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ROSCoq: Robots powered by Constructive Reals

Abhishek Anand
(joint work with Ross Knepper ⇑ 1)

ITP, 27-Aug-2015, Nanjing

This is joint work with Ross Knepper,
who works on designing robotic
systems where multiple robots
collaborate on various tasks.

1The symbol ⇑ occurs at many places in this PDF. On a modern PDF reader (with
support for OCG) such as Adobe Reader, Evince (Linux), Foxit Reader (Windows),
PDF XChange viewer clicking such a symbol will open/close a popup containing extra
explanation, e.g. what I said while describing that slide)

https://www.ctan.org/pkg/ocgx?lang=en
https://www.foxitsoftware.com/products/pdf-reader/
http://www.tracker-software.com/product/pdf-xchange-viewer


Motivation

Collaborating Robots2 ⇑
Keyboard finding robot3 ⇑

Here is a video from his work.
Two robots are collaborating

to move furniture. It is hard to
get such robotic programs right.

In previous work, I found it hard to
get robotic programs for even single

robots right. The ROSCoq framework
is an attempt to solve this problem

2Mehmet Dogar, Ross A. Knepper, Andrew Spielberg, Changhyun Choi,
Henrik I. Christensen, and Daniela Rus. “Towards Coordinated Precision Assembly
with Robot Teams”. In: ISER. 2014.

3Abhishek Anand, Hema Swetha Koppula, Thorsten Joachims, and
Ashutosh Saxena. “Contextually guided semantic labeling and search for
three-dimensional point clouds”. In: IJRR (2012).

https://www.youtube.com/watch?v=B9sYogRVF8Q&list=UUataVjUfE66vEBF7jd_XTyg#t=71
https://www.youtube.com/watch?v=rc0vdqjCsBg#t=72


Goals

I Write robotic programs in Coq
I “Run” them on actual robots using a shim:
I Specify the behavior of the shim, physics, and hardware in a realistic

way
I develop Coq proofs of properties about the overall behavior
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Goals

I Write robotic programs in Coq
I “Run” them on actual robots using a shim:
I Specify the behavior of the shim, physics, and hardware in a realistic

way
I develop Coq proofs of properties about the overall behavior



The Logic of Events framework

I Cyber Physical systems are distributed systems
I where agents have fancy sensing and/or actuation actuation

capabilities.



The Logic of Events framework

λ s m. . . . λ s m. . . . λ s m. . . .

Nicolas Schiper, Vincent Rahli, Robbert Van Renesse, Marck Bickford,
and Robert L. Constable. “Developing correctly replicated databases
using formal tools”. In: DSN. IEEE, 2014, pp. 395–406 ⇑

My colleagues at the Nuprl group have
spent several years in developing

certified distributed systems
(DSs). Because CPSs are special

kind of DSs (prev. slide), their
work was a nice starting point
for me. A DS is a collection of

agents, each running a Nuprl FP



The Logic of Events framework

⇑

these are functional reactive programs
which take the current state, the
input message and produce the

new state and the list of message
that have to be sent in response.

λ s m. . . . λ s m. . . . λ s m. . . .



The Logic of Events framework

⇑

Events capture the externally
observable behaviour of agents.

Typically they denote . . .

λ s m. . . . λ s m. . . . λ s m. . . .



The Logic of Events framework

⇑
. . . receiving of messages

λ s m. . . . λ s m. . . . λ s m. . . .



The Logic of Events framework

⇑
. . . or sending of messages

λ s m. . . . λ s m. . . . λ s m. . . .



The Logic of Events framework

⇑

An important notion is the causal
ordering between events. There is
an edge between a send and the

corresponding receive event. Causal
ordering is well founded. One can
prove properties about the system

by induction on this causal ordering

λ s m. . . . λ s m. . . . λ s m. . . .



ROS : Even single robots are distributed systems
I Based on asynchronous message passing4

I Very popular, drivers (as DS agents) available for many robots 5

I uniform API
I Running Example

4Morgan Quigley, Ken Conley, Brian Gerkey, Josh Faust, Tully Foote,
Jeremy Leibs, Rob Wheeler, and Andrew Y. Ng. “ROS: an open-source Robot
Operating System”. In: ICRA workshop on open source software. Vol. 3. 2009, p. 5.

5http://wiki.ros.org/Robots

https://www.youtube.com/watch?v=3cV4Qr1-I0E&feature=youtu.be
http://wiki.ros.org/Robots


ROS : Even single robots are distributed systems
I Based on asynchronous message passing4

I Very popular, drivers (as DS agents) available for many robots 5

I uniform API ⇑

The API for controlling for a quadrotor
and a roomba look exactly the same.
One provides 2 3D vectors, specifying

respectively the translational and
rotational velocities along each axes

I Running Example
4Morgan Quigley, Ken Conley, Brian Gerkey, Josh Faust, Tully Foote,

Jeremy Leibs, Rob Wheeler, and Andrew Y. Ng. “ROS: an open-source Robot
Operating System”. In: ICRA workshop on open source software. Vol. 3. 2009, p. 5.

5http://wiki.ros.org/Robots
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Running Example
⇑

The hardware agent represents the robot and its ROS driver
running inside the laptop, communicating to the robot via

USB. This driver listens on a topic for messages of a special
kind. Essentially, those messages specify 2 scalars : linear and
angular velocity. When the driver receives such a message, it

adjusts the motors on the robot to achieve the requested velocity

⇑

represents the Coq program, being run by
a shim. We will describe it in detail later

⇑

represents the Java program which receives
user input in a GUI and sends ROS messages



How to Specify a CPS in ROSCoq

I Define the physical model as a Coq type
I Define the collection of agents
I Specify the behavior of each agent

I S/w agent : Coq program
I H/w agent : . . .



Physical Model of a CPS

Describes how the relevant physical quantities evolve over time



Physical Model of a CPS

Describes how the relevant physical quantities evolve over time

Record Cart2D (T : Type) : Type := {X : T ; Y: T}.
Record iCreate : Type := {

position : Cart2D (Time →C R);
theta : (Time →C R);

http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#Cart2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.core.html#Time
http://www.cs.cornell.edu/~aa755/ROSCoq/indirectLinks/IR.html
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.core.html#Time
http://www.cs.cornell.edu/~aa755/ROSCoq/indirectLinks/IR.html


Physical Model of a CPS

Describes how the relevant physical quantities evolve over time

Record iCreate : Type := {
position : Cart2D (Time →C R);
theta : (Time →C R);
linVel : (Time →C R);
omega : (Time →C R);
derivRot : isDerivativeOf omega theta;
derivX : isDerivativeOf (linVel ∗ ( FCos theta)) (X position);
derivY : isDerivativeOf (linVel ∗ ( FSin theta)) (Y position);
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http://www.cs.cornell.edu/~aa755/ROSCoq/indirectLinks/IR.html
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.core.html#isDerivativeOf
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.core.html#isDerivativeOf
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/MathClasses.interfaces.canonical_names.html#mult
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.icreate.html#FCos
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#X
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.core.html#isDerivativeOf
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/MathClasses.interfaces.canonical_names.html#mult
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.icreate.html#FSin
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#Y


Physical Model of a CPS

Record iCreate : Type := {
position : Cart2D (Time →C R);
theta : (Time →C R);
linVel : (Time →C R);
omega : (Time →C R);
derivRot : isDerivativeOf omega theta;
derivX : isDerivativeOf (linVel ∗ ( FCos theta)) (X position);
derivY : isDerivativeOf (linVel ∗ ( FSin theta)) (Y position);

In case there were 2 robots, we would use iCreate × iCreate
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Semantics of Agents

⇑

After the physical model is specified,
one specifies the collection of
agents and their behaviour in
a mutually independent way



Semantics of Agents

⇑

Previously, each agent was running
a functional reactive program. This

indirectly specifies a predicate on
the sequence of events at an agent,
namely one that can be generated

by the program. However, to
specify the behaviours of hardware
agents, e.g. sensors or actuators,
one also needs to talk about how

the physical quantities change



Semantics of Agents

⇑

So, we generalize the semantic space
for specifying agents. They are now

a relation between how physical
quantities evolved over time and

the sequence of events at the agent



Semantics of Agents

I PhysModelType → (N → option Event) → Prop

http://coq.inria.fr/stdlib/Coq.Init.Datatypes.html#nat
http://coq.inria.fr/library/Coq.Init.Datatypes.html#option


Semantics of Agents

I PhysModelType → (N → option Event) → Prop
I iCreate → (N → option Event) → Prop ⇑

Each agent in our running example will
be specified as a member of this type.

Record iCreate : Type := {
position : Cart2D (Time →C R);
theta : (Time →C R);
linVel : (Time →C R);
omega : (Time →C R);

...

http://coq.inria.fr/stdlib/Coq.Init.Datatypes.html#nat
http://coq.inria.fr/library/Coq.Init.Datatypes.html#option
http://coq.inria.fr/stdlib/Coq.Init.Datatypes.html#nat
http://coq.inria.fr/library/Coq.Init.Datatypes.html#option
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#Cart2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.core.html#Time
http://www.cs.cornell.edu/~aa755/ROSCoq/indirectLinks/IR.html
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.core.html#Time
http://www.cs.cornell.edu/~aa755/ROSCoq/indirectLinks/IR.html
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.core.html#Time
http://www.cs.cornell.edu/~aa755/ROSCoq/indirectLinks/IR.html
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.core.html#Time
http://www.cs.cornell.edu/~aa755/ROSCoq/indirectLinks/IR.html


Semantics of Agents

I Can handle non-determinstic devices ⇑

The manuals of robotic hardware often
only incompletely specify the behaviour.

I Uniform treatment of both sensing and actuation devices ⇑
For sensing devices, typically the
physical quantities influence the

(send) events. For actuation devices
typically the received messages influence

the evolution of physical quantities



Specification of an iCreate (hardware agent)

Definition HwAgent (ic: iCreate) (evs : nat → option Event): Prop :=

http://coq.inria.fr/library/Coq.Init.Datatypes.html#nat
http://coq.inria.fr/library/Coq.Init.Datatypes.html#option


Specification of an iCreate (hardware agent)

Definition HwAgent (ic: iCreate) (evs : nat → option Event): Prop :=
onlyRecvEvts evs ∧ ∀ t: QTime,

let (lastCmd , tm ) := latestVelPayloadAndTime evs t in
let a : Q := rad (lastCmd) in
let b : Q := θ (lastCmd) in ∃ tr : QTime, (tm ≤ tr ≤ tm + reacTime)
∧ (∀ t’ : QTime, (tm ≤ t’ ≤ tr )
→ ( Min ({linVel ic} tm) (a - εv a b)
≤ {linVel ic} t’ ≤ Max ({linVel ic} tm) (a+ εv a b)))

∧ (∀ t’ : QTime, (tr ≤ t’ ≤ t) → |{linVel ic} t’ - a | ≤ εv a b )

Time

linVel ic

tm tr

a εv a b

http://coq.inria.fr/library/Coq.Init.Datatypes.html#nat
http://coq.inria.fr/library/Coq.Init.Datatypes.html#option
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.icreate.html#onlyRecvEvts
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:x 'xE2x88xA7' x
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:'xE2x88x80' x '..' x ',' x
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.core.html#QTime
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:'xE2x88x80' x '..' x ',' x
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.icreate.html#latestVelPayloadAndTime
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:'xE2x88x83' x '..' x ',' x
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.core.html#QTime
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:'xE2x88x83' x '..' x ',' x
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:x 'xE2x88xA7' x
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http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.core.html#QTime
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:'xE2x88x80' x '..' x ',' x
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:x 'xE2x86x92' x
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:x 'xE2x86x92' x
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:x 'xE2x86x92' x
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:x 'xE2x86x92' x
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/CoRN.reals.Max_AbsIR.html#Min
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.icreate.html#eeev
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/CoRN.reals.Max_AbsIR.html#Max
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.icreate.html#eeev
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:x 'xE2x86x92' x
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:x 'xE2x88xA7' x
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:x 'xE2x88xA7' x
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:x 'xE2x88xA7' x
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:'xE2x88x80' x '..' x ',' x
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.core.html#QTime
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:'xE2x88x80' x '..' x ',' x
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:x 'xE2x86x92' x
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:x 'xE2x86x92' x
http://coq.inria.fr/library/Coq.Unicode.Utf8_core.html#:type scope:x 'xE2x86x92' x
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.IRMisc.CoRNMisc.html#NormSpace_instance_IR
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.IRMisc.CoRNMisc.html#NormSpace_instance_IR
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.icreate.html#eeev
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Specification of an iCreate (hardware agent)

Definition HwAgent
⇑

While its definition is complicated, it
can be best understood as a figure.
Also, check that the type is right,
as described in the previous slide.

(ic: iCreate) (evs : nat → option Event): Prop :=

Time

linVel ic

tm tr

a εv a b

{|v := a; w := b|} ⇑

this message requesting a linear
velocity of a and angular velocity of
b was received at time tm. By tr ,
the transition to the new velocity

is complete. After time tr , the
linear velocity remains close (as
specified by the parameter εv )
to a. The angular velocity also
changes in a similar way to b

http://coq.inria.fr/library/Coq.Init.Datatypes.html#nat
http://coq.inria.fr/library/Coq.Init.Datatypes.html#option
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.core.html#Time
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.icreate.html#eeev


Software Agents

S → Message → (S × list Message). ⇑

Software agents can be specified
indirectly by providing a program

of this type. S is the type of state
maintained by the program. These

programs take the current state,
the input message and produce the

next state and a list of messages
that have to be sent in response

http://coq.inria.fr/stdlib/Coq.Init.Datatypes.html#prod
http://coq.inria.fr/stdlib/Coq.Init.Datatypes.html#list


Software Agents

S → Message → (S × list Message).

SwSemantics : (S → Message → (S × list Message)) →
(PhysModelType → (N → option Event) → Prop)

http://coq.inria.fr/stdlib/Coq.Init.Datatypes.html#prod
http://coq.inria.fr/stdlib/Coq.Init.Datatypes.html#list
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.ROSCyberPhysicalSystem.html#SwSemantics
http://coq.inria.fr/stdlib/Coq.Init.Datatypes.html#prod
http://coq.inria.fr/stdlib/Coq.Init.Datatypes.html#list
http://coq.inria.fr/stdlib/Coq.Init.Datatypes.html#nat
http://coq.inria.fr/library/Coq.Init.Datatypes.html#option


Software Agents

S → Message → (S × list Message).
SwSemantics : (S → Message → (S × list Message)) →

(PhysModelType → (N → option Event) → Prop)
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Software Agents
p: S → Message → (S × list Message).
SwSemantics : (S → Message → (S × list Message)) →
(PhysModelType → (N → option Event) → Prop)

⇑

Given a program (p), SwSemantics
specifies its behaviour. This is best

described as a picture. Messages have a
delay field which can be used to send a
message at a specified amount of time.
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Software Agents

p: S → Message → (S × list Message).
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Software Agents

p: S → Message → (S × list Message) .

SwSemantics : (S → Message → (S × list Message)) →
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The Program in our running example

Definition robotPureProgam (target : Cart2D Q) : list (Q ×
⇑

Each pair in this list represents a message
that the software agent sends to the

hardware agent in our running example.
The first component of each pair is the
delay field of the message. The second
component is a polar pair specifying the

linear and angular velocity which the
hardware agent should achieve on receipt.

Polar2D Q) :=
let polarTarget : Polar2D R := Cart2Polar target in
let rotDuration : R := | θ polarTarget | / rotspeed in
let translDuration : R := (rad polarTarget) / speed in
[

{ X := 1 ; Y := 1 ; }
{ rad :=

√
2 ; θ :=

π

4 ; }
π

4√
2

(0,{| rad:= 0 ; θ := ( polarθSign target ) * rotspeed |})
; ( tapprox rotDuration delRes delEps , {| rad := 0 ; θ := 0 |})
; (delay , {| rad := speed ; θ := 0 |})
; ( tapprox translDuration res ε , {| rad := 0 ; θ := 0 |}) ].
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The Program in our running example

Definition robotPureProgam (target : Cart2D Q) : list (Q × Polar2D Q) :=
let polarTarget : Polar2D R := Cart2Polar target in
let rotDuration : R := | θ polarTarget | / rotspeed in
let translDuration : R := (rad polarTarget) / speed in
[

{ X := 1 ; Y := 1 ; }
{ rad :=

√
2 ; θ :=

π

4 ; }
π
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(0,{| rad:= 0 ; θ := ( polarθSign target ) * rotspeed |})
; ( tapprox rotDuration delRes delEps , {| rad := 0 ; θ := 0 |})
; (delay , {| rad := speed ; θ := 0 |})
; ( tapprox translDuration res ε , {| rad := 0 ; θ := 0 |}) ].
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The Program in our running example

Definition robotPureProgam (target : Cart2D Q) : list (Q × Polar2D Q) :=
let polarTarget : Polar2D R := Cart2Polar target in
let rotDuration : R := | θ polarTarget | / rotspeed in
let translDuration : R := (rad polarTarget) / speed in
[

{ X := 1 ; Y := 1 ; }
{ rad :=

√
2 ; θ :=

π

4 ; }
π
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2

(0,{| rad:= 0 ; θ := ( polarθSign target ) * rotspeed |})
; ( tapprox rotDuration delRes delEps , {| rad := 0 ; θ := 0 |})
; (delay , {| rad := speed ; θ := 0 |})
; ( tapprox translDuration res ε , {| rad := 0 ; θ := 0 |}) ].

http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#Cart2D
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.Init.Datatypes.html#list
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#Polar2D
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#Polar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.CartCR.html#Cart2Polar
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.IRMisc.CoRNMisc.html#NormSpace_instance_IR
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.IRMisc.CoRNMisc.html#NormSpace_instance_IR
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://coq.inria.fr/library/Coq.Lists.List.html#ListNotations.:list scope:'[' x ';' '..' ';' x ']'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.CartCR.html#polarTheta
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Lists.List.html#ListNotations.:list scope:'[' x ';' '..' ';' x ']'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.icreate.html#tapprox
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Lists.List.html#ListNotations.:list scope:'[' x ';' '..' ';' x ']'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Lists.List.html#ListNotations.:list scope:'[' x ';' '..' ';' x ']'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.icreate.html#tapprox
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Lists.List.html#ListNotations.:list scope:'[' x ';' '..' ';' x ']'


The Program in our running example

Definition robotPureProgam (target : Cart2D Q) : list (Q × Polar2D Q) :=
let polarTarget : Polar2D R := Cart2Polar target in
let rotDuration : R := | θ polarTarget | / rotspeed in
let translDuration : R := (rad polarTarget) / speed in
[

{ X := 1 ; Y := 1 ; }
{ rad :=

√
2 ; θ :=

π

4 ; }
π
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(0,{| rad:= 0 ; θ := ( polarθSign target ) * rotspeed |})
; ( tapprox rotDuration delRes delEps , {| rad := 0 ; θ := 0 |})
; (delay , {| rad := speed ; θ := 0 |})
; ( tapprox translDuration res ε , {| rad := 0 ; θ := 0 |}) ].
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The Program in our running example

Definition robotPureProgam (target : Cart2D Q) : list (Q × Polar2D Q) :=
let polarTarget : Polar2D R := Cart2Polar target in
let rotDuration : R := | θ polarTarget | / rotspeed in
let translDuration : R := (rad polarTarget) / speed in
[

{ X := 1 ; Y := 1 ; }
{ rad :=

√
2 ; θ :=

π

4 ; }
π

4√
2

(0,{| rad:= 0 ; θ := ( polarθSign target ) * rotspeed |})
; ( tapprox rotDuration delRes delEps , {| rad := 0 ; θ := 0 |})
; (delay , {| rad := speed ; θ := 0 |})
; ( tapprox translDuration res ε , {| rad := 0 ; θ := 0 |}) ].
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The Program in our running example

Definition robotPureProgam (target : Cart2D Q) : list (Q × Polar2D Q) :=
let polarTarget : Polar2D R := Cart2Polar target in
let rotDuration : R := | θ polarTarget | / rotspeed in
let translDuration : R := (rad polarTarget) / speed in
[

{ X := 1 ; Y := 1 ; }
{ rad :=

√
2 ; θ :=

π

4 ; }
π
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2

(0,{| rad:= 0 ; θ := ( polarθSign target ) * rotspeed |})
; ( tapprox rotDuration delRes delEps , {| rad := 0 ; θ := 0 |})
; (delay , {| rad := speed ; θ := 0 |})
; ( tapprox translDuration res ε , {| rad := 0 ; θ := 0 |}) ].
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The Program in our running example

Definition robotPureProgam (target : Cart2D Q) : list (Q × Polar2D Q) :=
let polarTarget : Polar2D R := Cart2Polar target in
let rotDuration : R := | θ polarTarget | / rotspeed in
let translDuration : R := (rad polarTarget) / speed in
[

{ X := 1 ; Y := 1 ; }
{ rad :=

√
2 ; θ :=

π

4 ; }
π

4√
2

(0,{| rad:= 0 ; θ := ( polarθSign target ) * rotspeed |})
; ( tapprox rotDuration delRes delEps , {| rad := 0 ; θ := 0 |})
; (delay , {| rad := speed ; θ := 0 |})
; ( tapprox translDuration res ε , {| rad := 0 ; θ := 0 |}) ].

http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#Cart2D
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.Init.Datatypes.html#list
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#Polar2D
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#Polar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.CartCR.html#Cart2Polar
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.IRMisc.CoRNMisc.html#NormSpace_instance_IR
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.IRMisc.CoRNMisc.html#NormSpace_instance_IR
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://coq.inria.fr/library/Coq.Lists.List.html#ListNotations.:list scope:'[' x ';' '..' ';' x ']'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.CartCR.html#polarTheta
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Lists.List.html#ListNotations.:list scope:'[' x ';' '..' ';' x ']'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.icreate.html#tapprox
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Lists.List.html#ListNotations.:list scope:'[' x ';' '..' ';' x ']'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Lists.List.html#ListNotations.:list scope:'[' x ';' '..' ';' x ']'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.icreate.html#tapprox
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#rad
http://www.cs.cornell.edu/~aa755/ROSCoq/coqdoc/ROSCOQ.Vector.html#mkPolar2D
http://coq.inria.fr/library/Coq.Init.Datatypes.html#:core scope:'(' x ',' x ',' '..' ',' x ')'
http://coq.inria.fr/library/Coq.Lists.List.html#ListNotations.:list scope:'[' x ';' '..' ';' x ']'


The Program in our running example

Definition robotPureProgam (target : Cart2D Q) : list (Q × Polar2D Q) :=
let polarTarget : Polar2D R := Cart2Polar target in
let rotDuration : R := | θ polarTarget | / rotspeed in
let translDuration : R := (rad polarTarget) / speed in
[

{ X := 1 ; Y := 1 ; }
{ rad :=

√
2 ; θ :=

π

4 ; }
π

4√
2

(0,{| rad:= 0 ; θ := ( polarθSign target ) * rotspeed |})
; ( tapprox rotDuration delRes delEps , {| rad := 0 ; θ := 0 |})
; (delay , {| rad := speed ; θ := 0 |})
; ( tapprox translDuration res ε , {| rad := 0 ; θ := 0 |}) ].
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The Program in our running example

Definition robotPureProgam (target : Cart2D Q) : list (Q × Polar2D Q) :=
let polarTarget : Polar2D R := Cart2Polar target in
let rotDuration : R := | θ polarTarget | / rotspeed in
let translDuration : R := (rad polarTarget) / speed in
[

{ X := 1 ; Y := 1 ; }
{ rad :=

√
2 ; θ :=

π

4 ; }
π

4√
2

(0,{| rad:= 0 ; θ := ( polarθSign target ) * rotspeed |})
; ( tapprox rotDuration delRes delEps , {| rad := 0 ; θ := 0 |})
; (delay , {| rad := speed ; θ := 0 |})
; ( tapprox translDuration res ε , {| rad := 0 ; θ := 0 |}) ].
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The Program in our running example

Definition robotPureProgam (target : Cart2D Q) : list (Q × Polar2D Q) :=
let polarTarget : Polar2D R := Cart2Polar target in
let rotDuration : R := | θ polarTarget | / rotspeed in
let translDuration : R := (rad polarTarget) / speed in
[

{ X := 1 ; Y := 1 ; }
{ rad :=

√
2 ; θ :=

π

4 ; }
π

4√
2

(0,{| rad:= 0 ; θ := ( polarθSign target ) * rotspeed |})
; ( tapprox rotDuration delRes delEps , {| rad := 0 ; θ := 0 |})
; (delay , {| rad := speed ; θ := 0 |})
; ( tapprox translDuration res ε , {| rad := 0 ; θ := 0 |}) ].

tapprox r 1000 ε is a rational of the form ...
1000

| tapprox r res ε - r | ≤ 1+2∗ε
2∗res

Robbert Krebbers and Bas Spitters. “Type classes for efficient exact real
arithmetic in Coq”. In: LMCS 9.1 (Feb. 14, 2013)
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Constructive Reals
CR u Q+ → Q

Robbert Krebbers and Bas Spitters. “Type classes for efficient exact real
arithmetic in Coq”. In: LMCS 9.1 (Feb. 14, 2013)

Errett Bishop. Foundations of constructive analysis. McGraw-Hill, 1967.
394 pp. r : CR

ε : Q+

r ε : Q
r ε

≤ ε

r

+ : λ (r1 : CR) (r2 : CR).

http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q


Constructive Reals

CR u Q+ → Q

r : CR
ε : Q+

r ε : Q
r ε

≤ ε

r

+ : λ (r1 : CR) (r2 : CR).

http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q


Constructive Reals

CR u Q+ → Q

r : CR
ε : Q+

r ε : Q
r ε

≤ ε

r

+ : λ (r1 : CR) (r2 : CR).

http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q


Constructive Reals

CR u Q+ → Q

r : CR
ε : Q+

r ε : Q
r ε

≤ ε

r

+ : λ (r1 : CR) (r2 : CR). λ (ε : Q+) .

http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q
http://coq.inria.fr/library/Coq.QArith.QArith_base.html#Q


Constructive Reals

CR u Q+ → Q

r : CR
ε : Q+

r ε : Q
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≤ ε

r

+ : λ (r1 : CR) (r2 : CR). λ (ε : Q+) . (r1
ε
2 + r1

ε
2 )
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ε
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ε
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∀ (θ : CR). (cos θ)2 +(sin θ)2 = 1
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Discrete computations over CR

if (r <ε π) then . . . else . . .

π - ε π + ε

true

false



Constructivity helps even in logical reasoning

√
((cos 1

2 )) < exp(cos(sin(arctan π)))
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I S/w agent : Coq message handler
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Recap: How to Specify a CPS in ROSCoq

I Define the physical model as a Coq type
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Definition robotPureProgam (target : Cart2D Q) : list (Q × Polar2D Q) :=
let polarTarget : Polar2D R := Cart2Polar target in
let rotDuration : R := | θ polarTarget | / rotspeed in
let translDuration : R := (rad polarTarget) / speed in
[

(0,{| rad:= 0 ; θ := ( polarθSign target ) * rotspeed |})
; ( tapprox rotDuration delRes delEps , {| rad := 0 ; θ := 0 |})
; (delay , {| rad := speed ; θ := 0 |})
; ( tapprox translDuration res ε , {| rad := 0 ; θ := 0 |}) ].
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Proved Property

X

Y

Y’

X’

idealθ

⇑

Our specification of the iCreate h/w is
very conservative. For example, when
it is asked to go straight and not turn
at all, it might actually turn a bit. To
go perfectly straight, the two wheels

might need to be of exactly same
size, . . . so on. This weak assumption

complicates some of our integrals.

Definition ErrY’: R := (εv 0 w) * ( reacTime + Ev01TimeGapUB)
+ (Sin (θErrTrans + θErrTurn)) * ( | target | + speed*timeErr

+ Ev23TimeGapUB * (εv speed 0) )
.
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Experiments

target actual video link
X Y X Y
-1 1 -1.06 0.94 vid1
-1 -1 -1.02 -0.99 vid2
1 1 1.05 0.94 vid3

http://www.cs.cornell.edu/~aa755/ROSCoq/indirectLinks/vid1.html
http://www.cs.cornell.edu/~aa755/ROSCoq/indirectLinks/vid2.html
http://www.cs.cornell.edu/~aa755/ROSCoq/indirectLinks/vid3.html
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