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Abstract

Lambert’s problem is the two-point boundary-value problem resulting from a
two-body orbital transfer between two position vectors in a given time. It lies
at the very heart of several fundamental astrodynamics and space engineering
problems and, as such, it has attracted the interest of scientists over centuries.
In this work, we revisit the solution of Lambert’s problem based on Levi-Civita
regularization developed by Carles Sim6 in 1973. We offer an exhaustive deriva-
tion of the theory, including proofs of all the results and the formulae employed,
and we extend the algorithm to deal with multi-revolution transfers. Then,
after investigating a range of initial guess search techniques and testing differ-
ent numerical methods to approximate the solution, we propose a procedure
in which the initial guess is assigned very efficiently by querying a pre-defined
interpolating table. Then, in order to achieve both speed and robustness, we
combine Newton-Raphson with safety checks to avoid out of boundary devi-
ations to approximate the solution. We validate the method through several
tests and applications, and we assess its convergence and performance. The
algorithm presents no singularities, converges in all realistic scenarios and its
computational cost is comparable with state of the art algorithms.
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1. Introduction

Lambert’s problem, also known as Gauss’ problem or two-body orbital boundary-

value problem, is the problem of determining the Keplerian orbit connecting two
positions in a specified time (Fig. . It arose in the 18" century as a core com-
ponent in the determination of an orbit from three observations of direction
alone, the central observation being used as a source of the missing distance
data for the other two observations. Hence, the solution of Lambert’s problem
was essential for obtaining the elements of the orbits of planets, asteroids and
comets. The problem is associated with the name of Johann Heinrich Lambert
(1728-1777) because of his fundamental contributions to the topic, including the
statement of the theorem that bears his name: The transfer time At of a body
moving between two points r1 and ro on a conic trajectory is a function only of
the sum r1 + ro of the distances of the two points from the origin of the force,
the linear distance ¢ between the points, and the semi-major azis a of the conic
section:

At = f(r1 +re,c,a). (1)

a is the quantity to be determined, i.e., the unknown.

Eq. [I] constitutes the general, implicit form of the transfer-time equation,
the explicit layout depending on the way in which the assigned geometry (the
set of ry, ro and the transfer angle A#) is represented and on the choice of
the unknown, i.e., a or any other parameter from which the orbital elements
or the initial velocity v; can be deduced. The solution of the transfer-time
equation cannot be expressed in closed analytical form and, therefore, must be
numerically approximated.

Nowadays, Lambert’s problem has important applications in trajectory de-
sign and navigation, being keystone in computations of rendezvous and inter-
ception, missile and spacecraft targeting, interplanetary transfers design and
orbit determination. The transfer-time equation has attracted the interest of
mathematicians of all times, whereas from the engineering view point its solu-

tion calls for accuracy, speed of convergence, robustness and formulations valid
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Figure 1: The geometry of Lambert’s problem: the occupied focus F' (position of the primary),
the start (r1, P1) and end (r2, P2) position vectors, the transfer angle A, the chord ¢ and the
conic section that solves the problem (in the example shown it is an elliptical orbit). In the
multi-revolution case, the secondary completes n revolutions (dashed line) around F starting
from P, and eventually describes the arc (solid line) from P; to P», so that the total transfer

angle is 2mn 4+ A#.

for all types of conic sections (universality). As a result, Lambert’s problem is
certainly one of the most investigated topics in Celestial Mechanics and Astro-
dynamics. This explains why over the years several solution techniques have
been developed, which can be grouped based on the choice of the unknown pa-
rameter. The most common representation is based on universal variables, with
other major groups of methods solving with respect to the semi-major axis, the
semi-latus rectum, the transverse eccentricity vector or the flight path angle.
Levi-Civita [1] regularization of the equations of motion allows a representation
of the transfer-time equation as a function of the eccentric anomaly difference
between the two boundary positions on the solution curve.

In the present contribution, we revisit the solution of Lambert’s problem
by Levi-Civita regularization. The fundamental work of Simé [2] has been our
reference throughout. In his original publication, he developed an elegant
derivation of the regularized equations of motion, the corresponding expression

for the conservation of energy and a formulation of the transfer-time equation
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in terms of Stumpff functions. The argument of the series, the unknown param-
eter, is the product of the specific two-body energy and the square of the new
(regularized) time coordinate, and such product is equivalent to the square of
half the variation in eccentric anomaly on the conic section that solves a given
Lambert’s problem. Simé’s method addresses all the issues that may arise when
dealing with the solution of Lambert’s problem: singularities, differences among
the three types of conic section, degeneracies (most noticeably, the rectilinear
orbit), choice of the initial guess, numerical divergence and loss of precision.
Finally, he tested the algorithm in a small set of heliocentric and geo-
centric scenarios. Unfortunately, Simd’s paper was written in Spanish, a fact
that has undoubtedly limited its international dissemination. Furthermore,
the derivation of the Levi-Civita theory was very concise and skipped
many nontrivial steps. This made the discussion difficult to follow for
readers unfamiliar with the subject.

In a bid to increase the awareness of the scientific community, we offer an
exhaustive derivation of the theory including proofs of all the results and the for-
mulae employed. We improve on the original formulation by completely solving
the multi-revolution case for the first time in this context. This creates a very
powerful tool, suitable even for designing gravity-assisted transfers to the inner
planets (see, e.g., [3] for the case of the Messenger probe) or tours of planetary
systems. We also investigate a range of initial guess search techniques and test
different numerical methods to approximate the solution. We implement the
algorithm in modern hardware and perform extensive benchmarking, including
determination of the domain of applicability and performance assessment. The
need for such rigorous testing lies in the automatic character of most applica-
tions, in which many solutions of Lambert’s problem are obtained by varying
the input parameters. Robustness, accuracy and execution speed are crucial
for the purpose. We perform direct comparisons with the de facto standard
methods, [4] (used by ESA) and [5] (NASA’s choice). Simo’s scheme offers the
same level of robustness and universality as these reference algorithms (i.e., ac-

tually treating the three types of conics, solving undefined transfer plane cases
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and multi-revolution geometries over the entire application domain). It is
the firm belief of the authors that Simo’s formulation is competitive with the
current methods of choice. Unfortunately, as stated above, it has not enjoyed
sufficient attention. By providing a detailed description and improvements of
the algorithm, including implementation in modern computers and benchmarks
against the most popular methods, we hope to encourage further research and
development to tap its full potential.

The paper starts with a chronological note on Lambert solvers (Sect. .
The fundamentals of two-body Levi-Civita regularization and the application
to the derivation of the equations of motion and their solution are dealt with
in Section |3] The transfer-time equation, including the multi-revolution case, is
obtained in Section[d The algorithm to obtain the orbital elements from the es-
timate of the unknown parameter is detailed in Sect. [5| The solution procedure
and the associated numerical methods are presented in Sect. [6] Section [7]illus-
trates and discusses the tests carried out to assess the domain of applicability
of the formulation and to evaluate the speed of convergence, the computational
efficiency and the accuracy of the results. Section [§] concludes the paper and is
followed by three appendices, respectively on the Stumpff functions and their
properties (App. A), on the computation of the derivative of the transfer time

with respect to z (App. B) and on the geometrical meaning of z (App. C).

2. State of the art

The original algorithm by [0] iterated on the ratio of the area of the sector
to the area of the triangle for a given transfer geometry (see Fig. . This
technique was later improved by [7], who also developed a method in which the
unknown is half the difference between the eccentric anomalies at P, and P; on
the solution curve. The latter approach was enhanced by []], [9] and [I0] by
including the multi-revolution case (see Fig. [1) and by proposing an improved

initial guess search method.
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[11] adopted a formulation based on universal variables, expressing the transfer-
time equation via Gauss’ f and g functions. [12] reformulated Bate’s algorithm
by adding a constraint on the flight path angle at Py, whereas [I3] extended
it using cos A# as the unknown and solving with a variable-order Householder
algorithm. [14] sets up a Lambert solver based on the Newton-Raphson method
applied to universal variables. [5] modified it by means of a Halley iterator and
improved the initial guess. [4] also built on [I4], devising a Householder iterator
and a new initial guess search method.

Most of the techniques that solve Lambert’s problem with respect to the
semi-major axis rely on the formulation due to [I5]. The first investigations in
this direction are those of [I6] and [I7]. More recently, [I8] extended Pruss-
ing’s algorithm by means of a variable-order Householder iterator, whereas [19]
linearised the transfer-time equation, obtaining a computationally efficient pro-
cedure which is suitable for on-board targeting and orbit determination compu-
tations. Other implementations include those of [20], who used a power series,
[21], [22] and [23].

The main solvers with respect to the semi-latus rectum are due to [24], [11]
and [25]. [26] employed the transverse eccentricity vector (i.e., the component
of the eccentricity vector perpendicular to the chord) and the Newton-Raphson
method with numerical derivatives. Analytical derivatives were developed by
[27], who addressed the multi-revolution case. The latter investigation was
improved by [28] and [29] through simplified formulas for the derivatives.

Solvers with the flight path angle as the unknown were initiated by [30] and
extended by [3I] to include all orbit types. More recently, [32] treated the case
of multiple revolutions, whereas [33] exploited the information of the analytic
gradient of the transfer-time equation with respect to the velocity components
to update the iterator. [34] solved the problem via series expansions; [35] iter-
ated on a system of two equations with the energy and eccentric anomaly as
unknowns; [36] iterated on the true anomaly; [37] worked with the eccentric
anomaly; [38] derived Lambert’s problem for rectilinear motion; [39] was the

first to deal with multi-revolution orbits in detail.
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The first application of Levi-Civita regularization to the solution of Lam-
bert’s problem is due to [2], who also addressed the case of degenerate geometries
(most notably, rectilinear motion), and discussed the choice of the initial guess,
the derivative of the transfer-time equation as part of the Newton-Raphson it-
erator, and the issue of numerical degradation. [40] developed an equivalent
formulation using Kustaanheimo-Stiefel regularization [41I] and gave a recipe
for the case of multiple revolutions. [42] solved the problem in the regularised
space via optimal control theory.

Several authors have reviewed and compared the algorithms: for example,
[43], [44], [45] and [46]. Some recent comparisons, e.g. [47], [48] and [49] include
implementations of the algorithm in GPU architectures, analyse the resulting

performance and offer comparisons with CPU architectures.

3. Levi-Civita regularization of two-body motion

Regularization is the elimination of singularities occurring in the equations
of motion by adopting properly selected variables. Levi-Civita regularization
50, 5T, 52] is a transformation of space and time, and the problem is considered

in the plane. The method proceeds through three steps:

1. Introduction of a fictitious time s (note that this is a Sundman tran-

formation [53]) such that:

dt =~ - ds, (2)

.
being r the distance between the two bodies and 7 a constant (in the
following its value will be set equal to 1).

2. Definition of a transformation (conformal squaring) between the physical

r-plane and the complex u-plane;
u’ =r. (3)

3. Introduction of the specific mechanical energy —2p:

2

v I
29p=— -5 4
P=9 %)
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(see figure 2) (traer la figura cerca si es osible)
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1 being the gravitational parameter of the central body and v the relative

speed.

The differential equations of motion
. r

can be written in the new space and time variables by applying the rules

d 1d

- - - 6
dt rds’ (6)
a2 1/ & ,d

pro 3<d_d) M

in which the apostrophe (') denotes differentiation with respect to s. Now,

r=|ul?=(u,u) = uﬁ (8)

with @ being the complex conjugate of u. Differentiating Eq. [3] with respect to
s yields

r = 2uu, (9)
r’ = 2(uu’ +u'u). (10)
Differentiating Eq. [§] provides
r =u'a+ut = (W, u) + (u,u) = 2(u, )P (11)
Substitution of Eq. [7] into Eq. [f] gives
rr’ —7r't’ + ur =0, (12)

which, by means of Egs. [ and [3] becomes

2(u,u) (uu” +u'v’) — 4(u,u’)un’ + puu = 0. (13)

LGiven the vectors a and b, we denote their scalar product by (a,b), whereas ab is the
product of their complex representations.

2 For any pair of complex numbers ab +ab = 2Re (al_)) = 2|a| |b| cos (arg (a) — arg (b)) =
2(a, b)
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Expanding the scalar products yields

2uil (uu” + u'v’) — 2 (W@ + ut’) uu’ + puu =0, (14)

2uuuu” — 2ut’uu’ + puu = 0. (15)

The second term can be rewritten as —2(u’, u’)uu. Eventually, dividing both

sides of Eq. [I5] by u yields
2(u,u)u”’ — 2(v’; v )u+ pu = 0. (16)
On the other hand, using Egs. [6] in Eq. [ provides
o ¥ P= =2, (17)
which, due to Egs. [9] and [§] becomes
2(u',v') = pu—2p(u,u). (18)
Eventually, substitution of Eq. [I8]into Eq. [16] yields
u” + pu=0. (19)

The transformed differential equations of motion are linear. Given the initial

conditions ug and uj, at s = s, the solution of Eq. [19]is

u = wugcos[y/p(s—s0)]+ ug\}ﬁ sin[\/p(s — s0)] if p>0 (20)
u = ug+uy(s—so) ifp=0 (21)
u = ugcosh[v/—p(s—so)] + uy \/1_7 sinh[\/p(s — so)] if p<0. (22)

The three types of conic section (i.e., ellipse, parabola, hyperbola) are all rep-
resented and discriminated by the sign of p (respectively, positive, null and
negative). The solution of Eq. can be written in a more suitable form for
the present study, i.e., by means of a Taylor series expansion around sg, which
holds for all three curves (universality):

o ulk) (s
a(s) = Z%(sw)k

k=0

I (s — s0)29) 2 (=1) - J)
_ uoz P 5 50) (s Z ) P (s = 50) (23)
Jj=

(25 + 1)
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In the second line of Eq.[23] the terms of odd and even order have been separated,
and Eq. [19/ has been used to rewrite the (25)" and (25 + 1)** derivatives of u:

u®(s) = (=p)uo, (24)
u®*V(s0) = (=p)up. (25)

The series that appear in Eq. [23]are the Stumpff functions ¢ and ¢; of argument

p(s — s0)? (see Appendix A):
u(s) = uoco[p(s — s0)*] + ug(s — so)clp(s — s0)?]- (26)

By a similar reasoning, the first derivative u’(s) that appears in Eq. [18|can be

expressed as

u'(s) = wgeolp(s — s0)*] — uop(s — so)eilp(s — s0)°]- (27)

4. The transfer-time equation

Given r; and ro and the time At =t — t; (t1 < t2) to transfer from one
to the other, two vectors u; and us are introduced in the complex plane, such

that

u% = rq, (28)

u% = I‘2 . (29)

According to the properties of the square, the angle between u; and us is equal
to half the angle between the original vectors (Fig. [4)), i.e.:

s ) = frim) = 5 (30)

Without loss of generality, the orthogonal reference frame in the complex plane

can be oriented with the z-axis parallel to u;. In other words,

A

u; = 5 (31)
0
B

Uy = 5 (32)
C

10
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Figure 2:-BLA,
in which
A = m, (33)
= 4/racos (A;) , (34)
C = Jisin <A29> . (35)

If the fictitious time s is zero when the body is at ry, then the total (fictitious)

transfer time equals the value of s at ro. Naming s, the latter quantity yields:

up = uoco(O), (36)
Uy = ugco(pss) + upsaci(ps3). (37)
Defining
o
Uo = ) (38)
Q2
w - (7). (39)
B2
with
(5] = A, (40)
a9 = 07 (41)
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Conformal squaring in the complex plane.
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B — Aco(ps3)

pr = W7 (42)
C
B2 m (43)

provides the following expression for the distance rs:

ra = (U2, u2) = (0, u0)cj(ps”) + (uf, ug)s>ci(ps®) + 2(uo, up)eo(ps?)scs(ps?),

(44)

in which the scalar products are given by
(wo,wp) = af + a3, (45)
(up,up) = B7 + 63, (46)
(wo,up) = aif + azfo. (47)

Integrating Eq. [2| between t; and %o yields
to —t1 = At = /052 rds = (a4 a3) /:2 c2(ps?)ds (48)

LB / " 23 (ps?)ds

+ 2(a181 + a2fe) /32 co(ps?)scy(ps?)ds.
0

The relations proved in Appendix A can be employed to manipulate the inte-

grands of Eq. [§ as follows:
At = (af+a3) /082 [1—2ps?ca(4ps?)] ds (49)
bR [ 2ap)s
+ 2(a1B1 + agfe) /082 sci(4ps?)ds.
Then, using relation v) of Appendix A,
At = (af +a3)ss — (af +a3)2ps3es(dps3) + (BT + B3)2s5¢3(4ps3) (50)
+  2(a1B1 + aoBa)ssca(4pss),

in which ¢ is the second-order Stumpff function. FEventually, substituting
Eqs. B335 gives

At = A%sy — 2A%psics(4pss) (51)

12



210

215

220

[B% 4+ C? 4 A%c3(ps3) — 2ABco(ps3)| 2s2c3(4ps3)
ci(ps3)
24 [B — Aco(ps3)] s2ca(4ps3)
c1(ps3) .

Denoting
psa =z (52)

and multiplying both sides of Eq. by c3(z), yields the expression of the
transfer time for a given geometry (i.e., A, B, C), energy p and fictitious time

of arrival so:

2
Clﬂm = Ac(2) — 24%2¢3(42)c}(2) + 2B%¢s(42) (53)
2

+  2C%c3(42) 4+ 2A%c2(2)c3(42) — 4ABco(2)c3(42)
+ 2ABci(2)ca(42) — 2A%¢o(2)ca(42)c1(2).

The four terms in A? can be further manipulated using the relations i), i), iii)

and [74] of Appendix A:

cA(z) = 2cy(42), (54)
zc3(42)ci(z) = 2zc3(42)ca(42), (55)
A(2)e3(42) = e3(42)[1 — 2ze(42)), (56)
co(2)ea(42)e1(2) = ca(4z)er(4z) = co(42)[1 — dzes(42)). (57)

Eventually,
Ci(j)At = 2Pc3(42) + 2AB [c1(2)ca(42) — 2¢0(2)e3(42)] (58)

where

P=A*+B*+C?=r, 4. (59)

The explicit dependence from s, can be eliminated by introducing the following

expression for p

P —2ABcy(z)
=20 | ——~+—2 60
e | o
obtained from Eq. [I§ with Eqgs. and [44] and using the identity
2 20\ _
A(:) +2d(z) = 1, (61)

13
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which follows from the formulas i) and %) of Appendix A. Eventually, the sub-

stitution
- A
Q =2AB = 2\/7’17"2 COS 7 (62)
provides

_ 2Pc3(4z) + Q [c1(2)c2(42) — 2¢9(2)e3(42)) 2P — Qco(2)

At ,
ci(z) u

(63)

in which At is determined by the geometry (i.e., P, Q) and by the value of the
parameter (i.e., z). Appendix C proves that \/z (respectively, v/—z in case of
hyperbolic motion) is equal to half the variation in eccentric anomaly between
P; and P, on the solution orbit. Note that the parameter z is equal to
1/4 times the homonym free parameter of [11I] and [7], even though
the underlying formulation is very distinct.

Based on the relationship between the two-body mechanical energy —2p and

the semimajor axis a of the conic section,

I

= — 64
a 4p’ ( )
Eq. [60] allows to express the latter as
P — Qco(z)
= ——". 65
“ 2zc3(2) (65)

Note that the sign of the semimajor axis is determined by the sign of z (positive

for ellipses, negative for hyperbolas). As a matter of fact,

cos+/z if 2>0
P —Qco(z) =11 + 79 — 2¢/r179 COS (AQH) 1 ifz=0 (66)
coshy/—z if2<0
It is easy to prove that Eq. [66|is always larger than (y/ry — \/772)2 for z > 0 and
thus positive. When the motion is hyperbolic it might be possible, depending on
the geometry, to find a value of z that makes Eq. [66] vanish. Note however that,
according to Eq. the corresponding transfer time is zero (motion with infinite
velocity). As this limiting case has no physical significance, lower values of z

need not be considered. It can therefore be safely assumed that P — Qco(z) > 0.

14
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Eq. is singularity-free and universal (i.e., applicable to all three types of
conic section). It gives the time of flight over arc lengths of up to 27. Fig.
illustrates the dependence of At on z for four values of Af, r; = 1 NDU and
ro = 2 NDU, with NDU meaning normalized distance units. Based on Kepler’s
third law, we define the period of a circular orbit of unit radius (1 NDU) around
a primary of unit gravitational parameter as being equal to 27 normalized units
of time (NTU). The two short-way (i.e., A@ < ) transfers are characterized by
a transfer time that vanishes for some finite, negative value of z, that for which
P — Qco(z) vanishes. The trajectory is a straight line (the eccentricity of the
hyperbola tends to infinity) and the speed is infinite. The two long-way (i.e.,
m < Af < 2m) geometries exhibit a horizontal ¢ = 0 asymptote for negative
z, instead: the secondary must pass through the pericenter of the solution
hyperbola and, even if the eccentricity grows as z decreases, the transfer time
cannot become zero (in particular, the expression P — Qco(2) is always strictly
positive). All transfer-time curves exhibit a vertical asymptote at z = 72 as
z increases, the transfer arc grows larger, the semimajor axis increases and the
eccentricity tends to 1. Hence, at the limit the solution is a parabolic orbit

3

whose At = oo because ¢3(7?) = 0 in the denominator of the transfer-time

equation.

4.1. Multi-revolution case
The case of elliptical orbits can be extended to account for transfer arcs
larger than 27, i.e., in which the secondary completes an integer number n of

revolutions around the primary before joining P,. The period T of an elliptical

3
T=2m |, (67)
I

can be written as a function of the unknown z, as stated in Eq. Thus, the

orbit of semi-major axis a,

expression of the transfer time is modified by adding n orbital periods. Then,

letting n start from 0 yields the most general form of Eq.

2Pc3(42) + Q [c1(2)ca(42) — 2¢o(2)c3(42)] 2P — Qco(2)

At =
ci(z) 1

15
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* A0=57/3

-(n12)? 0 (712)? 7

Figure 3: Transfer time At as a function of z for four values of Af# (two short-way and two
long-way trajectories), 71 = 1 NDU and r2 = 2 NDU. For the meaning of the units, the reader

is referred to the text.

ol

Figure [ illustrates the dependence of At on z for a sample of geometries with

n = 1. In general, for high enough values of At, the problem has two solutions,
corresponding to two elliptical orbits with short and long period, respectively.
The lower half of Fig. |5 shows two such geometries, respectively corresponding
to AO =21 + /2 and Af = 27+ 37w /2. The left subplots give the transfer-time
curve, whereas the right subplots illustrate the solution orbits. The selected
value for the transfer time is 8w, allowing for two trajectories in each case
(the correspondence between the value of z and the transfer orbit is indicated
by a graphic marker). The transfer-time curve exhibits an absolute minimum
because a minimum time is required in order for the secondary to revolve around
the primary between the two given positions. At either side of the minimum
(respectively, for z tending to 0 and to 72), the transfer time tends to infinity.
In both cases, the eccentricity tends to 1 and the trajectory becomes a parabola:
z = 0 makes the denominator of the second term of Eq. [6§ vanish, whereas when

2z = 72 the denominators of both terms are zero.

16
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Figure 4: Transfer time At as a function of z for four values of A8, r1 =1 NDU, ro = 2 NDU

and n = 1. For the meaning of the units, the reader is referred to the text.

5. From z to the initial value problem

Once z is known, Simé computes the semimajor axis of the orbit

with Eq. Next, the eccentricity is obtained with

A2C?

2

-1

¢ a?zc3(z) (69)

The remaining orbital elements are computed using a standard pro-
cedure (see for example [54]). The velocity v; at r; is finally obtained
from the orbital elements and the true anomaly. We followed Simé’s
procedure for determining the velocity in order to fully document
his original work. However, the reader must be aware that there
are more efficient ways of obtaining the velocity vector from the =z

parameter (see [11], for example).

6. A regularized Lambert solver

Since the transfer-time equation (Eq. does not admit a closed-form an-
alytical solution, z must be approximated by some numerical method. Given

1, At, r1, ro, Af, n and a choice between long- and short- period if n > 0, the

17
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Figure 5: Examples of transfer-time curves (left column) and specific Lambert’s problem
solutions (right column) for n = 0 (upper two rows) and n = 1 (lower two rows). The
geometry is represented by the transfer angle (indicated in the top left corner of each row).
Lambert’s problem is solved for one value of the transfer time (as indicated by the y-coordinate
of the horizontal line), giving rise to one ellipse when n = 0 and two ellipses when n = 1. The
correspondence between the value of z in the left subplot and the transfer orbit in the right
subplot of each row is indicated by a graphic marker. For the meaning of the units, the reader

is referred to the text.
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procedure to solve Lambert’s problem by the method presented in the previous

sections, called RLSolver hereinafter, is the following:

1. computation of the geometrical constants P and @ (Egs. [59| and ;

2. if n > 0, determination of the minimum transfer time At* and the cor-
responding value z* of the unknown: if At < At*, the problem does not
admit solution;

3. choice of an initial guess zg for z;

4. approximation of z by application of a numerical solution method to
Eq. [68}

5. computation of v; from the orbital elements and the true anomaly

0.

The value of At* for multi-revolution orbits is approximated by means of
the Regula-Falsi iteration scheme, which in the present case means finding the
zero of the derivative of Eq. with respect to z. The development of the
formula for the derivative is presented in App. B. Higher-order methods were not
considered due to the computational cost of the corresponding derivatives of the
transfer time equation. The Regula-Falsi method is applied to the initial interval
[0.272,0.47%], which has proved to be a suitable choice for most problems. If
the solution is outside the interval, the bounds are iteratively moved towards it.
The iteration tolerance is set to 107!3 to ensure the accuracy of the
minimum value of the transfer time equation (At¢*), which is critical to
determine whether the problem admits solution and to discriminate
between the two solution branches. The number of iterations required to
confine the solution is typically less than six, but as high as twelve near ro/r; ~ 1
or A9 ~ 0. The total number of computations of the derivative is eleven
on average, but twice as much near the above limits. An improved Regula-
Falsi method has been implemented based on the Illinois method [55], which
essentially speeds up the convergence with almost no increase in computing

time.
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6.1. The initial guess

Five methods to choose the initial guess zg have been explored.

e Half-interval point. The initial guess zy is the mid point in the z-domain

330

335

340

345

350

of each conic in the transfer-time plots. For example, 2y = 72 for single-
revolution elliptical orbits. However, in the case of long-way hyperbolic
orbits, whose z-domain is unbounded, a lower limit must be provided. To
this end, any of the boundary-finding methods discussed below is ade-
quate. The half-interval point approach is computationally very fast, but
the initial guess is not very accurate, the errors approaching 0.572 near

the asymptotes.

Half-angle point. Following [2], 2o = (A§/2)? for elliptical orbits and
zo = 0 for hyperbolic orbits. For elliptical orbits, this choice is more

accurate than the half-interval point.

Piecewise linear interpolation. A linear function is used to approximate
the transfer time for a given geometry. Hence, the initial guess is the value
of z corresponding to At on such function. Since the linear approximation
is very poor near the asymptote, the z-domain is divided into subintervals,
yielding a piecewise linear approximation. Numerical experiments show
that the interval [0,0.37%] works well for most elliptical orbits, [—m2,0]
is a good choice for long-way hyperbolic transfers, and [0.9zf,0], with
P —Qco(z5) = 0, is suitable in most short-way hyperbolas. If the solution
is outside the z-domain of interpolation, the boundaries are iteratively
moved towards the solution. The number of iterations required to confine
the solution is lower than four in most cases, and as high as nine near the

asymptotes.

Piecewise nonlinear interpolation. A nonlinear (e.g., quadratic, cubic, ex-
ponential) function is used to approximate the transfer time. This option
must take into account the computational cost of inverting the function.

Compared to the piecewise linear interpolation, the method yields a more
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accurate initial guess and requires fewer interpolating intervals. In general,
five functions are sufficient to cover the z-domain: one for elliptical orbits
with n = 0, two for hyperbolic transfers (respectively, for long and short
ways) and two for the multi-revolution case (respectively, for the short-
and long-period solutions), and no iterations are required to confine the
solution. Unfortunately, the initial guess can degrade very quickly close
to the asymptotes, at times resulting in no convergence at all. This issue
can be addressed by dividing the z-domain into smaller subintervals, at

the cost of slightly reduced performance.

Interpolating table. A pre-computed four-dimensional grid of values of z,
A#, ro/r1 and At is stored and queried during execution. This method is
extremely fast within the domain covered by the table, and can be rea-
sonably accurate. An optional trilinear interpolation can be applied to
further increase the accuracy of the initial guess at the expense of a slight
increase in computing time. However, two tables are required if n > 0
(respectively for short- and long-period solutions) and, depending on the
resolution of the tables, the size of the arrays may become a limiting
factor. Besides, any out-of-range combination of the input parameters
can yield very poor initial guesses. Experiments have shown that this ap-
proach suffers from poor convergence near the asymptotes. This difficulty
can be solved by introducing specific controls and/or resorting to either
piecewise interpolation method, at the expense of code simplicity. Since
the interpolating table is not an iterative method, it is always faster then

the two previous methods.

Usually, an improvement in the initial guess is beneficial, lowering the number
of iterations required for convergence. However, an overly complex initial guess
search algorithm may increase the total execution time, even when the number
of iterations is lower. An appropriate balance among code complexity, number
of iterations, convergence domain and total computing time should be sought.

Furthermore, the choice of the initial guess search method must take into ac-
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count the iteration scheme, with some methods (e.g., bisection) working on a set
of solution-bracketing bounds whilst others (e.g., high-order Householder meth-
ods) requiring a very accurate initial guess. In the present work, each pass
of the iterative scheme requires evaluation of the derivative of the
transfer time equation (see Sect. . This being a computationally
expensive operation, improvements in the initial guess have a very
beneficial effect on the algorithm efficiency. The piecewise linear in-
terpolation and the interpolating table are the only strategies that
ensure an appropriate initial guess estimation in all geometry cases:
other types of interpolation may yield incorrect estimations if evalu-
ated out of their interpolation bounds, and static values provide poor
initial guesses. The interpolating table, once precomputed, does not
involve any complex operations at runtime. Meanwhile, the piecewise
linear interpolation scheme is more complex, as it requires searching
for the solution bounds at runtime. Therefore, the interpolating table

method has been adopted.

6.2. Numerical solution methods

Several numerical methods can be used to approximate the solution of Eq.
In this work, the following have been considered: bisection, Regula-Falsi (RF)
and Newton-Raphson (NR), whereas higher-order Householder methods have
been disregarded because of the cost of computing high-order derivatives of the
transfer time. The original implementations of RF and NR present convergence
problems, so modified versions have been investigated. Eventually, NR with a
set of safety checks to avoid out-of-boundary deviations offers the best combina-
tion of computational speed and robustness. The resulting MNR, (M standing
for modified) requires an initial guess and two solution-bracketing boundaries.
The method executes NR, which requires the derivative of the transfer time
with respect to z (see App. B). At each iteration, MNR checks whether the
current z falls between the boundaries, and, if necessary, it brings it back to the

closest of the two. Due to the monotonic nature of the transfer-time equation,
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NR converges from such point. In the case of multi-revolution transfers, z* and
At* are estimated at this stage to distinguish between long- and short-period

solutions.

7. Performance tests
RLSolver has been tested to assess:

e the space and time domain of applicability, i.e., the ranges of 1, 72, A6 and

At for which it solves the corresponding Lambert’s problems (Sect. ;
e the accuracy of the results (Sect. ;
e the execution time (Sect. [7.4).

Comparisens—with the algorithms of Izzo [4] and/or Gooding [5] (hereinafter de-
noted I15 and G90, respectively) have-been-executed-on-the-same-architectures.

The output of the computation is the velocity vector vi at the beginning
of each transfer. Then, three benchmarks have been designed for testing. The
basic benchmark (BB) solves for transfers between 1 = 1 NDU and o = 2 NDU
(1 =1), Af is varied between 0 and 27 (i.e., n = 0) and, for each value of Af,
At is varied logarithmically between 27-1072 and 27-10% NTU. The domains of
A0 and At are subdivided into 1000 intervals, yielding one million test points.
We also present specific benchmarks for the multi-revolution transfer with n = 1
(angles between 27 and 4). In this case there is no solution for transfer times
below the minimum (shaded areas of Fig. . The range, At explored is from
At*+107° to At*+103. The benchmark named BS computes the short transfer,
while test BL corresponds to the long trajectory. Prior to the execution of

the tests, RLSolver has undergone an assessment of its convergence properties

(Sect. [7.1)).

7.1. Convergence tolerance

The machine precision level sets the theoretical upper limit to the numer-

ical accuracy of the output of a computation, 15 significant figures for double
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Table 1: Limit and degenerate cases: orbit type (first column), transfer angle
(second column), value of z (third column), number of iterations (fourth column),

z- and y- components of the velocity vectors at the beginning (v1) and at the end

(v2) of the transfer (fifth and sixth columns, respectively).

Orbit type | A6 z Iterations Vig, U1y Vag, Vay
Elliptic 0 1.828 5 1.096, 0.000 | 0.449, 0.000
Elliptic T | 2.674 4 0.053, 1.155 | 0.053, -0.577
Elliptic 27 | 7.114 5 1.067, 0.000 | 0.371, 0.000

Parabolic 0 0.000 1 1.414, 0.000 1.000, 0.000

Parabolic 7 | 0.000 1 -0.816, 1.155 | -0.816, -0.577

Hyperbolic -0.103 5 3.279, 0.000 | 3.123, 0.000

Hyperbolic | 7 | -9.822 3 -9.393, 1.155 | -9.393, -0.577

floating-point precision. In general, the accuracy of the solution (i.e., z) de-
pends on the number of iterations performed, and this, in turn, depends on the
tolerance chosen for convergence. In RLSolver, like in the majority of Lambert’s
solvers, this tolerance is applied to the transfer time. Below a certain threshold,
increasing the number of iterations does not bring a better accuracy because
the machine precision has been reachedﬂ This threshold can be determined by
repeatedly solving the same problem for decreasing values of the convergence
tolerance: the accuracy of the results does not increase indefinitely, rather, it
reaches an upper limit. The corresponding tolerance is the threshold sought.
The study has been carried out on all the points of BB, BLL and BS using con-
vergence tolerances from 1 to 10716 at steps of one order of magnitude. In the
vast majority of cases, the threshold convergence tolerance is reached in four
to six iterations. For the points of BL and BS close to the minimum transfer

time, 20 Newton-Raphson iterations or more are required due to the

3or because the solution lies in the highly-inclined part of the transfer-time equation (close
to the vertical asymptote), where two different Ats may correspond to extremely close values

of z, hence iterating further does not cause any appreciable variation in the solution.
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small sl of the function. Some hyperbolic orbits with low values of time

of flighv+<quire nine to ten iterations. Such situations, however, are very

o
unlikely in realistic mission scenarios. Setting the convergence tolerance at its
threshold value allows to obtain the best possible accuracy with the minimum
number of iterations. Atthislimit;the relevant-performance figureisthe-execu-
tion—time. Note that the accuracy level chosen (machine precision basically) is
not required for many practical applications. However this allows us te-compare,
the executiontimse of the different solvers under-equal-conditionsto-guarantee

a-level playing field-
7.2. Space and time domain of applicability

We successfully tested RLsolver over a wide range of times of flight, number
of revolutions (n) and 7 /71 ratios. It can handle, for example, the cases At =0
(infinitely fast rectilinear trajectory), 11 = r and ro = 0 (P, = F). Table
reports results for other potentially conflictive cases. These include parabolas,

highly-eccentric hyperbolic orbits and undefined transfer planes (A6 = 0, 7, 27).

7.8. Accuracy

The convergence tolerance study has been carried out also on Ilﬂﬂ At the
respective threshold tolerance, the results provided by 115 and RLSolver have
been compared on all the Lambert’s problems of BB, BL and BS by evaluating
the relative difference RD on the velocity vector:

\/(V{{LSolver _ v{15) ] (v{%LSOZUer _ v{15)

115
U1

RD =

(70)

The maps of RD over the three benchmarks are provided in Fig. 6: every-
where RD is close to the double floating-point precision, except for some hy-
perbolic orbits with very low At for which RD inereasesup—to—10— , and
multi-revolution transfers close to At* for which RD quickly increases

beyond, [0 1 @

4The accuracy characteristics of 115 and G90 are similar, therefore the comparison has

been made against 115 only.
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Figure 6: Space and time domain of applicability of the RLSolver. The single-revolution
geometries (A between 0 and 27) can always be solved, whereas the multi-revolution transfers
(here n = 1, 2, 3) are solvable only above the minimum-transfer time curve, of which three
examples are given, respectively representing ratios r2/r; of 2, 3 and 4. The unsolvable
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7.4. Erxecution speed

On a typical five-iteration execution, the time is distributed as follows: for
n = 0 problems, 45% is spent on the evaluation of the transfer-time equation
and its derivative in the time-convergence loop, 25% is required to compute vy
from z, 15% is employed to determine the initial guess (including the query to
the interpolating table and the associated safety checks) and the rest is used by
auxiliary tasks (essentially constants assignments, memory allocation, problem
geometry definition, out-of-bounds checks and convergence criteria, and the
computation of Egs. and the rest of orbital parameters). For n > 0,
60% of the execution time is consumed in finding At* (with an average of
eleven evaluations of the transfer time equation derivative), 24% in
the evaluation of the transfer-time equation and its derivative on the MNR
iterator, 6% is spent on v1, 3% on the initial guess, and the rest on the auxiliary
tasks. In the transfer-time computation routine, roughly one third of the time
goes into the calculation of the Stumpff coefficients. The routine for the transfer-
time derivative has been optimized to include both the evaluation of the transfer
time and its derivative in the same call, so that its execution is only 1.7 times
longer than the basic transfer-time routine. The above time distribution can be
easily scaled to account for a different number of iterations.

A simulation has been performed on the three scenarios (BB, BS
and BL) to estimate the average execution times. The algorithms are
simulated with a tolerance of 10~ which corresponds to an average of
five iterations for RSolver. The simulations have been repeated 100
times in order to obtain meaningful values for the average execution
time, yielding a total of 10® evaluations on each test scenario. The
three methods (RLSolver, G90 and I15) have been programmed in
Fortran language. The executables have been built with Intel Fortran
19.0.0.117 with optimization level -O3, under Ubuntu 18.04.1 LTS.
The test system sports an Intel Xeon E5-2630 v3 processor at 2.40
GHz with 24 GB of RAM. Table [2| compares the performance of

the three methods. I15 (the clear winner) is between 3 and 4 times
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Table 2: Average execution times of RLSolver, G90 and I15 on the BB (first column), BS

(second column) and BL (third column), in microseconds.

Algorithm | BB | BS | BL

RLSolver | 1.16 | 5.14 | 5.30
G90 0.51 | 1.77 | 1.76
115 0.38 | 1.41 | 1.30

faster than RLSolver. While considerably slower than 115, RLSolver
performance remains quite acceptable for many applications. For
example, solving a 1000 by 1000 porkchop plot takes only 1.2 s. 115
is always at least three times faster than RLSolver. However, for most
applications the relatively lower performance of RLSolver is a minor issue, since,
for example, the computation of the Lambert’s problems for a porkchop plot

with 1000 x 1000 points only takes 1.4 s.

8. Discussion and conclusions

This paper revisits the solution of Lambert’s problem via Levi-Civita reg-
ularization, a method developed by [2] in which the transfer time for a given
geometry is expressed through a quantity, called z, proportional to the square of
the eccentric anomaly difference between the end-points of the transfer on the
solution curve. The Stumpff functions of argument z that appear in the transfer-
time expression arise from the solution of the regularized two-body equation of
motion. This is the equation of the simple harmonic oscillator in which the
constant coefficient is the mechanical energy, a quantity that discriminates the
three types of conic section and, thus, makes the method universal.

Here, the theory of Levi-Civita regularization applied to Lambert’s problem
is demonstrated with full details including the explanation of the geometrical
meaning of z, the proof of the relevant properties of the Stumpff functions and
the transcription of the problem statement in the regularized space. We improve

on the original formulation by completely solving the multi-revolution (n > 0)
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case for the first time in this context, an upgrade that enables the application
of the algorithm to modern problems, such as the design of multi-revolution
trajectories among the moons of the giant planets or to the inner solar system.
The features of the transfer-time equation are illustrated, the geometry of the
solutions (e.g., short-, long-way) is discussed, the multiple conic sections (short-
, long-period) arising when n > 0 are presented and the degeneracies that the
method can accommodate are analysed. After investigating a range of initial
guess search techniques and testing different numerical methods to approximate
the solution, we propose a solution procedure in which the initial guess is as-
signed very efficiently by querying a pre-defined interpolating table. Then, in
order to achieve both speed and robustness, we combine Newton-Raphson with
safety checks to avoid out of boundary deviations to approximate z. To facili-
tate the reproduction of our results, we provide the complete algorithmic recipe
for the computation of the derivative of the transfer-time with respect to z.
Nowadays, the solution of the Lambert’s problem is key in modern Astrody-
namics. Its most common applications are the computation of porkchop plots
(direct transfers between planets) and the optimization of, e.g., multi-gravity
assist interplanetary trajectories. In all these cases, the solution of the two-body
orbital boundary value problem must be calculated repeatedly in an automatic
search. Accuracy and execution speed are certainly important performance fea-
tures, but the capability to deal with limit cases and degenerate geometries
without failure is also crucial. The method here discussed has been coded in
Fortran and tested extensively in order to quantify, in the first place, its do-
main of applicability, i.e., the geometries and transfer times for which it can
approximate z and solve the corresponding initial value problem. Then, once
its convergence properties have been understood and appropriately tuned, the
accuracy of the results has been compared with that of Izzo’s algorithm [4],
thus obtaining an external validation of the present method. Execution speed
assessments have yielded acceptable results, especially after extrapolation to the
computation of a porkchop plot of medium size. The higher algebraic complex-

ity of the regularized transfer-time equation over the equivalent formulations
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by [4] and [5] justifies the longer execution times. Note however that Simo’s
method offers room from improvement (e.g. in the computation of velocities, as
indicated in Sect. , so the difference can be reduced.

In conclusion, the method meets all the requirements of modern applications
and is an interesting alternative to state-of-the-art methods such as those devel-
oped by Izzo and Gooding that are world-wide rated as the standard Lambert

solvers.

Appendix A: Stumpff functions

Karl Stumpff (1895-1970) introduced a special family of functions that ap-
pear frequently in Astrodynamics. They were later called the Stumpff functions,

and they are defined in terms of the series (see also [7], Chapt. 4)

1 P 2 0 (_1)12,1'
—_ — — P— _—_ == 1 2 e 1

?

The series is absolutely convergent for all real values of z. The degree k of the
series is a positive integer number. The first two Stumpff functions, namely

¢o(z) and ¢;(2), admit simple closed-form expressions:

cos+/z if z>0

co(z) = 1 if z=0 (72)

coshy/—z if 2 <0

sin+/z
NE

ci(z) = 1 if z=0 (73)

sinh y/—z
Ve

The Stumpff functions of higher degree can be obtained by means of the recur-

if 2>0

if z<0

sive formula:

2Cpa2(2) = % —c(2). (74)

the proof of which follows from the straightforward application of the definition

(Eq. . Four properties of the Stumpff functions are relevant for the present
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study. Note that the first three are proved here for z > 0 (the case z < 0 exploits

equivalent properties of hyperbolic functions, whereas the case z = 0 is trivial).
585 i) (z) =1—2zco(42)

Proof:

Defining z = y? allows to write

co(42) = co(4y?) = cos \/4y? = 2cos® /y2 —1 = 2c3(y?) — 1 = 2¢3(2) — 1,
(75)
where use has been made of the well-known trigonometric identity cos 2y =

2cos?y — 1. Then, by applying Eq. one can write

zea(z) = 1—co(2), (76)
dzca(4z) = 1—co(42). (77)
590 Hence,
dzeg(4z) =1 —2¢3(2) + 1. (78)
ii) ¢2(z) = 2¢2(42)
Proof:
1—
Application of Eq. |74 to k = 0 provides ca(z) = M. Then, by
z
recalling that 2sin? z = 1 — cos 2z,
in? 1 —cos?2 1 — cos V4
cA(z) = i \2/2 = cos2y/z g _COSVEE 205(42). (79)
NE 2z 4z
ss 1) ¢o(2)er(2) = e1(42)
Proof:

The trigonometric identity 2sinucosv = sin(u + v) + sin(u — v) can be

applied to the product ¢,(z)c1(2):

siny/zcosy/z sin2y/z  sinv4z
V- IV A P

ci(dz).  (80)
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dep(z)  kepyo(2) — cpya(2)
dz . 2 . =

iv)

600 Proof:

Differentiation of Eq. [71] with respect to the argument provides

deg(z > (—=1)7 5291
k(2) _ Z ((k)+]2j)! . (81)

On the other hand,

o k(=1)%zt Nt —1)iz
kepia(2) — arga(z) = Z M - Z; (()

_ i [k — (k4 2+ 2i)](-1)"z*

pare (k4 2+ 21)!

(i 1)(=1) " de(2)
= 2 =2 . 82
; (k+ 2+ 2i)! dz (82)

W [ Feulpst)ds = e (o5
Proof:
605
z k:+2z e ’L k+21+1
k 2
ds =
/s ck(ps™)ds /Z I<;+22 ; k‘—|—1+21 )(k + 21)!
z 1 21

s Z (k+ 1 + 201 — s epy1(ps?). (83)

Appendix B: Derivative of the transfer time with respect to z

In order to apply the chain rule of differentiation to Eq. it is convenient

to group terms in its right-hand side in the following way:

RT
where
R = 2Pc3(42) + Q[c1(2)ca(42) — 2¢o(2)es(42)], (85)
S = (), (86)
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P — Qco(z2)

T = /2 , 87
. (87)
1[P—Qc(2)]?
= 2 — | — .
v ”"\/u[ 2263(2) =)
so  The first derivative of Eq. [84]is:
dz Sdz S?2dz Sdz dz’
where
dR des(4z)
&t gpi8\ne)
dz dz
dei(z) dco(42) deo(z) des(4z)
+ Q[Cz(‘lz)dz‘f'cl(z)dz 203(42)7 200(@7( 0)
as 9, vdci(z)
15— san®al) (o1)
d7T _ Q dCO(Z) (92)
dz  \2uV dz ’

v 3nm 1% deo(z) dey(z2)

In Egs. and V = P—Qcy(z). The derivatives of the Stumpff functions with
respect to the argument can be computed by means of the recursive formula iv)

proved in Appendix A. In particular,

deo(z) c1(2)

dz T2 o
dei(z)  c3(2) — ca(2)

15 aB-al) (95)
% = 2[2¢c4(42) — c3(42)], (96)
% = 2[3c5(42) — ca(42)]. (97)

ss  Appendix C: Geometrical meaning of z

Elliptical orbits
If M denotes the mean anomaly, E the eccentric anomaly and e the eccentricity,

differentiation of Kepler’s equation M = E —esin E with respect to time ¢ yields

v M
M= 5= E(1—ecosE). (98)
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Hence,

dt [a3 a
d—E—(l—ecosE) u—r\/; (99)

because r = a(l — ecos E). Eventually, after recalling that in the ellipse 2p =

1/ (2a),

dt = —_dE. (100)

=37

The substitution of Eq. ] with 7 = 1 yields
dE = 2,/pds. (101)

Integration between sg = 0 and so gives

E,—Ey _AE
2 2

JPs2 = V. (102)

Hyperbolic orbits
A similar reasoning applied to the equivalent form of Kepler’s equation, i.e.,

M = esinh H — H with H the eccentric anomaly, leads to

Hy — H, AH
% T =\ —pPS2 =V —Z. (103)

Parabolic orbits
This is a limit case: z = 0 because p = 0.
Acknowledgements

The authors wish to thank Carles Simé for his inestimable suggestions.

References

[1] Levi-Civita, T. (1906). Sur la résolution qualitative du probléme restreint

des trois corps. Acta Mathematica 30, 305-327

[2] Simé, C. (1973). Solucidn del problema de Lambert mediante regularizacion.

Collectanea Mathematica 24/3, 231-247

35



640

645

650

655

660

[3] McAdams, J. V. and Farquhar, R. W. and Taylor, A. H. and Williams, B. G.
(2007) MESSENGER mission design and navigation. Space Science Reviews
131(1-4), 219-246

[4] Izzo, D. (2015). Revisiting Lambert’s Problem. Celestial Mechanics & Dy-
namical Astronomy 121, 1-15

[6] Gooding, R. H. (1990). A procedure for the solution of Lambert’s orbital
boundary-value problem. Celestial Mechanics and Dynamical Astronomy 48,

145-165

[6] Gauss, C. F. (1809). Theoria motus corporum coelestium in sectionibus

conicis solem ambientium.

[7] Battin, R. H. (2001). An Introduction to the Mathematics and Methods of
Astrodynamics. ATAA Education Series, Reston, Virginia. ISBN: 1-56347-
342-9

[8] Loechler, L. A. (1988). An Elegant Lambert Algorithm for Multiple Revolu-
tion Orbits. M.Sc. Thesis, Massachussetts Institute of Technology, Cambridge,

Massachusetts

[9] Shen, H. and Tsiotras, P. (2004). Using Battin’s Method To Obtain Multiple-
Revolution Lambert’s Solutions. Advances in the Astronautical Sciences 757,

1-18

[10] Ahn, J. and Bang, J. and Lee, S. 1. (2015). Acceleration of Zero-Revolution
Lambert’s Algorithms Using Table-Based Initialization. Journal of Guidance,

Control, and Dynamics 38, 335-342

[11] Bate, R. R. and Mueller, D. D. and White, J. E. (1971). Fundamentals of
Astrodynamics. Dover Publications, New York, ISBN: 0-486-60061-0

[12] Luo, Q. and Meng, Z., and Han, C. (2011). Solution algorithm of a quasi-
Lambert’s problem with fixed flight-direction angle constraint. Celestial Me-
chanics & Dynamical Astronomy 109, 409-427

36



665

670

675

680

685

[13] Arora, N. and Russell, R. P. (2013). A Fast and Robust Multiple Revo-
lution Lambert Algorithm Using a Cosine Transformation. AAS/ATAA As-
trodynamics Specialist Conference, 11-15 August, Hilton Head Island, South
Carolina, 13, 728

[14] Blanchard, R. C. and Lancaster, E. R. (1969). A unified form of Lambert’s
theorem. NASA TN D-5368

[15] Lagrange, J. L. (1788). Mécanique Analytique, Vol. II

[16] Ochoa, S. I. and Prussing, J. E. (1992). Multiple revolution solutions to
Lambert’s problem. Advances in the Astronautical Sciences 79, 1205-1216

[17] Prussing, J. E. (2000). A Class of Optimal Two-Impulse Rendezvous Using
Multiple- Revolution Lambert Solutions. Journal of the Astronautical Sciences

48, 131-148

[18] Wailliez, S. E. (2014). On Lambert’s problem and the elliptic time of flight
equation: A simple semi-analytical inversion method. Advances in Space

Research 53, 890-898

[19] McMahon, J. W. and Scheeres, D. J. (2016) Linearized Lambert’s Problem
Solution. Journal of Guidance, Control, and Dynamics 39, 2205-2218

[20] Thorne, J. D. (2014). Convergence Behavior of Series Solutions of the

Lambert Problem. Journal of Guidance, Control, and Dynamics 8, 1-6

[21] Usachov, V. E. and Ezhov, A. S. and Simonov, A. V. (2013). Optimiza-
tion of interplanetary trajectories for flights to neighboring circumsolar space.

Solar System Research 47, 528-534

[22] Jiali, L. I. and Tao, C., and Songyan, W. and Ping, M. A. (2015). Graphic
semi-magor azis iteration algorithm for Lambert problem. Proceedings of the

34" Chinese Control Conference, Hangzhou, China, 28-30 July, 5277-5281

[23] Jiang, R. and Chao, T. and Wang, S. and Yang, M. (2016). Improved
Semi-Major Azis Iterated Method for Lambert’s Problem. Proceedings of 2016

37



690

695

700

705

710

715

IEEE Chinese Guidance, Navigation and Control Conference, 12-14 August,
Nanjing, China, 1423-1428

[24] Herrick, S. and Liu, A. (1959). Two Body Orbital Determination From
Two Positions and Time of Flight. Appendix A, Aeronutronic Publication
No. C-365

[25] Boltz, F. W. (1984). Second-order p-iterative solution of the Lambert/Gauss
problem. Journal of the Astronautical Sciences 32, 475-485

[26] Avanzini, G. (2008). A Simple Lambert Algorithm. Journal of Guidance,
Control, and Dynamics 31, 1587-1594

[27] He, Q. and Li, J. and Han, C. (2010). Multiple-Revolution Solutions of
the Transverse-Eccentricity-Based Lambert Problem. Journal of Guidance,

Control, and Dynamics 33, 265269

[28] Zhang, G. and Zhou, D. and Mortari, D. (2011). Optimal two-impulse
rendezvous using constrained multiple-revolution Lambert solutions. Celestial

Mechanics and Dynamical Astronomy 110, 305-317

[29] Wen, C. and Zhao, Y. and Shi, P. (2014). Derivative Analysis and Algorithm
Modification of Transverse-Eccentricity-Based Lambert Problem. Journal of

Guidance, Control, and Dynamics 37, 1195-1201

[30] Wheelon, A. D. (1959). Free Flight of a Ballistic Missile. American Rocket
Society Journal 29, 915-926

[31] Nelson, S. L. and Zarchan, P. (1992). Alternative approach to the solution
of Lambert’s problem. Journal of Guidance, Control, and Dynamics 15, 1003—
1009

[32] Arlulkar, P. V. and Naik, S. D. (2011). Solution Based on Dynamical
Approach for Multiple- Revolution Lambert Problem. Journal of Guidance,
Control, and Dynamics 34, 920-923

38



720

725

730

735

740

[33] Ahn, J. and Lee, S. I. (2013). Lambert Algorithm Using Analytic Gradients.
Journal of Guidance, Control, and Dynamics 36, 1751-1761

[34] Gedeon, G. S. (1965). A Practical Note on the Use of Lambert’s Equation.
ATAA Journal 3(1), 149-150

[35] Pitkin, E. T. (1968). A General Solution of the Lambert Problem. Journal
of the Astronautical Sciences, 15, 270

[36] Taff, L. G. and Randall, M. S. (1985). Two locations, two times, and the
element set. Celestial Mechanics 37, 149-159

[37] Sun, F. T. and Vinh, N. X. and Chen, T. (1986). Analytic study of the
solution families of the extended Godal’s time equation for Lambert’s problem.

Astrodynamics 1985, 815

[38] Sarnecki, A. J. (1988). Minimal orbital dynamics. Acta Astronautica 17,
881-891

[39] Sun, F. T. (1979). On the Minimum Time Trajectory and Multiple Solutions
of Lambert’s Problem. American Institute of Aeronautics and Astronautics

Conference, Paper 79-164, 26

[40] Kriz, J. (1976). A Uniform Solution of the Lambert Problem. Celestial
Mechanics 4, 509-513

[41] Kustaanheimo, P. and Stiefel, E. (1965). Perturbation theory of Kepler
motion based on spinor regularization. Journal fur die reine und angewandte

Mathematik 218, 204-219

[42] Jezewski, D. J. (1976). K/S two-point-boundary-value problems. Celestial
Mechanics 14, 105-111

[43] Monuki, A. T. (1973). Derivation of z-Iterator and Comparison of Lambert
Routines. TRW Systems Group, 7121.3-173, 1-22

39



745

750

755

760

765

[44] Klumpp, A. R. (1990). Universal Lambert and Kepler algorithms for au-

tonomous rendezvous. Astrodynamics 1989, 1-24

[45] Peterson, G. E. and Campbell, E. T. and Hawkins, A. M. et al. (1991).
Relative performance of Lambert solvers 1: zero revolution methods. Advances

in the Astronautical Sciences 136, 1495-1510

[46] Lee, S. I. and Ahn, J. and Bang, J. (2016). Dynamic selection of zero-
revolution Lambert algorithms using performance comparison map. Aerospace

Science and Technology 51, 96-105

[47] Arora, N. and Russell, R. P. (2010). A GPU accelerated multiple revolution
Lambert solver for fast mission design. Advances in the Astronautical Sciences

136, 1477-1494

[48] Parrish, N. (2012). Accelerating Lambert’s Problem on the GPU in MAT-
LAB. B.Sc. Thesis, California Polytechnic State University, San Luis Obispo,

California

[49] Wagner, S. and Wie, B. and Kaplinger, B. (2015). Computational Solu-
tions to Lambert’s Problem on Modern Graphics Processing Units. Journal

of Guidance, Control, and Dynamics 38, 1-6

[50] Szebehely, V. (1967). Theory of orbits. Academic Press, New York and

London

[51] Celletti, A. (2006). Basics of regularization theory. Chaotic Worlds: From
Order to Disorder in Gravitational N-Body Dynamical Systems (B.A. Steves,
A.J. Maciejewski and M. Hendry, Eds.), 203-225

[52] Waldvogel, J. (2007). Fundamentals of Regularization in Celestial Mechan-
ics and Linear Perturbation Theories. Scottish Universities Summer School

in Physics, May 28 - June 8, Sabhal Mor Ostaig, Scotland

[63] Sundman, K. F. (1912). Mémoire sur le Probléme des trois corps. Acta
Mathematica 36, 105-179

40



[54] Roy, A. E. (1967). Orbital Motion, fourth edition. Institute of Physics
Publishing, Bristol, UK, ISBN: 0-7503-1015-6

70 [55] Traub, J. F. (1964). Iterative Methods for the Solution of Equations.
Prentice-Hall, Englewood Cliffs, New Jersey.

41



	Introduction
	State of the art
	Levi-Civita regularization of two-body motion
	The transfer-time equation
	Multi-revolution case

	From z to the initial value problem
	A regularized Lambert solver
	The initial guess
	Numerical solution methods

	Performance tests
	Convergence tolerance
	Space and time domain of applicability
	Accuracy
	Execution speed

	Discussion and conclusions



