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ABSTRACT. Differential dynamic logic provides a remarkable framework for verifying hybrid
systems. Yet proving properties of differential equations remains challenging. This is expected,
as it necessitates syntactic reasoning about continuous phenomena. We present a new approach
to this problem by viewing the continuous evolution of a physical proccess as a discrete process
on an infinitely small scale. For this purpose we introduce a modification d£* of differential
dynamic logic that incorporates infinitesimals. We also present a proof system for d£* that
allows for natural inductive proving of differential invariants. Properties proved this way in
dL* can be transferred to d£ seamlessly and we show that we may view dL* as a useful tool
for proving d£-formulas.

1. INTRODUCTION

The main tools to prove properties of differential equations in differential dynamic logic are
differential invariants. Similar to loop invariants, which are properties that remain true for an
arbitrary number of repetitions of a program, differential invariants are properties that remain
true for an arbitrary evolution of a differential equation. While loop invariants can be proved
naturally by induction, the lack of a natural notion of a single step or iteration seems to preclude
a similar, simple approach to proving differential invariants. To make this kind of reasoning
possible additional complexity is required. This becomes apparent when considering the axiom

(Z) [2/ = f(x)F] < Vt > 03e < 03hg > OV0 < h < ho[(z := z + hf(z))*](t = 0 > —U.(—F))
proved sound in [Plal2]. (Here U, (F) is shorthand for Jy (x —y <e Ay—z <e A F(y)).) Axiom

A is theoretically very interesting, as it allows us to translate properties of a differential equation
into a completely discrete statement about loops. Unfortunately the large number of quantifier
alterations appears to make proving properties of differential equations by such a discretization
impractical.

For this reason another approach is commonly taken when proving properties of continuous
programs in differential dynamic logic. Instead of reasoning locally by discretization, one works
on a larger scale by averaging. By the typical mean value arguments, one can deduce properties
of a function from properties of its derivatives. An example of a proof rule of this form would be

Fz>0—[2:=f(x)]Jz>0 = Fz>0-[2=f(x)]z>0.

However such arguments do not suffice to prove every differential invariant one may be interested
in. For example the last proof rule is not helpful whenever f(z) = —z. However it is shown in
[PT20] that any analytic differential invariant can be proved in d£, by adding more differential
equations (so-called differential ghosts).

In this paper we present a complementary approach to the one outlined in the last paragraph.
Instead of looking at the differential equation on a larger scale, we look much closer. By intro-
ducing infinitesimals (numbers that are smaller than every real) into our formal language, we
can talk about what is happening on a small scale. This way we can discretize a differential
equation without accumulating a significant error. In fact the error will stay infinitesimal. A
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discretization is naturally amenable to syntactic reasoning and will allow us to prove the sound-
ness of a proof rule for differential invariants, which turns a differential invariant into an entirely
inductive problem without adding quantifiers. Interestingly proving differential invariants of a
certain kind in the non-standard setting again requires the use of differential ghosts. However
these are of a very different nature to those introduced to prove differential invariants in d.C.

There has been some interesting prior work done on proving properties of differential equations
with tools of non-standard analysis. See in particular [Ben97], which contains examples of
properties of differential equations studied using tools of non-standard analysis. To the extent of
our knowledge, few attempts have been made to apply non-standard analysis to the verification of
hybrid systems. A notable exception being [SH11], which contains a development of a Hoare-style
logic, using non-standard analysis to verify hybrid systems. The approach taken here is different
in that it builds on differential dynamic logic. This has the advantage of close integration, that
will be made explicit in the transfer principle and yields alternative ways to (purely syntactically)
prove d£ formulas by using the proof calculus for the non-standard semantics. Moreover [SH11]
does not enable us to prove differential invariants that refer to the real part of a hyperreal. This
difficulty can be overcome in our context by introducing an error tracker.

Section 2 contains a brief primer on non-standard analysis. This is followed by the definition of
the non-standard semantics for differential dynamic logic and an investigation of the relationship
of those semantics to the semantics of d£ in Section 3. Following this, in Section 4, we initiate
the development of a proof calculus for the non-standard semantics. This is continued in Section
5, in which we investigate a way to prove differential invariants in the non-standard setting.

Our presentation of non-standard analysis will be entirely self-contained, with the exception
that we do not give a proof of Los’s theorem.

2. A NON-STANDARD MODEL OF REAL ARITHMETIC

There are various ways of constructing models of real arithmetic that include infinitesimals.
Following Robinson’s original approach we introduce them as an ultrapower of the reals. For
background on non-standard analysis we refer to [Kei]. Recall that an ultrafilter on N is a set
U < P(N) of subsets of N with the following four properties

(1) g¢U,

(2) forall ABSNif AeU and A € B then Be U,

(3) forall ABSNif AeU and Be U then An BeU,
(4) for all A< N either Ae U or N\AeU.

An ultrafilter is non-principal, if it does not contain singletons. It is a consequence of the axiom
of choice, that non-principal ultrafilter on N exist.

We fix £ = (+,—,-,71,0,1,<,{q}4eq) to be the first order language of ordered fields together
with constant symbols for every rational. Let R denote the real field as an L-structure. Also
once and for all fix a non-principal ultrafilter U on N. We write RY for the set of functions from
N to R. The ultrafilter U induces an equivalence relation on RY defined by

f~g o {meN:f(m)=gm)el.
For f € RN let [f] denote the corresponding equivalence class of f. Recall that the ultrapower
of R by U is an L-structure on the set of equivalence classes

RY/U ={[f]: feR"}.
For brevity we denote this L-structure by R*. The only property of this structure that we shall
need is Lo$’s theorem, which states that

R*':So(foa---afn) had {mENR':@(fO(m)’vfn(m))}EU

for any L-formula ¢(xg,...,%,) and elements fo,..., f, € R*.

To each = € R we associate the constant map ¢, : m — x. Then Lo$§’s theorem shows that
the map ¢ : R — R* defined by & — [c,] is an elementary embedding. Hence R* has the
same first-order theory as R. In other words R* is a real closed field. We informally identify
R with its image under ¢ and treat it as a subfield of R. Elements of R* are sometimes called
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hyperreals. Elements of the set N* = {[f] € R* : f € N} are called hypernaturals. Note that the
hypernaturals are unbounded in R*: For any x € R* let n(m) be some natural number greater
than z(m). Then n € N* and = < n.

We call an element = € R* infinitesimal, if [z| < 1 for all n € N. By construction R* contains
positive infinitesimals. An example of such an element is ¢ = [m + L] € U. For every n € N

the set 1 1
{meN:RE0< — < —}
m n

is cofinite and therefore belongs to U. Hence by Lo§’s theorem R* 0 < ¢ < % We fix this ¢
for the rest of the proposal. So R* is, unlike R, a non-Archimedean field. Recall that an ordered
field is Archimedean if for all positive elements x there is n € N such that

z+...+z>1
5/_/
n times
Since R* is a field containing infinitely small elements, it must also contain infinitely large ones.
For example é is greater than any standard natural number. We call elements of R* with this
property infinite. Note that x is infinite iff % is infinitesimal. A hyperreal 2 € R* is finite if it is
not infinite, equivalently if there is some standard natural number n € N such that |z| < n. (In
the literature these are sometimes also called unlimited and limited respectively.)
An important observation is that the product of a finite hyperreal z and an infinitesimal y

is again infinitesimal: As z is finite there is m € N such that |z| < m. Now |y| < - for any
n € N, since y is infinitesimal. Hence |z -y| <m- - =1 for all n e N.

n-m n

Although R* contains many more reals than R, each new finite element has a closest unique
standard real. This is made precise in the next proposition:

Proposition 1 (Standard Part Principle). For any finite hyperreal x € R* there is a unique
7 € R such that x — T is infinitesimal. We call T the standard part of x. We write T = o0, if
x € R* is infinite.

Proof. Assume without loss of generality that © > 0 and let T = sup{y € R : y < z}. We show
that x —7Z is infinitesimal. Suppose it were not, then there is some n € N such that x—7 > % But
then x + % € R is less than z and greater than T contradicting the choice of Z as the supremum.

For uniqueness note that a,b € R are such that x — a and x — b are infinitesimal. Then
(x —a) — (x — b) = a — b is infinitesimal as the difference of infinitesimals. But a —b € R. So
a = b, since 0 is the only infinitesimal in R. O

Observe that # + y = 2 + § whenever z and y are finite, as the sum of infinitesimals is
infinitesimal. Note also that z is infinitesimal iff Z = 0. We say two finite hyperreals x and y are
infinitely close if x — y is infinitesimal and write z ~ y. Then = ~ y is equivalent to T = 7.

Notationally we write [a, b]* for the set {c € R* : a < ¢ < b} to distinguish it from the usual
interval [a,b] = {ceR:a < c<b}.

In many ways the hypernaturals behave similar to the natural numbers. An important differ-
ence is that, while every subset of N is well-ordered, there are subsets of N*, for example N*\N,
that are not well-ordered. This can be remedied by restricting our attention to a particular
class of subsets of R*, the so-called internal sets. And indeed every internal subset of N* is
well-ordered. We call a set X < R* internal if there is a sequence X,,, € R such that

reX < {meN:z(m)eX,}eU.
It is easy to see that the intersection and union of two internal sets is internal and the complement
of an internal set is internal. As announced we have:

Proposition 2. Internal subsets of N* are well-ordered.

Proof. Suppose X, € R is a sequence of sets witnessing the assumption that X is internal. We
can without loss of generality assume that all X,,, are non-empty. Let f(m) = min X,,, and note
that [f] € X. It follows from Lo$’s theorem that [f] is the minimal element of X. O

This immediately gives us the following important property of internal sets.
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Proposition 3 (Internal Induction). Suppose X € N* is internal and inductive. That is 0 € X
and x + 1€ X, whenever x € X. Then X = N*,

We remark that one cannot dispense with the assumption that X is internal. For example the
set N has the two inductive properties, but is distinct from N*. So in particular it follows from
the proposition that neither N nor N\N* are internal.

Proof. Towards a contradiction assume that ¥ = N*\X is non-empty. Note that Y is also
internal. By the previous proposition Y is well-ordered. Let [f] be the minimal element of Y.
Then [f] # 0. So let g(m) = min{f(m) — 1,0} and note that by Lo§’s theorem, [g] + 1 = [f].
Now [g] € X, since [f] was chosen minimal. This is a contradiction to X being inductive. O

As an example application of the internal induction principle, we note a simple fact that we
will repeatedly use.

Proposition 4. Let a,b € R* witha = 0. Ifb—a > ¢ then there is n € N* such that n-¢ € (a, b].

Proof. If a = 0, it is immediate that n = 1 is as needed. Suppose then that a > 0 and that there
is no such n € N*. Consider the set

X={neN*:n-e<al.

We show that X is internal and inductive. Clearly 0 € X asa > 0. Also (n+1)-e<a+e<b
forne X. Son+ 1€ X since n+ 1 ¢ (a,b]. The sequence X,, = {ne N:n-e(m) < a(m)}
witnesses that X is internal, since for any n € R by Lo$’s theorem:

neX e {meN:nm)eNan(m) -e(m)<a(m)}eU < {meN:n(m)eA,}eU.

Finally by the internal induction principle X = N*. This is a contradiction, since N* is un-
bounded in R* and X is bounded by £. d

We now consider solutions to differential equations in the non-standard setting. Suppose
f(x,6,90,-..,yx) is an L-term, with only x, 9, yo, - . ., yx occuring in f. For notational clarity we
assume k = 0. (In the following, if not explicitly specified otherwise, f will always be assumed
to be such a term.) Let f® be the interpretation of f in R, that is fR(z) = y if R = f(z) = ¥.
(We will drop the superscript, when it is clear that we are referring to the interpretation of f in
R.) Similarly by f* denote the interpretation in R* so f*(x) = y iff R* = f(z) = y. Consider
the (symbolic) ordinary differential equation =’ = f(z,d,y). We define an infinitesimal analogue
to the Euler approximation as follows: Begin by defining the stepping function

Asy(z) =z + 6 fF(z,6,y).

The operation As, is a real Euler step of length ¢ along the differential equation 2’ = f(x). A
solution to a differential equation will be a walk along the differential equation, that is a sequence
of steps following f. This makes sense in the non-standard context, where we may choose an
infinitesimal step size and thereby compute a solution up to an infinitesimal error. However if
we choose an infinitesimal step size, we will need many steps. Since even making an infinitesimal
step for every natural number will not get us very far. Let us first however take finitely many
steps. Define the k-time repeated application AF of A by A° = id and AF+1 = Ao A*.

Recall that we have fixed a particular infinitesimal € > 0. We now extend the path following
the differential equation with fixed step size € by defining W" : (R*)? — R* for a hypernatural
n € N* by

W™ (zo,y) =2 < {meN:A"™  (z0(m)) =z(m)}eU.

e(m),y(m)

This is our notion of a solution to the differential equation with initial value zy. In contrast to the
real flow, this is sometimes referred to as a hyperreal walk or a hyperfinite Euler approximation.
The purpose of this paper is to see how we can exploit the more discrete flavour of the hyperreal
walk in syntactic reasoning about properties of differential equations.

Observe that the hyperreal walk is always defined. In particular our definition did not rely
on any smoothness properties of the function fR. It is important to note however that it is only
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meaningful when it is finite. There are interesting results asserting finiteness of the hyperreal
walk that are parallel to the Peano Existence theorem. See for example [Keil.
We will repeteadly use that W0(xq,y) = o is the identity and

Wn+1(x07y) = Wn(x(),y) + 5f*(Wn(any)7€7y)a

for n € N, which follows using Lo$’s theorem. Sometimes we will drop the parameters ¢ and
y entirely to aid readability and write W+ (zg) = W"(xq) + ef*(W,(x0)), when there is no
chance of ambiguity. It is important that in the above definition we allow the differential equation
f to depend on the step size. This will later allow us to consider differential equations tracking
the (infinitesimal) error.

The hyperreal walk is supposed to model a solution of a differential equation up to an infinites-
imal displacement. We want to make this precise by relating the hyperreal walk to the standard
notion of such a solution. Our next proposition says that as long as a hyperreal walk stays finite,
it is an ordinary solution to the initial value problem defined by f up to an infinitesimal error.

Proposition 5. Suppose yo € R and there is N € N* such that T = Ne and W™ (yo) are finite
for alln < N. Then

o —

y:[0,T] >R, y(@&) — Wn(y)
is well-defined with y(0) = yo and y'(t) = f(y(¢)).

A proof of this result can be found in [Kei] (Theorem 14.1) using the non-standard definition
of derivative and integral. That those coincide with the standard notions is proved for example
in [Ben97] (Corollary 6.2).

We will later also require a kind of converse result to the last proposition. The next lemma
provides such a result by telling us that if there is a solution to a differential equation, then it
almost agrees with the hyperreal walk.

Lemma 6. Suppose N € N* such that T = Ne¢ is finite and there is y : [O,f] — R satisfiying
y(0) = yo and y'(t) = f(y(t)). Then for all n < N the hyperreal walk W™ (yo) is finite and

W (yo) ~ y(ne).

The proof is similar to the estimation of the global error of an Euler approximation. It can
be found in the appendix.

3. NON-STANDARD SEMANTICS

As mentioned above we now want to use the framework of non-standard analysis to redefine
the semantics for d£ in the hope that the more discrete nature of hyperfinite walks lends itself
to useful and natural axioms to prove properties of differential equations. To achieve this we will
need to be able to refer to the step € in our formal language. Moreover it will later be useful to
be able to formally refer to the standard parts of a hyperreal. So we slightly extend the syntax
of differential dynamic logic to accommodate reasoning about infinitesimals. For reference we
restate first the syntax for differential dynamic logic d£ as introduced in [Plal2]:

Terms: ex=zx|a |cletéle—éle-é|ele
Formulas: PQ:u=ezé|—-P|PAQ|3zP]|[a]P
Hybrid Programs: a,Bru=x=e|?Q |2 =fx)&Q|lau|a;3|a*

We define syntax for an extension d£* in exactly the same way only adding to the definition of
terms another constant symbol € and another unary function symbol ~. We assume that in ODE
programs [ is a -free term. However € may occur in f. Let £* be the (first-order) expansion
of £ by adding the new symbols ¢ and ~. Then the modality free dL-formulas are exactly the
first-order L£-formulas and the modality free dL*-formulas are exactly the first order £*-formulas.

The notions v, —, <, =, ¥ and () are used as shorthands, using their usual definitions.
Additionally we write e ~ k to abbreviate & = k. We will also abbreviate by fin(z) the formula
Z =0 A x # 0 asserting that x is finite.



Recall that a state w is a map from the set of variables V to R. Similarly a hyperstate w is a
map from the set of variables V to R*. It is occassionally useful to replace the value of a variable
x by some other value a. We write w? for the state that is obtained from w in this way.

We define the semantics for d£* as follows: For a hyperstate and a dL-term e, let wy[e] be

the usual interpretation of e in R* where wy[e] = € and wy[e€] = m7 if this is not oo and
wx[€] = 0 otherwise. By recursion on the complexity of the formula we define the semantics
of dL*-formulas P as a satisfaction relation w =, P (for hyperstates w) and the semantics of a
hybrid program « as a transition relation [P], € S§* x §*. (We also write [P] for the set of
hyperstates w with w = P.) The definitions are for the most part identical to the definitions for
dL. Indeed for formulas the definition is the same as in [Plal8] verbatim. Similarly for hybrid
programs the definitions remain almost entirely unchanged. We remark only on the cases of
loops and differential equations in hybrid programs.

The semantics of a repetition are defined exactly the same way as for differential dynamic logic.
To be precise (wg, wy) € [a*]+ exactly if there are wy,...,w,—1 such that (w;,w;+1) € [a]s for
all 7. Note that we do not allow hypernatural repetitions. This is because discrete programs
are only supposed to run finitely many times. Although it may be theoretically interesting to
consider longer repetitions, they do not faithfully model cyber-physical systems.

For differential equations we make the following definition:

Definition 7. For a continuous program (w,v) € [2' = f(z) & Q]+ exactly if there is r € R*
finite and a map
e [0,r]* > 8*, t—
such that ¢y = w except at 2/, p, = v and ¢ =, 2’ = f(z) & Q.
Here ¢ =4 2/ = f(z) & Q abbreviates the statement that ¢,(y) = wo(y) for all y € V\{z, 2’}
whenever z € [0,7]* and for all n € N* with n-e < r:

(1) pne(x) =W"(po(x)), where W™ is the hyperreal walk along f,
(2) z— @.(x) is constant on [n-¢g,(n+ 1) -&)* and

3) #ne €2’ = fz) A Qs

Before we investigate these semantics further, we remark that those are meaningful and in-
teresting semantics. The main reason for the investigation of differential dynamic logic is after
all to model and verify cyber-physical systems. So it is crucial that satisfaction of a d£ formula
can expresses an interesting and important fact about a model of a hybrid system. In the case
of the usual semantics of a dL-formula this is immediately apparent from the definition of the
semantics. For example validity of the formula

r=0At=0—>[2=1¢=1&t<1]z <10

(in d£) can be interpreted to assert that a car travelling at a velocity of 1 m/s will not crash
into an obstacle 10 meters away within the next second. However it is perhaps not immediately
obvious that these non-standard semantics have the same virtue. A good case can be made that
the non-standard semantics do describe, for example, continuous motion meaningfully. In fact
this non-standard approach is close to Leibniz’s early development of calculus. We will go into
no detail and will instead make the fact that the two semantics really describe the same reality
mathematical and precise in the transfer principle below.

For first-order dL*-formulas, i.e. those which are modality free, satisfaction as defined above
agrees with the standard definition of satisfaction in the first-order structure R*. More explicitly,
for any L£*-formula P, the semantics are defined so that

we[P]s < R*E Pw],
where R* is an ultrapower. This is analogous to the equivalence

welQl = REQw]

for L-formulas @ in dL.
There is a close relationship between satisfaction in R and R* encapsulated in the next propo-
sition. This is a first approximation to a transfer principle between d£ and dL*.
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Proposition 8 (Weak Transfer Principle). For an L-formula P and a standard state w € S:
wel[P] < welP]«
Proof. We have
wel[P] & REPw < {meN:REPw]}eU < R*EPlw < welP]s
where the penultimate equivalence is by Lo$’s theorem. (I

We now investigate how the non-standard semantics for dL*-formulas relate to the non-
standard semantics. It is to be expected that there is indeed a form of the transfer principle,
since after all both semantics are designed to describe the same reality. Naively one may hope
that this takes the form of the previous proposition simply extended to all d£-formulas. We shall
later see that this can not work. Intuitively the reason is that on an ¢ scale the solution ¢ to a
differential equation, is linear. So a differential invariant describing quadratic behaviour, while
on a large scale accurate, fails in the infinitesimal. For example we will later see that the formula

v:a't/\x:g~t2—>[x’:v,v’:a7t':1&x,y,t<10](v:a-tAx:%'t2)
does hold in a state where a # 0 with respect to the non-standard semantics. However it is valid
with respect to the standard semantics, as is easily seen using the differential equation solution
axiom ['] for d£. (See [Plal8].) This can be seen to indicate that we are looking too closely when
working in the hyperreals. We will return to this phenomenon later.

The reason for considering non-standard semantics was to see how they could be used in
syntactic reasoning about differential equations. Consequently we focus our attention on how
first-order properties of differential equations can be transferred between d£ and d£*. That is we
concentrate on FOD formulas, i.e. formulas of the form [z’ = f(z)]P where P is an L-formula.
Above we remarked that a differential walk is always close enough to a solution to a differential
equation in the usual sense and vice versa. This allows us to prove the following transfer principle
for FOD formulas.

Proposition 9 (FOD Transfer Principle). For L-formulas p(z), ¢(x) and a standard state w € S:
we [[2" = f(2) & q(2)lp(2)] < well2’ = f(2) & q(@) A fin()]p(2)]«-

Proof. For the forward direction consider w € [[z’ = f(z) & ¢(z)]p(z)]. Suppose ¢ : [0,r]* — S*
witnesses that

(w,or) € [2" = f(x) & q(Z) A fin(z)]s.
Pick N € N* such that Ne € (r —¢,r]. As r is finite Ne is also finite. Moreover ¢,. €
[¢(Z) A fin(z)]« for all n < N by the evolution domain constraint. Hence W (w(z)) is finite for
all n < N. Setting t = Ne by Proposition 5

S

y:[0,t] > R, y(ne) — W(w(x))

is a solution to the differential equation 2’ = f(z) with initial value w(z). Define a function
¥ : [0,t] — S such that ¢i(z) = y(¢t) and ¥:(z') = Y[ f(z)]. Setting ¢y = w everywhere else,
it follows that ¢ = 2z’ = f(z). Moverover y(né) = np(x) and hence ¥ € [q(z)]+ whenever
né € [0,t]. So by the weak transfer principle ¢ = 2/ = f(z) & ¢q(z). Now ¢; € [p(z)] using
w e [[# = f(z) & q(z)]p(z)]. Again using the weak transfer principle and ¥ (z) = () we
conclude that ¢, € [p(Z)]«.

For the converse direction consider w € [[z' = f(x) & ¢(Z) A fin(z)]p(Z)]«. Set g = w(x) and
suppose ¢ : [0,7] — S witnesses that (w,,) € [2' = f(x) & q(x)]«. Now set N = Z. Then by
Lemma 6 the hyperreal walk W is finite and W (zg) ~ ¢z (x) for any n < N. Define a function
¥ : [0, Ne] — & with Yne(z) = W™(x0) and ¢ (2') = Y[ f(z)]« such that that ¢ =, 2’ = f(x).
Note that ¥,.(z) = @7 (z). Now using that g € [q(x)] it follows that ¥, € [¢(Z)]«. So by
the condition on w also ¥, € [p(Z)]« and consequently ¢, € [p(x)]. O
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4. A PROOF CALCULUS FOR THE NON-STANDARD SEMANTICS

We may take the transfer principle in the last section to justify our interest in the non-
standard semantics and a corresponding proof calculus. Being able to syntactically derive a
certain property of a differential equation in such a proof system will easily translate into a
property in d£. The remainder of this paper contains an initial development of such a proof
system F, exploiting the presence of infinitesimals. In light of the transfer principle we are
mostly interested in proving d£* formulas of the form:

rAaT=xzn...Ag=y— [z = f(z) & q(Z) A fin(z)]p(Z).

(We will call such formulas transferable.) Towards this goal we develop a proof system (-, similar
to the proof calculus for d£ in [Plal8]. As a base we take standard sequent calculus for first
order logic and add axioms to deal with the added complexity of hybrid programs. First we
assume that , P, whenever P is a first order L£*-formula with R* = P. We add also add
the axiom [:=] and proof rules G and M][-] as defined in [Plal8]. The soundness proofs for
those axioms are identical to those for d£. The non-standard semantics only diverge from the
standard semantics, when it comes to differential equations. We introduce three useful axioms
for differential equations here and turn to proving differential invariants in the next section.

The first axiom tells us that any differential equation can run for at least 0 time units:

(DX) [+" = f(z) & q(x)]p(z) = (9(=) — p(x)).
Soundness of (DX) is immediate. Secondly we prove a version of the differential ghost axiom
which allows us to introduce an additional differential equation.

Proposition 10. For dL* formulas P,Q and a hat-free L*-term g the formula
(DG) [2" = f(z) & q(2)]p(z) < Fy[a’ = f(2),y' = 9(Z) & q(z)]p(x)

18 valid with respect to .

Proof. Soundness of the backward direction is immediate, since y does not occur in P and Q.
Soundness of the forward implication holds, because in the non-standard setting there always is a
hyperreal walk along y’ = f(Z) of arbitrary duration. (However the walk need not be finite.) O

The dG proof rule from [Plal8] follows immediately from this axiom. Finally, although we
will not use it here, we also give an explicit proof of the differential cut axiom from [Plal8], which
allows us to accumulate properties of differential equations when proving them one at a time.

Proposition 11. For dL*-formulas P,Q,C the formula
(DC) [2" = f(2) & QIC — ([ = f(z) & Q]P < [2" = f(z) & Q A C]P)
1s valid with respect to Ey.

Proof. Consider a hyperstate w € [[2' = f(z) & Q]C]«. The forward direction is immediate,
since any ¢ =y 2’ = f(x) & Q A C naturally also satisfies ¢ =, 2’ = f(2) & Q.

Conversely suppose w € [[2' = f(z) & @ A C]P], and consider a witness ¢ 4 ¢’ = f(z) & Q
to (w,¢r) € [z’ = f(x) & Q]«. Because any restriction of ¢ also satisfies this, it follows from the
first assumption on w that ¢; € [C]« for all t < r. Hence also ¢ =4 2’ = f(z) & Q A C, which
implies ¢, € [P]4 as needed. O

The dC proof rule then follows as in [Plal8]. In the following we assume that (DG), (DC)
and (DX) are part of the proof system (.

Note that we have not mentioned any axioms for loops. The reason for this is that we view
the non-standard semantics as a useful way of proving d£ properties of differential equation, by
the transfer principle. They do not seem to have the potential to improve syntactic reasoning
about loops over d£. Still a useful proof theory for transferable formulas could be a valuable
tool to prove interesting dL-properties of differential equations.

There is a theoretical limit to a proof calculus for transferable formulas. It is shown in
[Plal2] that d£ is decidable relative to an oracle for FOD-tautologies. And Proposition 9 says
that any FOD-formula can be (computably) translated into a transferable formula. Hence by
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incompleteness of d£ [Pla08], no recursive axiom system for -, can prove every transferable
dL*-formula.

5. A DIFFERENTIAL INVARIANT PROOF RULE

The advantages of the non-standard approach become apparent when proving properties of
differential equations. In this section we exploit the presence of infinitesimal and the discrete
nature of the hyperreal walk to prove soundness of an axiom turning a differential invariant into
an inductive property. We first make a very simple observation that we will use repeatedly.

Lemma 12. Suppose ¢ : [0,7]* > S* and v =4 2’ = f(z) & Q, then

Pkr1)e(@) = (pre)xr +e- f(2)]
for any k € N* such that (n+1)-e <r.

Proof. This follows from the definition of the semantics for continuous programs and W+ (zq) =
W™(zo) + e f*(Wy(x0)). O

Now we can turn a property of a differential invariant into an inductive property:

Proposition 13. For a modality free dL-formula p(z) a dL*-formula q(x), the dL*-formula

(DI¥) [2" = f(2) & q(@)]p(2)
< ((a(@) = p(2) A 2" = f(2) & q(2)] (p(x) = [2:= 2+ f(2)](a(2) — p(2)))

s valid with respect to Ey.

Proof. For the forward direction we consider a hyperstate

(2) we [[2" = f(z) & q(z)]p(2)]
and prove the two conjuncts separately. To see that w € [¢(z) — p(z)]+ assume w € [¢(z)]. Now
let ¢ : [0,0] — S* be defined by ¢g = w2l @ Then o =, 2/ = f(z) & q(x) using w € [q(z)]«

and W°(z,y) = x. This implies that (w, o) € [2' = f(x) & q(z)]+. Hence oo € [p(z)]«. As 2’
may not occur freely in p(x) and g agrees with w everywhere else, we conclude w € [p(z)] .

For the second conjunct we consider (w,v) € [¢' = f(x) & q(z)]« with v € [p(z)]+ and show

ve[lz:=z+e- f(2)(q(z) - p(@)]
So let n be a state with (v,n) € [z := z + e f(x)]«. If n ¢ [q(x)]« there is nothing to show.
Otherwise pick a witness ¢ : [0,7]* — S* to (w,v) € [z’ = f(z) & q(z)]«. We define an extension
P [0,r + e]* — S* as follows: Pick the n € N* such that n-e € (r,r +¢]. Fort < n ¢ set
P¢ = @r. For t > n - define
Pr(x) = p(r)fe + e f(2)]
and ¢(a') = gp(x)“a‘T(m)[[f(x)]]* Finally set ¢:(y) = ¢:(y) for all y € V\{z, 2’} whenever t = n -¢.
Note that by the last lemma n(z) = ¥, +.(x). So since ¢(z) may not mention =’ and 7 agrees with
rye everywhere else, we see ¥4 € [¢(x)]«. It is now easy to check that ¢ =y 2’ = f(x) & q(z).
This shows that ¢ witnesses (w,¢¥r4c) € [2' = f(x) & q(z)]«. So assumption (2) above yields
Urie € [p(z)]+. Again using that ¥, ;. and n agree everywhere but on 2’ we conclude n € [p(x)] .
Now for the backward direction consider a hyperstate w € [¢(z) — p(z)]s with

3) we[[2' = f(2) & q(2)] (p(z) = [2:= 2 + - f(2)](a(z) = p(x)))]-

We need to show that v € [p(z)]« whenever (w,v) € [2' = f(x) & q(z)]«. So consider a witness
v : [0,r]* - S8* to (w,v) € [¢' = f(z) & q(x)]« and pick some n € N* with n-e € (r —e,r].
By the definition of the semantics for continuous programs, v = ¢, = @,... We shall show
©n-e € [p(z)]«. To this end consider

X={keN*:k-e>rvpr: € [px)]}
We are done if we show X = N* by internal induction.
To see that X is inductive, we observe first that ¢; € [g(x)]« for all t € [0,7]* as ¢ 4 2’ =

f(z) & g(x). Then ¢g € [p(x)]« since w € [¢(x) — p(z)]+ and w agrees with o on all possibly
9



free variables in ¢(z) and p(x). Hence 0 € X. Now suppose k € X and (k + 1) -¢ < r. We need
to show (441).c € [p(z)]+. Observe that ¢ € [p(z)]« as k € X. Moreover the restriction of ¢
to [0,k - €]* witnesses that (w, pg.c) € [2' = f(x) & ¢(x)]+. Hence by (3):

e € [[z:= 2+ f(2))(g(z) = p(2))]s-

Since now ¢g.c and ¢(i11).c agree everywhere, but possibly on x and 2’ and

Phr1)e() = (Pre)e[z + e f(2)]
we see ©(i41).e € [q(x) — p(x)]4. So since pp11).c € [¢(2)]« We conclude that k + 1€ X.

It remains to show that X is internal. It is easy to see that Y = {k € N* : k-e > r} is internal
as witnessed by Y,, = {k e N: k-e(m) > r(m)}. So since the union of internal sets is internal
it suffices to show that Z = {k € N* : ¢y € [p(z)]+} is internal. For the following suppose
{x,y0,...,ys} contains all the free variables of p. Say ag = ©o(¥0),--.,a¢ = wo(ye). We claim
that internality of Z is witnessed by

Xm = {k eN: Rk p(AL,, (vo(x)(m), ao, ..., ar))}.

In other words k€ Z iff {m e N: k(m) € X,,} € U.
Fix k € N* and write b = ¢g... Since ¢y and ¢.. agree except at x and z’ and p does not
mention =’ we see that

accb@le = oo eb@l = B Eplba..a
By Los’s theorem
ke €[p(@)]x < {meR:RE=pb(m),ap(m),...,ae(m))} e U.

Note that this step crucially uses that p is an L-formula. That is p does not contain modalities,
hats, ¢ or the predicate fin. Write also ¢ = @g(z) and observe that b = W¥(c,aq,...,as) as
¢ = o’ = f(x). Recall that the definition of the hyperreal walk says that

k(m
fmeN: A (c(0)) = b(m)} € U.
This combined with the last equivalence implies

precp@]e = fmeR:REpALM  (c(0),a0(m),...,al(m))} e U,
where we use that U is closed under intersections and supersets. Hence k € Z iff {m e N: k(m) €

Xm} € U, as required. O

The formula proved valid is useful in proving differential invariants in d£*. Before we turn
to some example applications of this proposition, we (syntactically) derive a consequence that is
more convenient to use:

Corollary 14. For a modality free dL-formula p(x) the following are equivalent

(1) s p(@) = [z = f(z) & q()]p(x)
(2) ks p(z) A g(z) — [2:= 2 +ef(2)](9(x) — p(z))

Proof. To see that (1) implies (2) cut in p(z) — [2' = f(z) & ¢(x)]p(x) to reduce (2) to
[2" = f(z) & q(2)]p(z) = p(x) A q(z) = [z:= z + ef(2)](¢(z) — (2)).

Then use the equivalence in DI* on the antecedent and apply DX to complete the proof.
The converse implication is immediate from DI* concluding with G. O

Unlike the differential invariant rule dI for d£ this equivalence gives us not only a straight-
forward way to prove a differential invariant but also one to disprove it. This is similar to the
results in [PT20].

In many ways using the last corollary is a very natural way of proving a differential invariant.
Consider the formula z > 0 — [2/ = —z]z > 0. In d£ this invariant would be proved using

differential ghosts. By the last corollary however, for d£*, it suffices to show

Fex>0—>[z:=2z—c z]z>0.
10



But this is immediate from
Rf*fez>0—>2—cx>0.

Very similarly using Corollary 14 provability of
r>0— [ = -2 & fin(x)]z >0

follows from R* = z > 0 A fin(z) — z —e2? > 0. Note that z — e2? is equivalent to 2 > ¢, which
follows from z being finite and positive.

Above we mentioned a formula that, while valid in d£, can not be expected to be valid in the
=4 semantics. We will slightly modify the formula and consider instead:

ﬁn(a)/\v=a~t/\z:%'tzﬁ[xlzv,vlza,tlz1&x,v,t<10]v=a~t/\z:%'t2.
Using the previous corollary it is not difficult to see that provability of the formula in - is
equivalent to %62 = 0. Since I is a sound calculus w =4 P would imply that w = %~52 = 0.
However this is simply not true if w(a) # 0.

This is an interesting limiting example and points to some of the challenges that the non-
standard approach faces. To overcome it one would like to replace equality with almost equality.
That is we could instead try to prove the invariant v = a -t Az ~ % -¢?. Indeed by the
transfer principle for differential equations this is a valid differential invariant in the non-standard
semantics. So isolating an axiom that applies to prove this would be an important step. We
remark that DI* does not apply immediately. After all our proposition claiming soundness of
DI* relied on the assumption that the formula p(z) was an L-formula. In particular no hat and
no a can occur in p(x).

To remedy this we need a quantitative bound on the error. Unfortunately we can not expect
to find such a bound that works for evolutions of arbitrary duration. Instead we introduce a
differential equation that models the bound, which may change, but only at an infinitesimal rate.
It is curios that although the non-standard proof calculus for differential invariants is conceptually
very different from the standard calculus, proving the necessary differential invariants again
appears to necessitate an increase in the dimension of the differential equation. However the
kind of differential ghost measuring the error is again unlike those used in [PT20] to prove all
kinds of differential invariants.

The next proposition shows that for a certain kind of error evolution the error remains infin-
itesimal for any finite time.

Proposition 15. For any m € N\{0} and any L-term g the dL*-formula
(V) p~0nfin(g) —[p'=g-e"]p~0
1s valid with respect to Ey.

To be able to state this proposition it was vital that we allowed the constant symbol € to
occur on the right hand side of a differential equation.

Proof. Consider a hyperstate w such that w(p) ~ 0 and a = w(g) is finite. Suppose v is another
state such that (w,v) € [p’ = g-e™]«. Let r be finite and ¢ : [0,7]* — S* be a witness such
that ¢ =4 p’ = g - e. Pick the n € N such that ne € (r — ¢,r]. Then

v(p) = ¢ne(p) = W*(p(0)(p)) = po(p) + anee™,

where the last equality follows from the definition of W" and Los’s theorem. Note that ne is
finite, as r is finite. Hence anee™ is infinitesimal as the product of a finite and an infinitesimal
hyperreal. Thus

—_

v(p) = w(p) + anee™ = 0
and v € [p ~ 0] as required. O

Let us now assume that V is part of the calculus .. We can now finally prove the invariant

ﬁn(a)/\v:a-t/\x%%-t2—>[x':vm/:a,t/:1&x,v,t<10](v:a~t/\x%g-tQ)
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in the y-calculus. Using (V), (DG) and M[-] this invariant follows from

F*vza‘t/\pzxf%'tza[a:’zfu,v'za,t'z1,p'=fgs](vzwt/\p:xfgﬁ).
Now DI* is applicable and proving the last formula is equivalent to proving
I—*v=a~t/\p=x—%-t2—> ((v+5a)=a~(t+€)/\(p—%52)=(m+sv)—g(t+5)2),

which is easily verified to hold in R*.

We observe that proving the differential invariants in the first two examples was very natural
and intuitive. Unlike in the standard d£-case the proofs of these formulas did not rely on ghosts,
which introduce some conceptual complexity, but instead turned the problem into a simple
verification. However if we want to prove a corresponding transferable formula we would again
need to introduce an error tracking differential equation similarly to what we did in the last
example. The process of finding the correct growth rate of the error appears to be an entirely
mechanical process, as we only need to compute the error a single infinitesimal step causes. This
may indicate that any transferrable differential invariant can (recursively) be translated into an
equivalent formula which is equivalent to a first order problem by Corollary 14. (Perhaps by using
the bounds obtained in the proof of Lemma 67) If this succeeds, it would allow us to reduce any
dL differential invariance question to a first-order R*-tautology. It would be interesting to see
what results in this direction, which would be analogous to those of [PT20], can be obtained in
this non-standard context.

If the goal in the last paragraph can be achieved, it would naturally raise the question of
whether there are (usable) decision procedures for R*-tautologies in £* that can be used to
decide differential invariants efficiently. There appears to be interesting related material in
[DH95], [CD83] and [dMP13].

APPENDIX A. PROOF OF THE APPROXIMATION LEMMA

We give a proof of the approximation lemma from Section 2. This is the non-standard version
of the error bound on the Euler discretization. (See for example Theorem 3 of [Plal2].) The
proof is very similar.

Proof of Lemma 6. Consider the function g : [0, Ne] — R* such that v, w € R* that
R* =gv)=w < {meN:y(v(m))=w(m)}eU.

For the purpose of this proof we consider an expansion £’ of the language £ of ordered fields by
a function symbol z. In R this symbol will be interpreted by the function y. (We extend y to
R by setting it to 0 outside of its domain.) In R* we interpret y by . Note that R* is still an
ultrapower of R in the expanded language and we can apply Los§’s theorem in the expansion. In
particular we view R as an elementary L'-substructure of R*. We begin by transferring some
first-order properties between y and .
Claim 1: Suppose n < N then g(ne) ~ y(ne).
Consider m € N arbitrary and fix r = n¢. By continuity of y there is k € N such that
1 1
REVz (|z—r| <z™ lz(z) — z(r)| < m>

1

Reading this in R* and instantiating z = ne we see [j(ne) — g(r)| < --. As m was arbitrary

y(ne) ~ §(r) = y(ne).
Claim 2: Suppose K = max,c, 7 |y”(&)] then whenever n+ 1 < N:

2
~ n ~ ~ n 3
[9(ne + ) = W Hyo)| < [5(ne) + £ f (g(ne)) = W™ (yo)| + 5 K.
The first-order Taylor approximation with Lagrange remainder to y yields
~ h2
R E VhVaVz <O<a<a+h<T—> |z(a+h) —c| < |x(a)—|—hf(z(a))—c|+2K>.

The claim follows by tansferring to R* and instantiating h = ¢, a = ne and ¢ = W™+ (yo).
12



Claim 3: There is L € R such that f* is L-Lipschitz on
C* = {veR*:3te0,T]|v—y(t) <1}.

We first note that C = {v e R : 3t € [0,7] : Jv—i(t)| < 1} is a compact subset of R as the continu-
ous image of the compact set y([0, T 1) x B1(0) under the addition map. Since f is continuously dif-
ferentiable, it is Lipschitz continuous on the compact set C'. Fix a Lipschitz constant L € R for f.
Now that R = YaVb3to,t, € [0,T] (Ja — z(to)] < 1 A |a— x(t1)| <1 — |f(a) — £(b)| < Lla — b])
transferring to R* we see that L is a Lipschitz constant for f* on C*.
We now turn to the proof that W"(yg) ~ y(né). Define H,, € N* for all n < N by
H,(m)= > (1 +Lg(m))i@K.
i=0 2

We will show that |g(ne) —W"(yo)| < Hye for all n < N. We proceed by internal induction. It is
easy to see that the relevant set is internal using the definitions of H,, 7 and W,,. The induction
start for n = 0 is immediate. So suppose the inequality holds for n < N — 1 and compute

[§(n= +2) = W (go)| < [i(ne) + = f*(3(ne) — W+ (yo) | + K

< lj(ne) + = f* (3(ne)) = W (yo) — e * (W (o))| + T K

< [j(ne) = W (o) + el £ (3(ne)) = (W (o))| + S K

2
5
< (1+ Le)lgne) = W (yo)| + S K

2
< (14 Le)Hpe + %K
= Hp41€ < Hpe.
Next we check that Hy is finite. Using (1 + x) < e for positive « we check that

N(m) T LT
K . K e"t —1
H <= Le(n)i <= Lmd - K2 - _ K/
N(m) 5 ;} e g(m) 5 ) e dz 5T
for U-almost all m, where the second inequality uses that the sum is a lower Riemann sum of the
integrand for U-almost all m. Hence Hy < K, in particular it is finite. Thus |g(ne) —W"(yo)| <
HNE ~ 0.
Finally we conclude from the last paragraph and Claim 1 that

ly(ne) — W™ (yo)| < ly(ne) — gi(ne)| + |5(ne) — W" (yo)| ~ 0.
Hence W"(yo) ~ y(n&) as required. O
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