where

¢ = result(result(result(cg, c1), €2), €3)

and |vars(c)| =1, ¢1,c2 € I and c3 € I U {co}. Then there exists do, dy € I such that one of the following holds:

1. ¢ =result(result(cg, dg), d1)
2. ¢ =result(cg, dp)

Proof. Fig. 4 gives the structure of three resultant steps, and skeletons (the variables occurring in each inequality) for each of
the fifteen possible configurations where three resultant steps end in a unary inequality. Analysis of each case demonstrates
the result (often by showing that ¢ ¢ complete(I U {co}). Only cases 2 and 3 are detailed here (see proof appendix for the
remaining cases).

2. Where cp =apz + bou <eg, c1 =a1y + biu <eq, co =axx+ byz <e; and c3 =asy < es. Consider:
C1 C3
Co C13
— u
C13 C2
c

y

z

c13 = result(ci, c3, y) is a unary inequality, hence either ci3 € I and case 1 holds or ci3 ¢ I and by Lemma 6 ¢ ¢
complete(I U {co}). Note that the result still holds if u = x.
3. Where co =apz+ bou <eg, c1 =a1y +biu <eq, c =azz <ey and c3 =asx + b3y < es3. The original derivation is:
apz+bou<eqg ary+bju<e;
Ib1laoz + |bola1y < |b1leo + |boles mz<ep
z
laz||bolary < |az||bileo + |az||boler + |aollb1lea ~ asx+bsy <es
lai|laz||bolasx < |az||b1||bsleo + |az||bol|bsle1 + |aol|b1]|bslez + |ai|laz||boles

Hence the same inequality might be derived
aoz+bou<ey ayz<ey amy+biu<er asx+bsy<es
laz|bou < |azleg + |aolez lailasx + |bs|bqu < |bslet + |aile3
laillaz|lbolasx < |az||b1]|bsleo + laz||bollb3le1 + |aol|b1l|bs|ez + |aillaz||boles

If c13 =result(cq, c3, y) €I then case 1 holds. If c13 ¢ I then by Lemma 6 ¢ ¢ complete(I U {co}). Note that the result still
holds if z=x.
If in the derivation immediately above u = x, then ¢/, and cy3 are given by:

oz +box <ey axz<ey
laz|box < |az|eo + |aolez

and

a1y +bix<ey asx+bszy=<es
(lailaz + |b3|b1)x < |b3le1 + |aile3

Hence (scaling with A1 = |b1||b3| and A, = |ay||bg| respectively)

laz||bo|(latlas + [b3]b1)x + |az||b1|1b3|box < |az||bo|(|b3|e1 + |a1le3) + |b1||b3|(lazleo + |ag|e2)

Noting that bgb1 < 0 this gives
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% a {x,u} {z,u)
c 2 {x, 2} z.y
c) c3 {x, v} iy
- c (1) {x}
{z,u}] {y,u} {z,u} {y,u}
{z,y} {x, z} , {z,y} {z} Z
{x, y} {y} " {y} {x, ¥} "
(2) {x} (3) {x}
{z,u} {y,u} {z,u} {u]
{z,y} {z, y} z {z} {z, y} Z
{y} {x,y} y {y} {x, y} y
(4) {x} (5) {x}
{z,u} {z,u} {x,u} {z,u}
{z} {z,y} Z {x, 2} {z,y} z
{y} {x, y} y {x, y} {x, y} y
(6) {x} (7) {x}
{z,u} {y,u} I {y,u} {z,u} I
{z,y} {x, z} Z {y,2} {z, y} z
{x, y} {x, y} y {y} {x,y} y
(8) {x} (9) {x}
{z,u} {x,u} I {y,u} {z,u} I
{x,z} {z,y} Z {z,y} {x, z} Z
{x, y} {y} y {x, y} {y} y
(10) {x} (11) {x}
- u{}x z{}x’u} Yz {y’lg y{}z’u} Y g
- "7z =7 "z
{x, y} {x, ¥} y {x, y} {x, ¥} y
(12) {x} (13) {x}
u} {u,z} I {y.u} {z,u} I
{z} — {z,y} Z oy {z,y} = {z} Z oy
y Y, y Y,
(14) {x} (15) {x}

Fig. 4. Possible derivations for generating a unary inequality from co, c1, ¢2, 3.

lai|laz||bolasx < |b1||bs|laz|eg + laz||bol|b3le1 + |ao||b1lIb3lex + |a1llaz||boles

Hence by Lemma 8 ¢}, |=c or c13 |=c. In the former case then either case 2 has been demonstrated or ¢ ¢ complete(I U
{co}). In the latter case, either c € I or c ¢ complete(I U {co}). In all cases the result holds. O

Example 12. Suppose that complete(I) = I. Further suppose that co=z+u<1,c1=y—-u<2,c=-2z<-1,c3=x—-y <
—1, where c1, ¢y, c3 € I, then ¢ = result(result(result(co, c1, U), c2,2),c3,y) = 2x < 3. As in case 2 of the lemma, ¢ can be
derived as

Co C1
z4+u<l y—u<2 y )
z+y<3 —2z=-1 | C3

With dy =c, and dy =x — u < 1 =result(cq, c3, y), if di € I then the result is demonstrated by the following rewriting:

Co C2 C1 C3
z+u<l —2z<-1 , y—u<2 x—y<-1
2u<li x—u<l
2x<3

y
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However, if the variables x and u coincide, then observe that from

Co C1
z4+x<1 y—x<2 N C2
z4+y<3 —-2z<-1 , c3
2y <5 x—y=-1
2x <3
it can be observed that
Co 2 C1 C3
z4+x<1 —2z<-1 , y—x<2 x—y<-1
2x <1 0<1

and that {2x < 1,0 <1} =2x <3, hence by Lemma 8 either 2x<1E=2x<3 or 0 <1|=2x <3, and it is easy to see that it
is the former in this case.

4.7. Linearisation of a tree

The next step in demonstrating the correctness of the incremental completion algorithm is to demonstrate that any
derivation tree of inequality c can be replaced by a linear derivation of c (see the following definition).

Definition 14. A derivation is said to be linear if each result step in the derivation has at most one premiss with size greater
than 0. By convention the right premiss will have size 0.

Lemma 10 shows that a derivation whose final resultant calculation has linear premisses can be replaced by a linear
derivation. Any inequality can either be derived linearly, or is redundant, or is false (see the example in section 4.3).

Lemma 10 (Linearisation). Let I € TVPIx. Suppose that co,c1,...,¢j € I and do,d1,...,d; € I where j,k € N. Where c6 =Co
and djy = do, define C;_H = result(c}, ci+1, X;), where x; € X and also define d§+1 = result(d;, di11, yi), where y; € X. Consider ¢ =
result(c’j, d,, z), where z € X. At least one of the following holds:

1. There exists fo, f1,..., f¢ € I, where fo = f{ = co, i/—o—l =result(f], fix1, wi), wi € X, and c = f;
2. c is redundant with respect to complete(1), that is, complete(I) = ¢ and ¢ ¢ complete(I)
3. c=false

/

Proof. If c = result(c;,do,z), then case 1 is immediate. If ¢ = result(co, d,

c= result(c}, d.. z) =result(d,, ¢’;, 2)), hence case 1 is again immediate.

k*~j
In other cases, the derivation can be written, and it is argued that repeated rewritings will establish the result. The core
case and one restricted case are detailed here.
Where j, k > 0 consider c = result(c;,rl, d;<+1 ,z). That is, where result is applied to two inequalities that are not leaves of

the derivation tree. With x, y, z, w distinct variables and all coefficients are non-zero, then

z), note the symmetry of the premisses (so that

axz+byw <ey asw+bsy<es
a1X+biz<ey laslaxz+ |b2lb3y <laslez + |bales
laz|laslaix + |b1]|b2|bsy < |az|lasleqr + |as||b1]ez + |b1||b2]es

can be rewritten to:
a1x+biz<ey axz+byw<e; 2
|lazlaix + |b1lbow < |azle1 + |b1le; ~ azw +b3y <e3
lazllazlaix + |b1||b2|b3y < |azllasler + |as||b1le2 + |b1]|b2]e3

That is, c = result(c;ﬂ, result(d), di, W), z) = result(result(c

the second premiss of d,/<+l.
The four variables may coincide. The only case detailed here is when y and z coincide (see proof appendix for the full

case analysis), then result(c z) can be rewritten to result(d; i1 c;. 1D

/

j+1,d;<,z), di, w). There is a symmetric case when z derives from

/ !/
j+1° dis10
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Original derivation:

Co 1
x+y<1 —2x+u<?2 ) do=co di=c3
2y4+u<4 X —4y—x<1 x+y<1 —y+z<1
2u—x<9 Y X+2z<2

2u+z<11

Linearisation of the original derivation:

Co C1
x+y<1 —2Xx4+u<?2 2
2y+u<4 X —4y —x<1 do=co
2u—x<9 x+y=<1 X di=c3
2u+y <10 -y+z<1
2u+z<11

Fig. 5. Linearisation of a tree composed of two chains into a single chain.

Associate a weight to the derivation of inequality c, ¢ = result(cq, 2, v). This weight is an ordered triple (n, |vars(cy)|,
size(c2)), where n is the number of inequalities above c in the derivation with a right premiss with size greater than 0. In
the original derivation of c, observe that at most one result operation has size(cy) > 0 (that is, n < 1). Each rewriting step
results in at most one result step with the size of the second argument greater than zero (again n < 1). Hence the weights
are totally ordered. The rewriting process has terminated if there are no result steps with right premiss with size greater
than 0 (i.e. when n =0, or when it is observed that the concluding inequality is redundant). Now observe that for each
rewriting step either c is found to be redundant or the weight of the derivation of c is strictly less than previously. Hence
by induction the result holds. O

Example 13. Consider again the derivation from Example 1. Fig. 5 gives this derivation, indicating which inequalities are
taking the role of do and d; in Lemma 10, and illustrates its linearisation.

The weight of the first derivation of 2u 4+ z < 11 is (1, 2, 1). Here, the rewrite rule applies: the variable eliminated in the
result is x deriving from the first premiss, do = cg. After rewriting, the weight of the derivation of 2u + z < 11 is (0, 2, 0),
strictly less than before, and the resulting derivation is linear.

4.8. Multiple use

This section analyses what happens when a derivation uses the new inequality more than once.

The following shows that from the perspective of completing a system when a new constraint cg is added, it is fruitless
to recombine ¢y with any inequality that results from a derivation that emanates from cg. It is sufficient to consider chains
that start at cp with at most two intermediate inequalities; as will be seen in the concluding theorem, chains with more
intermediates can be collapsed down using the preceding lemmata.

Lemma 11 (Multiple use: part 1). Let cq, c1 € TVPIx, where vars(cg) = {x, y}. If c = result(result(co, c1, X), Co, y) then there exists
¢’ =result(co, c1, y) such that c = c'.

Proof. Where co =agx + boy <eg, c1 =a1x + b1y < eq, suppose that c’1 = result(cg, c1,X) and c = result(c;, o, y), that is:

apx+boy <ep aix+bry=<e
(la1lbo + laglb1)y < laileo + |aole aox+boy <eo y
[(la11bo + laglb1)laox < |ai||boleo + laollbole1 + [(lai|bo + |ag|b1)leo

Notice that:

1. this is the only possible configuration. If bg = 0 then the second resultant step is not possible, and if vars(c1) # {x, ¥}
one of the two resultant steps is not possible.

2. apaq < 0

. (lailbo + laglb1)bo < 0, hence bob; <0

4. Hence |apb1| > |aibo|

w
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M {y} &y} y
9 €2 {x} {x, y}
c Co {y} {y} y
T c (%) Tor L
x, ¥y} {¥.7} x ¥y} &y} y
{x,z} {x, y} X {x} {x,y} X
{y,2} {x, y} B {y} {x, y} .
@) {x, 2} 2 {x}
xy} {y.7} x ¥y} {¥.7}
{x, z} {u, z} , {x, z} {x, z} ,
{u, x} {x, y} X {x} {x, y} X
(%) {u, y} 3) {y}
x ¥} {¥.7} xy} {v.7}
{x,z} {y, 2} Z {x,z} {y,z} Z
{x, y} {x, y} y {x, y} {x,y} N
4) {x} (%) {y}

Fig. 6. Resultant combination sequences involving ¢y, c1, C3.

Since bgby < 0 ¢’ =result(cg, c1, ¥) can be obtained as follows:

apx +boy <ep ajx+b1y <eq
(Ib1lag + Ibolay)x < |b1leg + |boles

It can be demonstrated (see proof appendix) that ¢ = |ag|c’ (i.e. ¢ =c’), establishing the result. O
The final lemma considers the inequality derived by using the new inequality twice, together with two other inequalities.

Lemma 12 (Multiple use: part 2). Suppose that I C TVPly, complete(I) = I and that cq,c € I. If ¢ € complete(I U {co}), where
¢ = result(result(result(cg, c1), ¢2), Co), with |vars(c)| > 1, then there is dg € I such that ¢ = result(cg, dp).

Proof. The potential combinations of variables occurring (and being eliminated) in cg, c; and ¢ are given in Fig. 6. The
three (x) cases are not possible. Each of the four potential cases has already been considered in Lemma 7 (compaction) and
Lemma 9 (unary) and the results follows. O

The following example illustrates the lemma. In addition, Example 11 earlier in the paper follows one case of the proof.

Example 14. Consider:

co=x—y =<1 a=y+z=<1 Cp=-2x—2<2

Then
Co 1
x—y<1 y+z<1 C
X+z<2 —2x—z<2 Co
z
—x<4 x—y<1 N
-y =<5
and also
C1 C2
Co y+z<l1 —2Xx—z<2
x—y<1 y—2x<3
-y =<5

That is, ¢ = result(co, result(c1, c2)) as prescribed by the lemma.
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4.9. The Incremental Completion Theorem

The findings can now be summarised in a single statement. The result follows by using the lemmata above to show
that the result of any derivation tree for ¢ € complete(I U {cg}), where the leaf inequalities are drawn from I U {cg}, can be
collapsed into a chain that coincides with one of the three cases. The strength of the result is that only these simple chains
need be considered when computing incremental closure.

Theorem 2. Consider adding co € TVPIx to I € TVPIx where complete(I) = I. If c € complete(I U {co}) and c # false, then one of the
following holds:

1. ce 1 U{co}
2. ¢ =result(cg, c1) wherecq €1
3. ¢ =result(result(cg, c1), c2) where cq,cy € 1

Proof. Suppose that ¢ = result(cy,c2,x) and that ¢ € complete(I U {co}) (as assumed in the lemmata above). Since
size(c1), size(cz) < size(c) assume inductively that c1,cy are obtained as in the theorem. Then, using Lemmata 6-12, it
can be shown that the result holds for c.

The premisses of the resultant can be derived in one of three ways (as in the theorem). Noting the symmetry between
the two premisses, this leaves six cases to be examined.

1. c1 € I U{co} and c¢3 € I U {cp}. Since c; and ¢, cannot both be ¢y assume that c; = cg, then ¢ = result(cg, c2, X) and the
result holds immediately. Alternatively, c; € I and c¢; € I and again the result is immediate.
2. c¢1 =result(co, c3,x) and ¢ € I U {cg}. That is,
Co C3
(o) Co
c

Hence using Lemma 11 (multiple use, part 1) ¢ = result(cg, c3) and the result holds. Otherwise, if c; € I then the result
holds immediately.
3. ¢1 = result(result(cg, c3),c4) and ¢y € I U {cg}. That is (noting the symmetry of the premisses), one of two cases holds
(the second case being where c; € I):
Co C3 Co C3
cy C4 ch C4
C1 Co C1 C2
c c

The first case follows immediately from Lemma 12 (multiple use, part 2).
The second case follows immediately using Lemma 7 (compaction) or Lemma 9 (unary inequalities).
4. c1 =result(cg, c3) and ¢y = result(cg, c4). That is:
Co C3 Co C4
C1 C2
c

Applying Lemma 10 (linearisation), and since ¢ € complete(I U {cg}), results in either:

Co C3

Co C3
C1 Co —
€ 0 [+ c
- 1 4

5 C4 C14 o
c c

In the first of these cases Lemma 11 (multiple use) on the derivation of ¢} leads to:

Co C3
c C4
c
and the result holds. The second case is an instance of case 3 of this proof.
5. ¢1 = result(result(cg, c4), ¢5) and ¢z = result(co, c3). That is (noting the symmetry of the premisses):

Co Ca

/
Cy (5 ¢ C3

€1 C2
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Applying Lemma 10 (linearisation) for the derivation of ¢ leads to one of the following:

Co C4 Co C4
/ /
C4 Cs C4 Cs
1 Co 1 %!
/ /
C] C3 C1 Co

C C

In the first case consider the derivation of c, this is an instance of case 3. Then taking this together with the final
resultant step gives the result using Lemma 7 (compaction) or Lemma 9 (unary inequalities).

In the second case noting that c € complete(I U {co}) and applying Lemma 7 (compaction) or Lemma 9 (unary inequali-
ties) to the derivation of ¢/ leads to:

Co Ce

/
C6 C7

/
(& Co

C

where cg, c7 € I. This is then an instance of case 3.
6. c1 = result(result(cg, c3), c4) and ¢y = result(result(cg, cs5), cg). That is:
Co C3 Co Cs
/
ch C4 Cs 6
1 C2
c

Applying Lemma 10 (linearisation) to this gives:

Co C3

/
C3 Cq

€1 7

CS C9

where cg € {c7, cg, c9} and {c7, cg, c9} — {co} = {c5, cg}. Consider each of the three possibilities for the occurrence of cg.
If cg = c7. Consider the derivation of c’,. This can be treated as in case 3. Following this with one (or two) application(s)
of Lemma 7 (compaction) or Lemma 9 (unary inequalities) gives the result.

If co = cg. An application of Lemma 7 (compaction) or Lemma 9 (unary inequalities) to the derivation of ¢, then using
case 3, and a second application of Lemma 7 (compaction) or Lemma 9 (unary inequalities) gives the result.

If co = cg. Two applications of Lemma 7 (compaction) or Lemma 9 (unary inequalities) to the derivation of cg, followed
by an argument as in case 3 gives the result.

In all cases the result has been shown to hold. O

Since closed(complete(I U {cp})) by Theorem 1 it has been established that incremental closure can be found using these
newly generated inequalities.

Example 15. Consider again the inequalities from Example 1. Where ¢; = —-2x+u <2, cp=—-4y—x<1,c3=-y+z<1
and I = {c1, ¢z, c3}, note that complete(I) = I. Where co =x + y < 1, consider complete(I U {co}). As stated in the theorem,
new inequalities can be derived from one or two applications of result. This gives the nine new inequalities as below, the
first seven of which are contained in the completion, and the last two are redundant:

Co C1
x+y=<1 —2X+u<2
2y+u<4
Co 2
xt+y=<1 -4y —x<1

-3y <2
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Co C2
x+y<1 —4y —x<1
3x<5
Co C3
x+y<1 -y+z=<1
X+z<2
Co 2
x+y=<1 —4y—x<1 C1
3x<5 —2x+u<?2
3u<16
Co C3
x+y<1 —-y+z<1 C1
Xx+z<2 —2x+u<2
2Z24+u<6
Co C3
x+y<1 —-y+z<1 C2
X+z<2 —4y—x<1
z—4y <3
Co C1
x+y<1 —2X4+u<2 N 2
2y4+u<4 —4y —x<1
2u—x<9
Co €1
x+y<1 —2x+u<2 N C3
2y+u<4 -y+z<1
u+2z<6

Observe that I U {cg} augmented with these nine inequalities is closed (and that I U {co} augmented with the first seven is
complete). It is interesting to note that the unary inequalities in x and y are redundant in the {x, y} projection, yet are not
redundant in the closed system.

5. Algorithm for incremental closure

The previous section shows that when a new inequality is added to a complete (hence closed) system of TVPI inequali-
ties, every new inequality in the completion of the augmented system can be generated using at most two instances of the
result operation (except for false). The augmented system of inequalities might well contain redundancy, or be inconsistent.
To maintain a complete representation inconsistency needs to be detected, and redundancies removed. This section gives an
algorithm that shows how the system of inequalities might be maintained so that inconsistency is detected and redundancy
removed, hence the resulting incrementally augmented system is complete and closed. It further gives the complexity of
incremental completion, and relates the result presented to other weakly relational domains.

The outline of the algorithm is as follows. A complete (hence closed) system is a set of collections of ordered inequalities,
one for each two variable projection. When a new inequality is added to the system, a set of new inequalities is generated
as in Theorem 2. Each of these new inequalities is then added to the previously closed system. This involves finding the
projection or projections to which it must be added, inserting it so that updated inequalities are correctly ordered and
removing any inequalities that are now redundant. The three components of the algorithm are presented in Figs. 7 and 8
and are discussed from the inside out, starting with the update of a two variable projection with insert, then how this is
used to filter the augmented system with filter, and finishing with incremental completion, inc_complete, as given in Fig. 7.

The input complete system consists of a pair of mappings, one from X x X — TVPIx and another from X — TVPlIy,
where the first maps a pair of variables to a two variable projection, and the second maps a variable to its bounds. It should
also be noted that the arithmetic for the indices of the elements of I is modulo ¢, i.e. ¢y is cg and c_q is cy—1. When
performing the complexity analysis of the algorithms in Figs. 7 and 8 it is assumed that I, (in insert) is represented as an
AVL-tree, hence insertion, deletion, next, previous, split and join are all O(lg(|I;])) [4].
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function inc_complete(I € TVPlx where complete(I) =1, I =I' UB, ¢g € TVPIy)

(1) A:= {co}

(2) for each c1 €1

(3) Cp ==result({co}, {c1})

(4) A:=AUC)

(5) for each ¢y €1

(6) Cy :=result(Cy, {c2})
(7) A:=AuUC]

(8) return filter(A, I’, B)

Fig. 7. Incremental completion.

function filter(A € TVPIy, I C TVPIx, B C TVPIx)
(1) for each c € reduce(A)

(2) P’ = find_projections(vars(c), I)

3) for each P € P’

(4) I’ =insert(c, P)

(5) if I’ =false

(6) return false

(7) else

(8) B’ = extract_bounds(1I’)
(9) B = update_bounds(B,B’)
(10) I=I\P)UTI

11 end if

(12) return (I, B)

function insert(c € TVPIy, I C TVPIx)
Let I, = (co, ..., Ce—1)

(Mif Ie =)

(2) return {c}

(3) else

(4) i = find_position(c, I¢)

(5) if {ci—1,ci} =c

(6) return I,

(7) else if I. = (co)

(8) if c=co

9) D ={co}

(10) else if {cg, c} = false

11) return false

(12) else

(13) D=0

(14) end if

(15) else

(16) m=min{€ >k >1|{ci_x_1,c} & ci_}
(17) n=min{¢ >k >0]{c, Ciyks1} V= Ciyk}
(18) if {Ci—m,C, Ci+n} =false

(19) return false

(20) end if

(21) D={cijx|1-m=<k=<n-1}
(22) end if

(23) return (I \ D) U {c}

(24) end if

Fig. 8. Filtering.
5.1. Insertion

The function insert in Fig. 8 inserts a new inequality into a non-redundant two variable projection. If that two variable
projection is unconstrained, then the set containing the new inequality is returned on line (2). The inequalities of the pro-
jection are ordered by angle (the actual 0 angle is irrelevant) and line (4) finds the least i such that if ¢ were inserted into
I¢ it would become c; shuffling c; one position along to cjyq for each i < j <€ —1. Line (5) tests whether the new inequal-
ity is redundant and if so it is discarded. Suppose that c; is redundant and c; lies between c;_; and ¢ (symmetrically, c;
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b)

Fig. 9. Insertion and filtering.

Co

C3

Cs

Fig. 10. Insertion and filtering for an unbounded two variable projection.

lies between ¢ and cj;1), then observe that {c;_1,c} =c; (and symmetrically {c,cjy1} = cj). By convexity the redundant
inequalities must be contiguous. In the case that c is non-redundant, a set of redundant inequalities D C I, is constructed.
Lines (16) and (17) define offsets m and n so that set of inequalities D = {¢i_m+1, ..., Ci+n—1} defined on line (21) is redun-
dant with the addition of the new inequality. Note that m and n are well-defined because I, has two or more inequalities
(on lines (16), (17)), hence at least one of these must satisfy the disentailment condition. Having found the position that ¢
should be inserted into the ordered I, line (18) considers ¢ together with its neighbours (the two neighbours could coin-
cide); if this system is inconsistent, then I, U {c} is also inconsistent and false is returned. Lines (8)—(14) address the case
where I consists solely of a single inequality, cg. If ¢ = co then line (9) sets D = {co}, else if cg, ¢ are unsatisfiable together
then false is return on line (11), otherwise, no inequality should be deleted from I.. Line (23) constructs and returns the
irredundant set of inequalities that results.

Example 16. Consider the two variable projection defined by (c, c1, ¢2, c3, c4) in case a) of Fig. 9. Suppose that inequality
c is added to this, as in case b). On line (4) of insert, find_ position will set i = 2. On lines (16) and (17) of insert, indices
m=2 and n=1 are set. In the first case {cp__1,c} = c2— (that is, where k = 2) and also {cg,c} = c1. In the second
case {c, Co+1+1} £ c241 and also {c3, c} = c2. This describes the situation where c1, ¢ are redundant as on line (21), so the
updated system is {co, c, c3, c4), described by the shaded red area in case b) of Fig. 9.

Now consider the unbounded two variable projection defined by (cp, c1, c2,C3,c4) in case a) of Fig. 10. Suppose that
inequality c is added to this, as in case b). On line (4) of insert, find_ position will set i =0 (hence i — 1 =4). On lines (16)
and (17) of insert, indices m =5 and n =0 are set. In the first case {co_5-1,c} & co—5 (that is, where k = 5) and also
{co,c} = c1. In the second case {c,cot0+1} b~ Co+o, that is when k = 0, its minimum possible value. This describes the
situation where cg4, c3, c2, c1 are redundant as on line (21), so the updated system is (cg, c), described by the shaded red
area in case b) of Fig. 10.

Consider the complexity of a call to insert. Where A is the set of newly generated inequalities, and I the input system
of inequalities (minus unary bounds that do not further constrain the system), note that |I.| < |A| + |I|. The function
find_position has cost O(lg(]Ic|)). The lookup for c;, cj+1 costs O(Ig(|I])), and the entailment checks are constant time. The
cases for |I| =1 are all constant time operations. In the definition of m,n on lines (16) and (17), each entailment check
requires a single lookup with cost O (Ig(]I¢|)). Hence the overall cost of defining m,n is 0(dlg(|l;])), where d = |D|, is the
number of inequalities to be deleted. The construction of the updated and returned I on lines (21) and (23) requires two
split operations and a join operation, which is again O (Ig(|I])). Hence a single call to insert has cost O (dlg(|I;]) +1g(]Ic])).
That is, 0(dlg(|I])).
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5.2. Filtering

The function filter in Fig. 8 controls the addition of a newly generated set of two variable inequalities to a complete
system represented as a pair of systems, where I represents the two variable projections and B represents the one variable
projections. On line (1), reduce ensures that the set of new inequalities considered does not contain any pair of unary
inequalities where one entails the other. Each new inequality is considered one at a time.

On line (2), find_projections gives the two variable projections on which the new inequality might impact. The set of
projections found is a singleton if |vars(c)| =2, and a set of size |X| — 1 if |vars(c)| = 1. Hence, the number of calls to insert
on line (4) of filter is bounded by |A| + |X|? (where A is the set of newly generated inequalities). After the call to insert, if
the resulting system is inconsistent false is returned, otherwise the TVPI system is updated. First on line (8), extract_ bounds
finds all bounds implied by the updated projection I’ and on line (9) the one variable projections are tightened accordingly.
Second on line (10), the two variable projection considered is updated to the new space described by I’. After considering
each new inequality the updated complete system is returned on line (12).

Now consider the complexity of the operations involved in filter. The cost of find_projections is O (|X|lg(|X])), that of
extract_bounds O (|I| + |A]), that of update_bounds O(|X|) and of updating I O(lg(|X|)), hence the dominating cost comes
from insert. Notice that within a two variable projection each inequality occurrence can only be deleted once. Note |P| is
bounded by |A| + |I| + 4. Hence summing the cost of each insertion gives an overall of cost of

(Ix]-1y? 2

D ldlIg(Al+ 11+ 4 =Ig(Al+ |11 +4) ) d|
i=1 i=1

=Ig(|Al + I + D (Al + 40X — 1)
Hence complexity is O ((|A| + |I| + |X|?) Ig(|A| + |I]).

5.3. Incremental completion

In Fig. 7 the function inc_complete controls the process. It is invoked with the first argument I being a consistent set of
inequalities, the union of binary inequalities I’ and unary inequalities B. The set A of new inequalities is initialised with the
incrementally added inequality co on line (1). Lines (2)-(7) describe the generation of new inequalities using one or two
applications of the result operation (as in Theorem 2), before passing these to filter on line (8). This operation has complexity
0(|1|%), where |A| < |I|2. The number of inequalities in A is quadratic in the number of inequalities in I and it is expected
that |A| is the dominating term and the complexity may be described as O(|A|lg(]A|)). The incremental completion oper-
ation requires a quadratic number of applications of result, which when TVPI inequalities are represented using integers is
a strongly polynomial operation. Hence a single application of incremental completion is strongly polynomial. As noted in
Section 6, the number of successive applications of incremental completion is typically small.

5.4. Restrictions to Octagons and Logahedra

The work is this paper is aimed at the TVPI class of linear inequalities. As discussed earlier, Octagons and Logahedra
are subclasses of TVPI. Working with Octagons as the representation, each I. has at most 8 inequalities. Therefore the cost
of each of the AVL operations insertion, deletion, next, previous, split and join is constant time. Redoing the complexity
analysis above leads to the conclusion that the complexity of incremental completion for Octagons is O(|A|). Again since
each projection has at most 8 inequalities |A| < 4|X|(|X| — 1), that is, the complexity is O(|X|%). This is the same as the
complexity of incremental completion given by [33]. Similarly, any bounded Logahedral representation ensures that I has
at most a fixed number of inequalities, hence as for Octagons, incremental completion has complexity O (|X|?).

The representation of systems of inequalities in this paper is compact, in the sense that the only inequalities represented
are those needed to support a closed system; redundant inequalities are not stored. This is interesting, since it says that
Octagons and Logahedra can be implemented using a compact representation, rather than using matrices (where entries
in the matrix may represent a redundant inequality), without a penalty in terms of complexity. It has been noted [2] that
Johnson’s all pairs shortest path algorithm [24] can be used to calculate closure when Octagons are represented as a graph.
However, observe that the output corresponds to the entire matrix representation (which is not compact in the terminology
used in this paper), even though the input was a graph.

6. Experimental results

The performance of TVPI is predicated on how TVPI systems grow with incremental completion. To assess this growth,
incremental completion has been implemented, and experiments performed to investigate the size of the resulting closed
systems after a number of inequalities have been incrementally added. Calling incremental completion repeatedly is the
worst-case for TVPI since the system can grow on each invocation, and the size of representation impacts on both the
memory footprint and the running time. Recall that, as discussed in Section 2.4, in the context of abstract interpretation,
other operations (join and projection) for TVPI systems rest on closure.
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6.1. Implementation

Incremental completion has been implemented’ in Java 8 making use the Biglnteger class for arbitrary precision integer
arithmetic. Recalling that a linear inequality over the rationals is a representative of an equivalence class of inequalities, the
implementation works with a representation where all coefficients are integral — inequalities with rational coefficients and
constants can be rewritten, using a suitable integer multiplier, hence integer arithmetic is sufficient.

Although the insert algorithm is neutral regarding the particular angular ordering, the implementation assigns an angle
to an inequality ax + by < c, where a # 0 or b # 0, which is the angle through which the inequality x <0 has to be rotated
anti-clockwise so its half-space coincides with that of ax + by < 0. Following this convention, the relative order of two
inequalities a;x + b1y < ey and ayx + b,y < e, can then be calculated without recourse to trigonometric operations as
follows:

—1 ifclass(ay, b1) < class(az, by)
1 elseifclass(ai, by) > class(az, by)
compare(a;x + b1y <eq,ax+byy <ey))={—1 elseifaybi <aib;
1 elseifayby > aib;
0 otherwise

where

ifa>0Ab=0
elseifa>0Ab=>0
elseifa=0Ab>0
elseifa <0OAb>0
elseifa <0OAb=0
elseifa<0Ab <O
elseifa=0Ab <0
otherwise

class(a, b) =

NN W= O

6.2. Experimental setup

To exercise incremental completion, TVPI systems of fixed dimension d were randomly generated where the coefficients
and constants of each inequality were integers randomly drawn from the ranges [—16, 15] and [0, 31] respectively (enlarging
these ranges makes little difference to the results), and pairs of variables were randomly selected from {xg,...,X;_1}. Non-
negative constants ensured that each inequality was satisfied by the origin, hence each randomly generated TVPI system
was satisfiable as a whole, so as to avoid the system collapsing to false (which can be represented in constant space). The
Apron [23] implementation of Octagons applies symbolic reasoning to reduce an arbitrary constraint into a system of sim-
pler linear inequalities which are then added to an octagon one-by-one by applying incremental closure [33]. Experiments
with the abstract interpretation plugin for Frama-C, EVA [5], instantiated with Apron, suggest that incremental closure is
rarely called more than 8 times back-to-back. Therefore, for a given fixed dimension, either 2, 4, 8 or 16, TVPI systems with
8 inequalities were randomly generated. Incremental completion was then applied 7 times to add each inequality, in turn,
so as to derive a closed system. The size of resulting output (closed) system was then recorded for 4096 randomly generated
(input) systems of 8 inequalities. The same experiment was repeated for input systems of 12, 16, ..., 32 random inequali-
ties. Fig. 11 records how the size of the closed system depends on the dimension and the number of input inequalities. The
pair of graphs in the first row of Fig. 11 corresponds to dimension 2, the second row to dimension 4, etc. The left hand
graphs record how often the output systems are of a given number of inequalities (size). The right hand graphs present a
different perspective on this frequency information, recording the proportion of the 4096 input systems whose output does
not exceed a given size. Fig. 12 repeats the frequency experiments for Logahedra and Octagons where the coefficients are
randomly drawn from {-2,—1,0,1, 2} and {—1, 0, 1} respectively and the constants are integers again drawn from [0, 31].

6.3. Results

The first row of Fig. 11 suggests that for the planar case the number of inequalities in the output is typically around 6,
irrespective of the size of the input. For 4 dimensional systems, there is a divergence in output size with input size, but the
output size has a stable profile for 16 or more input inequalities. A similar phenomenon occurs for dimension 8 at 24 or
more input inequalities. The cumulative distribution graphs of Fig. 11 are annotated with the 95th percentile line, showing
that 95% of the time the output was no more than 3, 4 and 12 times the size of the input for the dimensions 4, 8 and 16
respectively. Thus growth is dependent on dimension.

1 The code is available at https://www.cs.kent.ac.uk/people/staff/amk/tvpi.zip and includes a program VisualiseInsert which graphically illustrates
the irredundant inequalities found by the insert (filtering) algorithm.
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The incremental completion algorithm is applicable to both Logahedra, where the coefficients are powers, and Octagons,
since these are instances of TVPI systems. To aid growth comparisons, the ranges of Fig. 12, which gives the size frequency
distributions for Logahedra and Octagons, coincide with those of Fig. 11. Compared to general TVPI, the frequency distribu-
tions for Logahedra are shifted to the left, and spike higher, a pattern which is accentuated further for Octagons. The output
is thus smaller, which can be explained because of the likelihood of one two variable inequality being entailed by another.
On the other hand, the growth rate for TVPI is no worse than 2 or 3 fold that of Octagons.

7. Conclusion

This paper has shown how a key operation for manipulating the TVPI class of inequalities — incremental closure — can
be derived by a systematic examination of the structure of derivation trees that arise when a new inequality is added to a
closed system. By studying derivation trees an algorithm for incremental closure is synthesised which sits on a firm theo-
retical foundation. An experimental evaluation studies the growth of systems of inequalities built by successive applications
of incremental completion.

The algorithm manipulates systems of inequalities which are compact, that is, the only inequalities represented are those
needed to support a closed system. This chimes with the desire to derive memory efficient decision procedures [16].

The presented algorithm is incremental. Although motivated by the design of abstract domains, incrementality is a key
attribute for any theory deployed in an SMT solver. For the target application in abstract interpretation, it is sufficient to
work with non-strict inequalities only. The extension of the results in this work to additionally allow strict inequalities is
straightforward. Hence the techniques in this paper are suitable for incorporating with the theory component of an SMT
solver. The extension of the algorithms presented to maintain a certificate which tracks how inequalities are derived, and in
particular when inconsistency is detected, is also easy to achieve.

As well as providing a systematic construction of the incremental closure algorithm, the analysis of the derivations in the
calculus defined by the result operation provides a scaffold on which to build other algorithms, such as those maintaining
certificates, for linear inequalities.
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Appendix A. Proof Appendix
This section contains the full detailed proofs of results with outline proofs in the main body of the paper.

Lemma 6 (Redundancy). Let I C TVPIy and let c, co € TVPIx where x € vars(c), x € vars(cp). Suppose ¢ ¢ complete(l) and I |=c.
Then complete(I U {co}) = result(co, c, X) and result(co, ¢, x) ¢ complete(I U {co}).

Proof of Lemma 6. Without loss of generality there are two cases to consider:

i) Where |vars(c)| =1.
ii) Where |vars(c)| = 2.

i) By the definition of closed there exists c¢; € complete(I), ¢ # ¢ such that {c1} = c. Suppose ¢ =ax <e and co = apx +
boy < eo (where it might be that bg = 0). Hence result(co, ¢, x) = |alboy < |alep + |agle. Then put c; =ax<e—4§,5>0
and consider ¢} =result(co, 1, x) = |alboy < |aleg + |agle — |ag|8. Observe that ¢ = result(co, ¢, x) and the result holds.

ii) Suppose vars(c) = {x, z} and vars(cg) C {x, y}. Consider c =ax+bz <e, where [ =c, co =apx+boy < eo (where it might
be that bg = 0) and ¢’ = result(co, c, x). Then (since I =c and noting Theorem 1) one of the two cases holds:

(a) There exists c1 € complete(I) such that c; =ax + bz <e — §, for some § > 0 (that is, {c1} =c)
(b) There exists c1, ¢z € complete(I), vars({c1, c2}) = vars(c) such that:

€1 C
c

t(1.22.0)
In each case, considering the resultant of ¢y with ¢; and/or ¢, will lead to a demonstration of the redundancy of ¢’.
(a) ¢’ =result(cg, ¢, x) is derived as follows:

apX+boy <ep ax+bz<e
lalboy + laolbz < |aleo + |agle

Since {c1} = c observe that ¢} =result(co, c1, ) is derived:
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apx+boy <ey ax+bz<e—38 .
lalboy + laolbz < |aleg + |ao|(e — &)

Hence {c}} = ¢/, that is complete(I U {co}) =’
(b) ¢’ =result(co, ¢, x) is derived as follows, where c is given by:
ax+biz<ey ax+byz<ep
(A1a1 + A2a2)X + (A1b1 + A2b2)z < A1eq + Azex + 6

F(1.42.8)

and
apx+boy <ep ¢
¢ X
with

¢’ = |r1a1 4+ A2a2|boy + |ao| (A 1b1 4+ A2b2)z < |A1a1 + Aaazleo + |ag|(A1e1 + Aze) + |agé

Note that a = Aqay + A2az, b = A1b1 + A2b2, e = A1e1 + Azez + 5. Observe from the resultant step that ag(A1a; +
A2a3) < 0. There are two cases to consider:

i. a1 > 0,ay > 0 (symmetrically, a; <0,a; <0)

ii. a; > 0,a; <0 (symmetrically, a; <0, a, > 0)

To demonstrate that in each case ¢’ is redundant:

i. Consider ¢} = result(co, c1, ) and ¢, = result(co, c2, X):

apx+boy <ep ajx+biz<ey
lai|boy + lag|b1z < |ai]eg + |agles

and
aoX+boy <eg axx+byz<ey
laz|boy + lag|b2z < |az]eg + |aolez

It will be demonstrated that:
/ /
G G

C/

F(1.22.1a015)

Observe that, scaling the coefficients of ¢} by A; >0 and of ¢/, by 1, > 0:

Alai|bo + Azlaz|bo = |A1a1 + Aza2|bo
Alaglb1 + Azlaglby = lag|(A1b1 + A2b3)

and also that:

Ailaileo + Ailaoler + Azlazleo + Azlaolez + Slaol
= (Mla1] + Azlaz|)eo + A1laoler + Azlaolez + 8laol
=|Ma1 + Aza2]e0 + |dol(A1e1 + A2e2) + |dold,
hence {c},c}} =c’ and the result holds, except where a; = 0. Here, put ¢/, = |ag|c2 and the result goes through

as above.

ii. It will be demonstrated that (when a; < 0):
co C
# x €1
(& C12

/

b%

*t(10.23,la018)
c

First consider ¢} = result(co, c1, x) (without loss of generality, the conditions imply that A1|a;| > Az|az|)

apX+boy <eg aix+biz<e;
lai|boy + lag|b1z < |a|eg + |aole;

Also note that if aja; < 0 then the resolvent of c; and c3, ¢12 = result(c1, ¢32, x), is as follows:

amx+biz<er axx+byz<ep
laz|b1z + |a1|b2z < |azler + lailez
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Now appropriate values (1g, A3,8") can be found that will show that ¢’ is redundant. First, putting

lal — Mma +kzazl [A1ai| — [A2az] az|
=AM
Tanl lai] laz] laq]

means that Agc} has the same y coefficient as c’.
Second, putting

observe that
laollaz|b1 laollaz|b1

Aolaolby + Aslaz|by + Aslai|ba = A1lag|b1 + Azlag|by — A | 2]

= |ag|(A1b1 + A2b2)
= |aolb

Now consider the constant term.

Ao(latleg + laoler) + As(lazler + lailez)

laz| lao|
= (A1 —A2—)(la1leg + |aoler) + A2 —— (lazler + |ailez)
lai] lai]
| 2| |az]| lao] lao|
= A1laileg + Aqlagler — Az ——laileg — A2 —|apler + Ay —lazler + Az —|ailez

I 1 lai] lai] lat]

= A1larleo + A1laoler — Azlazleo + Azlaolez
= |A1a1 + Azazleq + |ap|(A1e1 + Azea)

with last step following since a; < 0. This shows that 8’ = |ag|8.
Hence, {c}, c12} =¢” and the result follows.

In all cases ¢’ has been shown to be redundant. O

Lemma 7 (Compaction). Let co € TVPIx, c1,c2 € I € TVPIy, ¢c3 € I U {co} and xo, x1,x2 € X, where complete(I) = I. If c €
complete(I U {co}) and

¢ = result(result(result(cg, c1, Xo0), €2, X1), C3, X2)

and |vars(c)| = 2 then there exists dy, dy € I and yg, y1 € X such that

¢ = result(result(co, do, yo),d1, y1)

Proof of Lemma 7. The structure of the series of resultants being considered is:
cp C
0 / 1 %
(o C2
/ Xl
C2 C3

X
C 2

The proof proceeds by giving a series of reductions demonstrating that by reordering the application of the result oper-
ation one of the conclusions of the lemma holds. A reduction will be given for every possible configuration of the initial
series of resultants.

There are four possible configurations that lead to different combinations of the variables being eliminated in the se-
quence of resultant steps. The skeletons of these four cases are given in Fig. 3. These are treated with the greatest generality
possible. If some of the variables occurring in the sequence of resultant steps are identical these four possible configurations
gives rise to a number of subcases that need to be considered.

First, the cases where all variables occurrences are distinct are considered.

1. Where co =agx+boy <ep, ci=a1x+bju<eq ca=axu+byv <ey and c3 =aszv+bsz<e3, withxg=x,x; =u,xp =V
(and the variables x, y, u, v, z are distinct), the derivation gives:

c=layllazllas|boy + |ag||b11|b2|b3z < |ai||az||as|eq + |aollaz|laz|er + |aollas||bile2 + |aol|b1]|b2]e3
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where apa; <0, biaz < 0 and baas < 0. The reduction here is to the following:

1 0
— u
Co C12
—F X
C12 C3 v
c

that is ¢ = result(result(co, result(cq, c2, u), X), c3, v). Put dg = result(c1,ca,u), di =c3, yo =x and y; = v. Since [ is
complete, either dy € I and the result holds or dg ¢ I therefore I |=dp, hence by Lemma 6 result(co, result(cq, c2, u), X) ¢
complete(I U {co}) thence again by Lemma 6 ¢ ¢ complete(I U {co}).

An alternative reduction, that ¢ = result(result(result(co, c1, X), C2, u), c3, v) reduces to c¢ = result(result(co, c1, X),
result(cy, c3, v), u), is also available:

Co C1
——— x €2 (3
(o C23
c

u

Put dg =c1 € I, di =result(ca, c3, V), Yo =x and y; = u. Since [ is complete, either di € I and the result holds or di ¢ I
and therefore I |=d1, hence by Lemma 6 c ¢ complete(I U {cp}).

2. Consider the case where cg,c1,c are as above and c3 =asy + b3z <e3 and xg = X,X; = u,x2 = y. In this case c =
result(result(result(co, c1, X), C2, U), c3, ¥) reduces to ¢ = result(result(co, result(cq, 2, u), X), c3, ¥). The argument that the
result holds is the same as for case 1.

3. Consider the case where cg,cq are as above and c; =ayy +byv <ej, c3=asu+bszz<e3 and xg=X,X;1 =y,x =1u. In
this case

¢ = result(result(result(cg, c1, X), €2, y), C3, U)

reduces to

¢ = result(result(co, result(cq, c3, u), x), 2, y)
Again, the argument that the result holds is as for case 1. As in case 1, an alternative is possible, where the reduction
is to

¢ = result(result(co, c2, ¥), result(cq, c3, u))

4, Consider the case where cg, c1 are as above and ¢; =ayy + byv <ej, c3=asv+bszz<ez and xg=x,X1 =y,x; =V. In
this case

¢ = result(result(result(co, c1, X), €2, ¥), €3, V)

reduces to

¢ = result(result(cg, c1, x), result(cz, €3, v), y)

Here, the argument that the result holds is similar to that for the alternative reduction in case 1.

In each of the above four reductions the variables are assumed to be distinct. When this restriction is lifted there arise a
number of subcases to be considered. Note that |vars(c)| = 2, hence any identities which give |vars(c)| # 2 are not possible.

1. When the eliminated variables are x, u, v it is possible that z=x or z=u or v = x. In the first two cases the reductions
go through unchanged. In the third case it should be noted that only the second of the two reductions given goes
through. It is also possible that both v =x and z =u, and again, the second of the two reductions goes through.

2. Next, consider the case where the eliminated variables are x, u, y.

(a) Suppose that x and z are the same variable. Then the reduction still holds.

(b) Suppose that z and u are the same variable. Then the reduction still holds.

(c) Suppose that x and v are the same variable. Then co =apx + bgy <eg, c1 =a1X+bqu <eq, c =axu +byx <e; and
¢c3=a3y + b3z < e3. This means that

¢ =laollas||by|b2x + |ai|laz||bolbsz < |a1|laz|lasleo + laollaz|lasler + |aollas||bilez + |ailazl|boles
Now consider the following two eliminations, defining c/3 and cq2:

apX+boy <eg asy+bszz<es
las|aox + |bolb3z < |azleo + |boles
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and

ax+biu<er au+byx<e;
lazlaix + |by|b2x < |az|e1 + |b1le2

Since apga; <0

/

C C12

3

—— Taillazl.laollas|.0)

If c12 € complete(I) then c is redundant because it is a linear combination of ¢4 and c12. If c12 ¢ complete(I) but
¢, € complete(I U {co}) then by Lemma 6 it also follows that c is redundant. Likewise if ¢} ¢ complete(I U {co}). In all
cases, the pre-condition of the lemma that ¢ € complete(I U {co}) is contradicted. This case also goes through when
both x=v and z=u.
3. Now consider the case where the eliminated variables are x, y, u.
(a) Suppose that x and z are the same variables, then co =agx + bgy <eg, c1 =a1x+biju<eq, ca =axy+byv <ey and
c3 =asu + b3x < e3. This means that

¢ =laillaz||bolb2v + |ao|laz||b1|bsx < |ai|laz||as|eo + |aollaz|lasle1 + |a1llas||bole2 + |aollaz||b1les
Now consider the following two eliminations, defining c’2 and cq3:

aoXx +boy <egp ayy—+byv<e;
laz|agx 4 |bglb2v < |azleg + |bolez

and
a1X+biu<eq asu-+bsx<es
laslaix + |b1]bsx < |as|et + |b1les
then
C/ C13
¢ Tdallasllaollaz.0)

Hence, ¢ is redundant, contradicting the pre-condition of the lemma that ¢ € complete(I U {co}).

(b) Suppose that y and z are the same variable. Then note that only the second of the two reductions given holds.

(c) Suppose that v and x are the same variable, then the reduction still holds.

(d) Suppose that x and v, and y and z, are the same variable. Then cyg = apx + bpy <eg, ci =a1x + bju <eq, ¢ =
ayy + bax < ey and ¢3 =azu + bzy < es. This means that

¢ =laillaz||bolb2x + |aollaz|b1|bsy < laillazllas|eo + laollaz|lasle1 + |aillazllbolez + laollaz||b1le3
Now consider the following two eliminations, defining ¢, and c;3:

aoX+boy <eg axy+bx<e;
laz|agx 4 |bolb2x < |az|eg + |bolez

and
aix+bju<e; asu+bszy<es
laslaix + |b1]|b3y < |asler + |b1le3

then

/
¢, (13 n
— ¢ T(allasl,laollaz],0)

Hence, ¢ is redundant, contradicting the pre-condition of the lemma that ¢ € complete(I U {co}).
4. Now consider the case where the eliminated variables are x, y, v.
(a) Suppose that y and z are the same variable. Then: co = apx + boy <eo, ci =a1x+biu <eq1, 2 =ay +bav <ey
and c3 =asv + b3y <es. This means that

¢ = |aol|az|las|biu + |a||bol|b2|b3y < |ai|laz|las|eo + |aollaz|las|er + |aillaz||bolez + |ai||bol|b2]e3

Now consider the following two eliminations, defining c; and c33:
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apX +boy <eg aix+bju<eq
la1lboy + laolb1u < |aileg + |agles

and

a2y +byv<ex azv+bsy<es
laslazy + |b2|b3y < |az|ez + |b2]e3

then

C C23

*t(azllasl.la11lbo].0)

Hence, ¢ is redundant, contradicting the pre-condition of the lemma that ¢ € complete(I U {co}).

(b) Suppose that x and z are the same variable, then the reduction still holds.

(c) Suppose that x and v are the same variable, then the reduction still holds.
Lemma 8. Suppose vars(c) = {x}, vars(cy), vars(cz) C {x} and that {c1, c3} = c. Then either c1 = c or c; =c.

Proof of Lemma 8. If |vars(c;)| =0 for i =1 or i =2 then the result follows immediately.

Suppose that cq, c2 and c are:

Then for aq, az # 0, it is supposed that any multipliers A; have been absorbed into coefficients a;, a; and that § > 0):

ci=a1x<eq c=ax<ep c=(a+a)x<ei+ey+d=ax<e

O

33

First suppose that sign(a;) = sign(az), hence sign(a; + az) = sign(a) and it can further be assumed that |a;| = |az| = 1.
Without loss of generality <1 < 2. (hence c¢; |=c3). Then:

la1] — laz]

€1 €1 €2
<—+——<e1+ex+$6
lag| ~ lai| a2

x<2

and ¢ E=c.
Next suppose that sign(ay) # sign(az). Consistency implies that:

Without loss of generality assume that sign(a1) = sign(a; + az), hence |aq| > |az| and |a; + az| = |a1| — |az|.

ezla|
laz|

0<e;+

Observe that:

Hence

e2la
0<ei+ lail
laz|
erlay| ezlar|  erlaq]
<e
|az] laz| |az]|

etlai| —etlaz| <eqlai| + ezlar|

er(lai] —laz]) < (e1 +e2)|a]

e1 - ett+exy ertep
lai| = lay —az|  |aq] + |az|

and the result holds. O

Lemma 9 (Unary inequalities). Suppose that I € TVPIx and complete(I) = I. Suppose co € TVPIx and that ¢ € complete(I U {co})

where

and |vars(c)| =1, ¢, c2 € I and c¢3 € I U {cp}. Then there exists do, dy € I such that one of the following holds:

¢ = result(result(result(cg, c1), €2), €3)

1. ¢ =result(result(cg, dg), d1)
2. ¢ =result(co, dp)
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Proof of Lemma 9. Fig. 4 gives the structure of three resultant steps, and skeletons (the variables occurring in each in-
equality) for each of the fifteen possible configurations where three resultant steps end in a unary inequality. Each case
will be analysed in turn (many of these can be treated similarly). The algebraic detail is shown in cases where detailed
manipulation is required.

1. Where co =agx + bou <eg, ¢t =ayz+bju <eq, c =ayz+ by <ej and c3 =asy < es. Consider:

Co C1
—u €2 €3
o C23

Cc

y
z

c23 = result(cz, c3, y) is a unary inequality, hence either cy3 € I and case 1 holds or ¢33 ¢ I and by Lemma 6 ¢ ¢
complete(I U {cp}). Note that the result still holds if u = y.
2. Where co =apz + bou <eg, c1 =a1y + bi1u <eq, co =axx+byz <ey and c3 =aszy < es. Consider:

€1 C3
Co C13
— u
C13 C2
C

y

4

c13 = result(c1, 3, y) is a unary inequality, hence either cy3 € I and case 1 holds or cy3 ¢ I and by Lemma 6 ¢ ¢
complete(I U {co}). Note that the result still holds if u =x.
3. Where cog=apz+ bou <eg, c1 =a1y +bju <eq, c; =ayz <ey and c3 =asx + bsy < es. The original derivation is:

apz+bou<eq ary+bju<e;
Ib1lagz + |bolar y < |b1leo + |boles mzse;
laz||bolary < |azl|bileo + |az||boler + |aollb1lez ~ asx+bsy <es
laillaz|bolasx < |az||b1]|b3leg + |azl|bol|bsle1 + |aol|b1]Ibslez + |aillaz||boles

Hence the same inequality might be derived
apz+bou<ey amz=<e; a1y +biu<e; ax-+bsy<es
laz|bou < |az]eg + |aolez lailasx + |bs|biu < |bslet + |ai|e3
la1laz||bolasx < |az||b1lIbsleo + |az|lbollbsle1 + laol|b1l|bslez + |a1llaz|lboles

If c13 =result(cy, c3, y) € I then case 1 holds. If ¢q3 ¢ I then by Lemma 6 ¢ ¢ complete(I U {co}). Note that the result still
holds if z=x.
If in the derivation immediately above u = x, then ¢/, and cy3 are given by:

oz +box <ey axz<ey
laz|box < |az|eo + |aole2

and

a1y +bix<ei asx+bsy<es
(la1laz + |b3|b1)x < |b3leq + |ai|e3

Hence (scaling with A1 = |b1||b3| and A, = |ay||bg| respectively)

laz||bo|(lailas + [b3]b1)x + |az||b1]1b3|box < |az||bo|(|b3]e1 + |a1le3) + |b1||b3|(lazleo + |ag|e2)

Noting that bob1 < 0 this gives

lai|laz||bolasx < |b1||bs|laz|eg + |az||bol|b3le1 + |ao||b1]Ib3lex + |a1|laz||boles

Hence by Lemma 8 ¢}, |=c or c13 =c. In the former case then either case 2 has been demonstrated or ¢ ¢ complete(I U
{co}). In the latter case, either c € I or ¢ ¢ complete(I U {co}). In all cases the result holds.

4. Where cop =agz + bou <eg, c1 =a1y +biu <eq, ca =axz+ bay <ez and ¢3 =aszx + b3y < e3. The original derivation
gives:

¢ = |(laz||bolar + |ag||b1|b2)|azx < |az||b1||bsleg + laz||bol|b3le1 + lag||b1l|bslez + |(laz||bolar + |ao||b1]|b2)|e3

There are three subcases to consider:
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(a) where aibz <0, but bybz >0
(b) where a1bs >0, but byb3 <0
(c) where a1b3 <0 and byb3 <0
Consider each of these in turn:

(a) Here

1 O

y
Co C12 1 C3

7 z y

C12 C13
C/

where ¢’ is:

[(la1llaz|bo + laol|bz|b1)llarlazx <
[(la1llaz|bo + laol|b2]b1)|(Ibsle1 + lailes) + |b1|bs|(la1llazleo + |aol|bz2le1 + |aolla1le2)
Note that bob1 < 0, ajby < 0 and |aq]||az||bo| > |ag||b2||b1]. Dividing through by |a;| shows that ¢’ =c and case 1 of
the result holds, except in the case where one or both of result(ct, ¢z, y) and result(cq, c3, y) are redundant. In these
cases Lemma 6 shows that ¢’ = ¢ ¢ complete(I U {co}). Note that the result still holds if z=x.
However, if u = x, instead consider derivations of c13 and c’21

a1y +bix<ey asx+bzy<es
(Ib3|by + |atlas)x < |bsleq + |ai|es

and
aoz+box <eg axz+byy <ep
laz|box + lao|bay <|azleo + laglez ~ a1y +bix<eq
(latllaz|bo + laollb21b1)x < |ai|lazleo + |aollai|e2 + laol|bz e

Combining with A1 = |(|az||bolai + |ao||b1|b2)| and Az = |b1]|bs|

(I(lazl|bolar + lag||b1|b2)11b3|b1 + [(laz||bolar + lag||b1|b2)|lat|aslai|laz||b1||b3|bo + |ag||b1||b2||b3|b1)x
< (|laz||bolar + lao|lb11b2|)(|b3le1 + |aile3) + |b1]Ib3|(la1llazleo + lagllailez + |aol|b2le1)

Which, noting that (Jaz||bo|b1 + |ao||b1]b2)b3 < 0 and that bgb1 < 0 simplifies to (after dividing through by |aq]):

[(laz|bolay + lag||b1|b2)lasx < |az||b1||bsleq + |az||bol|b3le1 + laol|b1||b3lez + |(laz||bolar + |aol|b1|b2)le3

By Lemma 8 this demonstrates that either ci3 |=c or ¢}, =c. In the first case either c € I or ¢ ¢ complete(I U {co}).
In the second case either case 1 of the lemma holds or ¢ ¢ complete(I U {co}).

(b) This is symmetric to the previous case.

(c) Here, the following:

C1 C3

Co C13 y C2 C3
7 u y
C C23
13
Y EE—4

c
where ¢’ is

(la1laz|lbollbslas + |b1|lbs|lao||b2las)x <
|b1llaz|bs||bsleq + bollaz|Ibs||bsle1 + |aillbollaz||bsles + laollb1|bs||bslez + |aollaz||b1||bs]es
Note that sign(a;) = sign(by), hence |a1||az||bolaz + |b1|laol|bz21as = |(|az||bolai + |b1||ao|b2)|a3 after dividing through
by |bs|. This demonstrates that ¢’ =c and that case 1 of the lemma holds unless one or both of result(cy, c3, y) and
result(cy, c3, y) are redundant, in which case by Lemma 6 ¢ ¢ complete(I U {cg}).
If u =x, then consider the derivations of ¢, and c13

aoZ+box <eqg axz+byy <e; ,
laz|box + |aolb2y < |azleo + |aolez asx+bsy <es
(laz||b3|bg + lagl|bzlaz)x < |az||b3leq + |ag||b3|e2 + |aol|bze3

and
a1y +bix<ei1 asx+bsy<es
(Ib3|by + |atlaz)x < |bsleq + |aq|e3
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With A1 =1|bq| and A, = |az||bo| and noting that bob; < 0, this gives

(la1llaz|lbo| + laollb1|Ib2)asx < |az|b1||b3leo + |az|[bollb3le1 + |az|b1|lbslez + (laolIb1]lb2| + lat|laz|lbol)e3

and since sign(aq) = sign(by)

[(lazllbolay + laollb11b2)lazx < |az||b1||bsleo + |az||bol|bsleq + |az||b1]lbsle2 + (laz||bolar + |aol|b11b2)e3

Which by Lemma 8 demonstrates that either C/23 = c or c13 E=c. In the first case either case 1 of the lemma
holds or ¢’ = ¢ ¢ complete(I U {co}), in which case the lemma does not apply to c. In the second case ¢’ =ce or
¢’ =c ¢ complete(I U {co}). This gives the result.
If z=x, then consider derivations of ¢}, and cz3

apx +bou <ey a1y +biu<e; U
|b1laox + |bolary < |bileo + |bole1 asx+bsy <es
(Ib111b3lao + la1|lbolas)x < |b1||bs|eo + |bol|b3|e1 + |bollazle3

and

ax+byy <ey azx+bsy<es
(Ibslaz + |balaz)x < |bslez + |bales

With A1 =|az| and Ay = |ag||b1| and noting that aga; < 0 this gives

(latllaz|bol + laol|b1||b21)azx < |az||b1||bsleg + |az||bol|b3le1 + |aol|b1l|bslez + (laz|lbollai| + |aol|b1]|b2])es

and since sign(ay) = sign(ay)

[(latl|bolaz + lag||b1|b2)lazx < |az||b1||bsleo + |az||bolb3le1 + |aol|b1l|bsle2 + (laz|lbollai| + |aollb1]lb2])es

and by Lemma 8 this demonstrates that either ¢}, = c or ¢33 = c. In the first case either case 1 of the lemma holds
or ¢ ¢ complete(I U {co}). In the second case c € I or ¢ ¢ complete(I U {co}). This gives the result.
5. Where co =apz + bou <eg, c1 =aju <eq, c =az+ by <ej, c3 =asx + b3y < es, the initial derivation is:

Co C1
— u
Cl C2
—_— Z
/
(&) C3

c y

This can be rewritten to:

Co C1
—u €2 C3
o C23

Cc

y
z

If cp3 € I this demonstrates case 1 of the result, or else c;3 is redundant and by Lemma 6 ¢ ¢ complete(I U {co}). Note
that the result still holds if u =y or if u =x.
If z=x consider ¢} and c23

Co C1
—u €2 C3
(o C23

y

then {c}, c3} = c and again by Lemma 8 either ¢} |=c or c3 = c. If the former then either case 2 of the result holds
or ¢ ¢ complete(I U {co}). In the latter then either c € I or ¢ ¢ complete(I U {co}).

6. As case 5.
7. As case 5.
8. Where co =apz + bou <eg, c1 =a1y +biu <eq, ca =axx+ byz <ej, c3 =asx + b3y < es, the initial derivation is:
Co C1
— u
Cl C2
e e 4
(o) C3 y
c

This can be rewritten to:
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Co C2
z @G

If ¢13 € I this demonstrates case 1 of the result. If ci3 ¢ I by Lemma 6 ¢ ¢ complete(I U {co}). Note that if u = x then
{c},c13} = c and again by Lemma 8 either ¢, = c or c13 |=c. If the former then either case 2 of the lemma holds or
c ¢ complete(I U {cp}). If the latter then either c € I or ¢ ¢ complete(I U {cp}).
9. Where co =agpy + bou <eg, ¢ =a1z+biju <eq, ca =axz+byy <ey, c3 =aszx+ bzy < es, the initial derivation is:
Co /C] Z
(o (o9)
—_—u
C2 C3

c y

This can be rewritten to:
1 O
Co C12
—F u
C12 C3
c

z

y

If c12 € I this demonstrates case 1 of the result. Else c13 ¢ I and by Lemma 6 ¢ ¢ complete(I U {cp}). Note that the result
still holds if u =x or if z=x.

10. As case 1.

11. Where co =agy + bou <eg, c1 =a1z+bju <ejq, c2 =aXx+ bz < ey, c3 =asy < es, the initial derivation is:

Co C1
— u
C] C2
Zz
/
(o3 C3

c y

This can be rewritten to:
By a o
C% C12

C u

Either cq12 € I and this demonstrates case 1 of the result, or c12 ¢ I and by Lemma 6 ¢ ¢ complete(I U {co}). Note that
if u=x then {c}, c12} = c and again by Lemma 8 either ¢} |=c or ¢y = c. For the former, either case 2 of the lemma
holds or ¢ ¢ complete(I U {co}). For the latter, either c € I or ¢ ¢ complete(I U {co}).

12. As case 5.

13. As case 11.

14. As case 9.

15. Ascase 9. O

Lemma 10 (Linearisation). Let I € TVPIy. Further, suppose that co,c1,...,cj € I and do,d1, ..., dx € I where j, k € N. Where c6 =
co and dyy = do, define C§+1 = result(c}, Ci+1, X;), where x; € X and also define d;H = result(d}, diy1, yi), where y; € X. Consider
c= result(c}, d;, z), where z € X. Then there exists fo, f1,..., fe € I, where fo = fy =co, f/+1 =result(f/, fiz1, wi), wi € X, and
at least one of the following holds:

lLc=f
2. c is redundant with respect to complete(I), that is, complete(I) = ¢ and ¢ ¢ complete(I)
3. c =false

Proof of Lemma 10. If c = result(c;, do, 2), then case 1 is immediate. If ¢ = result(co, d,’<, z), note the symmetry of the pre-
misses (so that ¢ = result(c;-, dy, z) = result(d,,, c;, 2)), hence case 1 is again immediate.

The remainder of the result is presented as a series of rewriting rules for derivations for which it will be argued that
repeated application will establish the result. The basic case is that when all variables are distinct; this is followed by cases
where these variables may coincide with each other.

. : _ / ’
Where j, k > 0 consider ¢ = result(cH],dkH,z).

e Suppose x, y,z, w are distinct variables. Then (where all coefficients are non-zero) there are two possibilities, corre-

sponding to the premiss of dj, 4, that z derives from:
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az+byw <e; asw+bsy <es
aix+biz <e1 |azlazz+ |ba|b3y <|azle; + |bzle3
lazllazlaix + |b1||b2|b3y < |azllasler + |as||b1le2 + [b1]|bz2]e3

which can be rewritten to:
ax+biz<er ayz+byw<ey
|lazlaix + |b1lbow < |azle1 + |b1lez ~ azw +b3y <e3
lazllaslaix + |b1||bz2|bsy < |azllasler + |as||b1lez + [b1]|bz]es
That is,

/

¢ = result(cj, ;, result(dy,, d, w), z) = result(result(c’,, ;, d., 2), di, w)

10
2. Symmetrically
azy +hyw <e; azw+bsz<e;
aix+biz <e1 l|aslazy + |bzlb3z <|azlez + |bzles
Ibz||bsla1x + las||b1lazy < |ba||bsler + |b1llazlez + |b1||bzle3

which can be rewritten to:
a1X+bi1z<eq azw-+b3z<es
|bslaix + |bilasw < |bsle; +|b1les a2y +baw <e; w
Ibal|bsla1x + las||b1lazy < |ba|lbsler + |as||b1lez + |b1||bzle3
That is,

/

¢ =result(c} . result(dy,, d, w), z) = result(result(c’;,, ;, dk, 2), dj,, w)

1
Now suppose that in the above x = y and the other variables are still distinct. Observe that the two rewritings are still
valid (since x and y are not eliminated).

Next suppose that in the above x = z and that the other variables are still distinct. Observe that the initial derivations
can describe this situation by putting a; =0 and that the two rewritings are still valid.

Next suppose that in the above y = w and that the other variables are still distinct. Observe that the initial derivations
can describe this situation by putting b3 = 0 in the first case and a, =0 in second, and that the two rewritings are still
valid.

Notice that if in the above z= w and the other variables are still distinct, then the final resultant eliminating z is not
possible.

If y =z and the remaining variables are still distinct, then result(c’;  ,, d;

(e 10 2) can be rewritten to result(d;(H, c;+1, 2).
Suppose that x=w and x, y, z are distinct

axz+byx<ey asx+bsy<es
a1x+bi1z<ey |aszlaxz+ |b2|b3y <|asley + |b2|€3
laz|lazlaix + |by||b2|bsy < |azllas|eq + |as||b1]ez + |b1]|b2]e3

allows c12 and c3:

mx+biz<er az+byx<e
(lazlay + |b1|b2)x < |azleq + |b1lez and asx+bsy <es

Similarly,
@y +bx<ey azx+bzz<e;
a1x+biz<eqy |aslazy + |b2|b3z < |azlex + |bze3
[ba||bsla1x + |as||b1lazy < |bzl|bsler + |as||b1lez + |b1]|bzles

z

allows cq13 and ¢3:
ax+Dbiz<ei asx+bszz<es 2
(Ibslay + |b1las)x < |bslet + |b1le3 and ay+bxx<ep

In the first case, since boas < 0, |as||b1|b2x + |b1||b2]lasx = 0. Observe that |as|(|az|a; + |b1|b2)x + |b1||b2|(a3x + b3y) =
lazllazla1x + |as||b1|b2x + |b1||bzlasx + |b1||b2|b3y = |az|las|a1x + |b1||b2|b3y. Hence {c12, ¢3} = c that is, case 2 holds.
Note that this holds whether or not |az|a; + |b1]by = 0. If the equality holds then cqy is either true or false.

For the second rewriting, case 2 holds by an analogous argument.
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Suppose that x=w and y = z, then result(c}+] , dl,<+l’ z) can be rewritten to result(d;(ﬂ, c;.H,z).
Suppose that x =y and z = w. This is not possible.

Suppose that x =z and y = w. Then observe that the two rewritings are still valid.

Suppose that x=y = w. Then result(c/jH,dLH, z) can be rewritten to result(d,’<+1, C;-+l, 2).

Suppose that x = y = z, with w distinct. That is, ¢ = true or ¢ = false. Then case 2 and case 3 apply respectively.
Suppose that x =z = w, with y distinct. This is not possible.

Suppose that y =z = w, with x distinct. This is not possible.

Suppose that x =y =z = w. This is not possible.

Associate a weight to the derivation of inequality c, ¢ = result(cq, c2, v). This weight is an ordered triple (n, |vars(cy)|,
size(cy)), where n is the number of inequalities above c in the derivation with a right premiss with size greater than 0. In
the original derivation of c, observe that at most one result operation has size(c) > 0 (that is, n < 1). Now observe that each
rewriting step results in at most one result step with the size of the second argument greater than zero (again n < 1). Hence
the weights are totally ordered. The rewriting process has terminated if there are no result steps with right premiss with
size greater than O (i.e. when n = 0), or when it is observed that the concluding inequality is redundant. Now observe that
for each rewriting step either c is found to be redundant or the weight of the derivation of c is strictly less than previously.
Hence by induction the result holds. O

Lemma 11 (Multiple use: part 1). Let cg, c1 € TVPIx, where vars(cg) = {x, y}. If c = result(result(co, c1, X), Co, ¥) then there exists
¢ =result(co, c1, y) such that c = c'.

Proof of Lemma 11. Where cg
result(c}, co, ¥), that is:

apX + boy < eg, ¢c1 = a1x + b1y < eq1, suppose that c/1 = result(cp,c1,X) and ¢ =

aox+boy <ep a1x+b1y <eq
(la11bo + laolb1)y < laileo + laole ¥ aox+ boy <eo y
[(la1lbo + laolb1)laox < |a1||boleo + |aollbole1 + |(la1|bo + |aolb1)leo
Notice that:

1. this is the only possible configuration. If bg = 0 then the second resultant step is not possible, and if vars(cy) # {x, y}
one of the two resultant steps is not possible.

2. apa; <0

. (lailbo + laglb1)bg < 0, hence bob; <0

4, Hence |agb1| > |aibo|

w

Since bgby < 0 ¢’ =result(co, c1, ¥) can be obtained as follows:
aopx +boy <eo ajx+b1y<eq
(Ib1lao + [bola1)x < |b1leg + |boleq

It will be demonstrated below that ¢ = |ag|c’ (i.e. ¢ =c’). There are four cases to consider, depending on the signs of
ao, bo, a, b1.

1. bg > 0,b1 <0,ap9 > 0,a; < 0. First consider the coefficient:
[(la1lbo + laolb1)lap = ao(—la1|bo — |aolb1)
=ap(|bolar + |b1lag)
= |aol|(Ibolas + |b1lao)
Second consider the constant:
la1|lboleo + laollbolet + |(la1|bo + laolb1)|eo = |a1llboleo + laol|boler — |a1|boeo — laolb1eg
= |ag|(|bole1 + |b1leo)
2. bg > 0,b; <0,a9 <0,a; > 0. First consider the coefficient:
[(la1lbo + laglb1)lap = ao(—la1|bo — |aglb1)
=dp(—|bola — |b1lao)
= |aol(|bolay + |b1lao)
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Second consider the constant:

la|lboleo + laollboler + [(la1|bo + |ag|b1)leo = |ai||boleo + |aollboler — |at|boeg — laglbieo
= |apl|(|bole1 + [b1leo)

3. bg <0,by >0,ap > 0,a; <O0. First consider the coefficient:

|(Ja11bo + laglb1)lag = ag(lay|bg + |aolb1)
=daop(lbolar + |b1lao)
= |ag|(|bolay + |b1lao)

Second consider the constant:

la|lboleo + laollboler + |(la|bo + |ag|b1)leo = |ai||boleo + |aollboler + |at|boeg + laglbieo
= |apl|(|bole1 + [b1leo)

4. bg <0,b1 > 0,a9 <0, a; > 0. First consider the coefficient:

|(Ja11bo + laglb1)lag = ag(lay|bo + |aglb1)
=ap(—|bola; — |b1lao)
= |ag|(|bolay + |b1lao)

Second consider the constant:

la|lboleo + laollboler + [(la|bo + |ag|b1)leo = |ai||boleo + |aollboler + |a1|boeg + laglbieg
= |apl|(|bole1 + [b1leo)

In each case the result holds. O

Lemma 12 (Multiple use: part 2). Suppose that I C TVPIx, complete(I) = I and c1,cy € I. If ¢ € complete(I U {cg}), where ¢ =
result(result(result(co, c1), €2), Co), with |vars(c)| > 1, then there is dg € I such that ¢ = result(cq, dp).

Proof of Lemma 12. The potential combinations of variables occurring (and being eliminated) in cg, c; and c, are given in
Fig. 6. The four numbered derivation skeletons correspond to the cases of the proof, the three (x) cases are not possible.
Each of the four potential cases has already been considered in an earlier lemma.

1. This case is covered by Lemma 7 (compaction), case 4(a). This showed that:

0 A ¢ o
C/1 C20

c

+

hence c ¢ complete(I U {co}) and the lemma does not apply. Note that ¢} and cyg are both formed as in the lemma.
2. This case is covered by Lemma 9 (unary inequalities), case 6. This again showed that:

9 9 ¢ ¢
/

Cl C20
(o

_|_

hence ¢ ¢ complete(I U {co}) and the lemma does not apply. Again, ¢} and cyg are both formed as in the lemma.
3. This case is covered by Lemma 9 (unary inequalities), case 9. This showed that:
1 C
Co C12
4P ‘o
[

Since ¢ € complete(I U {cg}), c12 is not redundant and this is now an instance of Lemma 11.
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4. This case matches Lemma 9 (unary inequalities), case 12. However, a different analysis is needed. Where ¢y = apx +
boy <eg, c1=a1y+bi1z<eq and c =azy + byz < ey, c = result(result(result(co, c1, y), €2, 2), Co, y) is given by

(la1l1bol|b2| + laz|Ibollb1)aox < (lai||bollb2| + laz|lbollb11)eo + |bollbollb2le1 + |bollbollb1lez

Now observe that result(co, result(cq, c2, z), ¥) is given by

[(|b2]aq + |b1laz)lagx < [(Ibz]ay + |b1laz)|eq + |bol|b2le1 + |bol|b1le2

and since aja; >0

(la1lb2| + lazllb11)aox < (la1lb2| + |azllb1])eo + |bollbzler + |bollb1le2
and multiplying through by |bg| gives the result. O
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