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// Define

1 integral constants.
2 constexpr

3

4

auto N = 30_c;
auto NUM_ROTORS = 4_c;

3 constexpr

5 // Define ”leaf” variables.

6 constexpr auto position = var_c<”’position”, 3>;
7 constexpr auto orientation = var_c<”orientation”, Q>;
8 constexpr auto linear__velocity = var_c<”linear_velocity”, 3>;
o constexpr auto angular_ velocity = var_c<”angular_ velocity”, 3>;
10 constexpr auto rotor_speed = var_c<"’rotor_speed”, 1>;

”branch” variables.

12 // Define
13 constexpr

14 constexpr auto X = var_c<"X"> <<= (N + 1_c) * x;

15 constexpr

16 constexpr auto U = var_c<’U"’> <<= N * u;

17 constexpr
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auto x = var_c<"x”> <<= (position, orientation, linear velocity, angular_ velocity);

auto u = var_c<”’u”> <<= NUM_ROTORS * rotor_ speed;

auto decision_ variables = var c<”decision_variables”™ <<= (X, U);

Decision variables of an OCP for controlling a quadrotor with Ungar.
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1 static__assert(

2 x.Size() = 13 &

3 X.Size () = 403 &

4 u.Size () = 4 &

5 U.Size () = 120 &&

6 decision_variables.Size () = 523
)

Al

1 static__assert(

2 X(x, 0).Index() = 0 &&
3 X(x, 1).Index() = x.Size() &
4 X(x, 1, linear_velocity).Index() = 20 &&

: decision_ variables (U).Index () = X. Size () &&
6 U(u,

0).Index () = 0 &&
U(u, 1).Index() = 4 &&
8 U(u, 1, rotor_speed, 0).Index() = 4 &&
9 U(u, 1, rotor_speed, 1).Index() =5
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1 auto vars = MakeVariableMap<scalar_t>(
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1 vars.Get(X).setZero ();

2 for (auto k = 0; k < N + 1; ++k) {

3 vars.Get(orientation, k).setIdentity ();

s}
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static_ assert (X(x, 1, linear_ velocity)

static_assert (U(u, 1, rotor_ speed, 0)

o

linear_velocity ,

X( 1);
U(rotor_speed, 1, 0));
U(

(.

3 static_assert (U(u, 1, rotor_speed, 1) rotor_speed, 1, 1));

4 static__assert(decision_variables(X, x, 1, linear_velocity) = decision_variables(linear_velocity, 1));
5 static_assert (

6 decision_variables(U, u, 2, rotor_speed, 3) =— decision_variables(u, 2, rotor_speed, 3) &&

7 decision__variables (U, u, 2, rotor_speed, 3) = decision_variables(rotor_speed, 2, 3)

8 )

Listing 2.

1 // Define integral constants.
2 constexpr auto N = 30_c;
3 constexpr auto NUM ROTORS = 4_c;

5 // Define ”leaf” variables.

6 UNGAR VARIABLE( position , 3);
7 UNGAR_VARIABLE( orientation , Q);
8 UNGAR _VARIABLE(linear_velocity , 3);

9 UNGAR VARIABLE(b_angular_ velocity, 3);
10 UNGAR VARIABLE(rotor_speed, 1);

12 // Define ”branch” variables.

Equivalent expressions for unambiguous variable hierarchies.

13 UNGAR VARIABIE(x) <<= (position, orientation, linear velocity, b_angular_ velocity);

14 UNGAR_VARIABLE(X) <<= (N + 1_c) * x;

15 UNGAR_VARIABLE(u) <<= NUM_ROTORS * rotor_speed;
16 UNGAR_VARIABLE(U) <<= N * u;

17 UNGAR VARIABIE(decision_variables) <<= (X, U);

Listing 3.

5 vars.Get(U).setZero ();

6 static__assert (

7 std ::same_as<

8 decltype (vars.Get(U)),

9 Eigen : : Map<Eigen :: VectorX<scalar_ t>>&
10 >

1n);
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Equivalent transcription of Listing With improved readability using macros.
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1 VectorXr underlying{decision_ variables. Size ()};
2 auto lvars = MakeVariableLazyMap (underlying ,

decision__variables);

Feole, AT ARFRATRRIIR L B Sy -

1 lvars.Get(X).setZero ();

2 for (auto k = 0; k < N + 1; ++k) {

3 lvars.Get(orientation , k).setIdentity ();
1}

5 lvars.Get(U).setZero ();

6 static__assert (

7 std ::same_as<

8 decltype(lvars.Get(U)),

9 Eigen ::Map<Eigen :: VectorX<scalar_ t>>
10 >

no);
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// Define integral constants.

N

constexpr auto N = 30 _c;
constexpr auto NUM_LEGS = 4_c;

o

// Define ”leaf” variables.

6 UNGAR_VARIABLE( position , 3);
7 UNGAR_VARIABLE(orientation , Q);
8 UNGAR VARIABLE(linear_velocity , 3);
9 UNGAR VARIABLE(angular_velocity, 3);
10 UNGAR_VARIABLE( force , 3);
11 UNGAR_VARIABLE(relative__position, 3);

sl

13 // Define ”branch” variables.
14 UNGAR VARIABLE(leg input) <<= (force, relative position);

15 UNGAR._VARIABLE(x) <<= (position, orientation, linear_velocity, angular_velocity);
16 UNGAR, VARIABLE(X) <<= (N+1_¢) * x;

17 UNGAR VARIABIE(u) <<= NUM_ILEGS * leg_input;

18 UNGAR_VARIABLE(U) <<=N * u;

19 UNGAR _VARIABLE(decision_variables) <<= (X, U);

Listing 4. Decision variables of an OCP for quadrupedal locomotion using the single rigid body model.
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// Define integral constants.

constexpr auto N = 10_c;
constexpr auto NUM__ROBOTS = 2_c;
constexpr auto NUM IEGS = 4 c;

// Define ”leaf” variables.

UNGAR._VARIABLE( position , 3);
UNGAR VARIABIE( orientation , Q);
UNGAR VARIABLE(linear velocity , 3);
UNGAR _VARIABLE(angular_velocity, 3);

UNGAR_VARIABLE( force , 3);
UNGAR VARIABIE(relative position, 3);
UNGAR_VARIABLE( torque , 3);

// Define ”branch” variables.

s UNGAR_VARIABLE(leg input) <<= (force, relative_ position);

UNGAR VARIABLE(arm_ input) <<= (force, torque);
UNGAR_VARIABLE(robot_input) <<= (NUM _LEGS * leg input, arm_input);

UNGAR_VARIABLE(payload_state) <<= (position, orientation, linear_velocity, angular_velocity);
UNGAR VARIABLE(robot_state) <<= (position, orientation, linear_ velocity , angular_ velocity);

UNGAR VARIABLE( x ) <<= (payload_ state, NUM ROBOIS * robot_state);
UNGAR_VARIABLE(X) <«<= (N+ 1_c) * x;
UNGAR. VARIABLE( u ) <<= NUM_ROBOIS * robot_input;
UNGAR VARIABLE(U) <<=N * u;
5 UNGAR VARIABLE(decision_variables) <<= (X, U);

Listing 5. Decision variables of an OCP for collaborative loco-manipulation with two robots modeled as single rigid bodies. We highlight the

differen-

ces from the locomotion controller formulated in Listing [4] In particular, we mark newly added variables in yellow and modified variables in light

blue.
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