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Abstract

Formationsof multi-agentsystems,suchassatellites,aircrafts
andmobile robotsrequirethat individual agentssatisfy their
kinematicequationswhile constantlymaintaininginter-agent
constraints. In previous work we introducedthe conceptof
undirectedformationgraphsanddirectedformationgraphsto
modelsuchformationsandpresentedconditionsto determine
formation feasibility. However the directedformationswere
only analyzedin theabsenceof cyclesin theformationgraph.
In this paperwe extendour previous resultsto accommodate
alsothepresenceof cyclesin directedformations.Differential
geometricandalgebraicconditionsarepresentedto determine
feasibility of directedformationswith possiblecycles.

1 Intr oduction

Advancesin communicationandcomputationhaveenabledthe
distributed control of multi-agentsystems. This philosophy
hasresultedin thenext generationof automatedhighway sys-
tems[10], coordinationof aircraft in futureair traffic manage-
mentsystems[9], aswell asformationflying aircraft,satellites,
andmultiple mobilerobots[3, 4, 5, 6].

Thecontrolof multiple homogeneousor heterogeneousagents
raisesfundamentalquestionsregardingthe formationcontrol
of agroupof agents.Multi-agentformationsrequireindividual
agentsto satisfy their kinematicswhile constantlysatisfying
inter-agentconstraints.In typical leader-follower formations,
theleaderhastheresponsibilityof guidingthegroup,while the
followershavetheresponsibilityof maintainingtheinter-agent
formation. Distributing the groupcontrol tasksto individual
agentsmustbe compatiblewith the controlandsensingcapa-
bilities of the individual agents.As the inter-agentdependen-
ciesgetmorecomplex, asystematicframework for controlling
formationsis vital.

In our previouswork [8] a framework for formationcontrolof
multi-agentsystemswasproposed.Formationsweremodeled
using formation graphswhich are graphswhosenodescap-
ture the individual agentkinematics,andwhoseedgesrepre-
sent inter-agentconstraintsthat must be satisfied. A similar

approachhasalsobeenproposedin [6] andin [2] thecoordina-
tion betweenagentsis specifiedby a discretesetof way points
insteadof rigid inter agentconstraints.We assumekinematic
modelsfor eachagentdescribedby drift freecontrolsystems.
Thisclassof systemsis rich enoughto captureholonomic,non-
holonomic,or underactuatedagents.The resultspresentedin
thispaperextendthefeasibilitycriteriafor directedformations
with possiblecycles. Thesecriteriaarebasedon theconcepts
of undirectedformationsanddirectedformationsthatwerealso
introducedin [8].

In thispaperweproposeacriteriato determinefeasibilityof di-
rectedformationswith possiblecycles.Thecyclesareanalyzed
individually andreplacedby macro-verticesconstitutinganab-
stractionof the kinematicsof the agentslinked by the cycle.
After all cycleshave beenreplaced,the resultingacyclic for-
mationgraphcanbeanalyzedby themethodsdescribedin [8].
Theresultsareillustratedby analyzinga cyclic formationcon-
ceivedto model3 robotstransportinga rigid objectlikea table
or a box.

2 FeasibleFormations

In this sectionwe will review the conceptsof undirectedan
directedformationsaswell as its feasibility characterizations
that wereintroducedin [8]. We assumethe readeris familiar
with variousdifferentialgeometricconceptsat thelevel of [1].

Consider� heterogeneousagentswith states�	� 
 � ������ , ���� ��� � � � � whosekinematicsaredefinedby drift freecontrolled
distributionson manifolds��� as:

� ��������� ����! "$#����� �%�'& (*) ( +,( (1)

where ��� is the control space,and the vectorfields ) ( form
a basisfor the distribution. The controlleddistributions are
generalenoughto modelnonholonomyandunderactuation.A
distribution

� � canbeequivalentlydefinedby its annihilating
codistribution -�.�/ definedas[7]:
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The formationof a setof agentsis definedby the formation
graphwhich completelydescribesindividualagentkinematics
andglobalinter-agentconstrains.

Definition 2.1(Formation Graph) A formation graph H 3@ I�J KLJ M�C consistsof:N A finite set I of verticeswho’s cardinality is equalto the
numberof agents.Each vertex O <�P ;�<RQTS�<�U V$8�;�< is a
distribution BD< modelingthe kinematicsof each individ-
ual agentasdescribedin (1).N A binaryrelation KXW�I5QLI representinga link between
agents.N A family of constraints M indexed by the set K , MY34 Z [ G [ \ ] . For each edge ^ 3*@ O < J O _ C , Z [ is a possiblytime
varyingfunction Z [ @ `,< J ` _ J a Cb35E describingthe c @ ^ C in-
dependentconstraints betweenverticesO < and O _ . For a
genericedge ^ 3*@ O < J O _ C , Z [ is mathematicallydefinedasZ [�P ;�<RQT; _ Qed5U Vfd�g h [ i , c @ ^ Cb7ej%k	[ \ ] .

Although our framework allows time-varying constraints,we
shall assumetime invariantconstraintsfor the sake of clarity.
We deferthereaderto [8] for the full timedversion.Two dif-
ferenttypesof formationgraphswill beconsidered:undirected
formationswhere @ I�J K�C will be an undirectedgraphanddi-
rectedformationswhere @ IAJ K�C will be a directedgraph. In
undirectedformations,for eachedgê 3l@ O < J O _ C bothagents
are equally responsiblefor maintaining the associatedcon-
straint Z [ , whereas for directedformationsthe constraint Z [
mustbemaintainedby agentm .
2.1 Undir ectedFormations

In undirectedformationseachagentis equallyresponsiblefor
maintainingconstraints.Becauseof thispropertyit will beuse-
ful to collect all agentkinematicsandconstraintson a single
manifold:

;n3poq< rRs ;�< (3)

Given an element̀ of ; the canonicalprojectionon the m th
agent: t <�P ;YU Vf;�< (4)

allow us to denotethe stateof the individual agentsby `	<�3t < @ `,C . Theformationkinematicsis obtainedby appendingin-
dividual kinematicsthroughdirectsum,thatis:

BlP ;>Q S*U V$8u;BX35v o< rRs BD< (5)

where S is taken to be S$3$w o< r�s S�< . To lift the individual
constraintsZ [ from ;�<�QT; _ QTd , m J x97 4 y J z J,{ { {	J |�G to the
groupmanifold ; we define} [ by:

} [~P�;>Qed5U Vfd g h [ i} [ @ `�J a CY3�Z [ @ t < @ `	C J t _ @ `,C J a C (6)

As explainedin [8] all the relevant informationregardingfea-
sibility canbeencodedin asingleobject.Consideranenumer-
ation 4 y J z J { { { J �TG of theedgesset K . Basedon this enumer-
ationwedefinethefollowing vectorvaluedform1:

0���3 ����� d}
s

d} �
...

d} �
� ���� (7)

The kinematicscanalsobe modeledasdifferential forms by
constructinga vectorvaluedform 0�1 that annihilatescontrol
system(5) (seefor e.g. [7]), thatis:

0�1D@ � C�3FE (8)

By combiningthe previous differential forms into the single
object: � 3f� 0��0�1�� (9)

we cancheckfor formationfeasibility in a singleequationas
describedin thenext proposition:

Proposition2.2([8]) If the formationconstraints M are time-
invariant then the undirected formation is feasible iff

�
(thoughtas a pointwiselinear mapbetweenvectorspaces)is
not of full rank.

A solutionof equation

� @ � Cb3FE specifiesthemotionof each
individual agent. When more thanone independentsolution
exists,a changein thedirectionof a singleagentmay require
thatall otheragentsalsochangetheir actionsto maintainfor-
mation. This shows that, in general,solutionsfor undirected
formationsarecentralizedandrequireinter-agentcommunica-
tion for their implementation.

1This definition is independentof thechosenenumerationascanbeeasily
verified.



2.2 Dir ectedFormations

Anotherimportantclassof formationscanbe modeledby di-
rectedgraphs.A directedgraphassignsresponsibilitiesto the
formation membersin an asymmetricway. For eachedge���%� � � � � � � agent � is responsiblefor maintainingthe con-
straints� � , while agent� is notaffectedby theconstraintof the
edge.

Contraryto theundirectedcasewerethesymmetricdistribution
of responsibilitiesledto asinglerepresentationfor theproblem
andits solutions,in thedirectedcasethefeasibility problemis
naturallycastedinto a recursive procedure.This requiresthe
following operators:

Definition 2.3(Postand Pre) Let � ��� ��� �L� ��� be a di-
rectedformationgraph.ThePostoperator is definedby��  ¡ ¢b£ �¥¤ ¦¨§ ©� �«ª¦¬ � �u®e� £ � � � � � � �A®T�D¯ (10)

Similarly, thePreoperator is definedas:��° � £ �¥¤ ¦¨§ ©� �pª¦¬ � �u®e� £ � � � � � � �b®e�D¯ (11)

Intuitively,
��  ¡ ¢ � � � � will return the agentsthat are leading

agent � , while
��° � � � � � will returnall the agentsthat are fol-

lowing agent � . ��  ¡ ¢ and
�u° � extend to setsof verticesin

the naturalway,
��  ¡ ¢ � � �e�f±R² ³ ´ ��  ¡ ¢ � µ,� and

�u° � � � �T�±�² ³ ´ ��° � � µ,� .
Definition 2.4(Leaders) A vertex � � is called a leader iff�u  ¡ ¢ � � � ���5¶ .

We will assume,for now, that a directedformation graphis
a directedacyclic graph. In the next sectionwe will seehow
cyclesin formationscanalsobeaccommodatedin theproposed
framework.

We shall abusenotationa representthe distribution · � defin-
ing the kinematicsof agent � � by · � � � � and for the set of
agents

�u  ¡ ¢ � � � � , · � ��  ¡ ¢ � � � � � �¹¸ ² ³ ´	º » ¼ ½ ¾ ¿ À · � µ,� defined
over Á ² ³ ´	º » ¼ ½ ¾ ¿ À Â ² . Similarly to the undirectedcasewe de-
fine thefollowing objectsfor eachagent� :

Ã �Ä �ÆÅÇÇÇÈ d� É Ê Ë Ì fixed

d� Í Ê Ë Ì fixed
...

d� ÎLÊ Ë Ì fixed

Ï ÐÐÐÑ Ã �Ä �*¤ÒÅÇÇÇÈ d� É Ê Ë
¿

fixed

d� Í Ê Ë ¿ fixed
...

d� É Ê Ë ¿ fixed

Ï ÐÐÐÑ (12)

where¬ Ó � § � Ô Ô Ô Õ ¯ is anenumerationof theedgessetbetween
agent� andits leaders(

�u  ¡ ¢ � � � � ). Similarly to theundirected
casewe define:

Ö � �f× Ã �ÄÃ �Ø�Ù (13)

whereÃ �Ø is avectorvaluedform thatannihilatesagent� kine-
matic distribution · � � � � . This motivatesthe following result
analogousto theundirectedcase:

Proposition2.5([8]) A directedformation is feasibleiff the
rangeof

Ö � Ê Ú ½ ´	º » ¼ ½ ¾ ¿ À À is containedin therangeof
Ö �

for each
agent � .
SinceProposition2.5mustbetruefor all agents,analgorithm
canbeconstructedto determinefeasibility.Let ÛFÜ � bea set
of leadersanddenoteby � Ö � � Ý É � Þ � thesetof preimagesof Þ
under

Ö �
andby ß � à�� therangeof operatorà .

Algorithm 1 (Dir ectedFeasibility)
initialization : � £ � Û
while

�u° � � ���uá�5¶ do� £ � ��° � � �D�
for all � ��®e� do· � � � � £ �Fâ

if ß � Ö � Ê Ú ½ ´	º » ¼ ½ ¾ ¿ À �bã ß � Ö � �
return UNFEASIBLE
STOP

else · � � � � £ � · � � � �RäF� Ö � � Ý É � ß � Ö � Ê Ú ½ ´Rº » ¼ ½ ¾ ¿ À À � �
end if

end
end

Theorem2.6([8]) Let � �X� ��� �L� ��� bean acyclic,directed
formationgraph. Algorithm1 terminatesin a finite numberof
stepsandreturns:å Unfeasibleif theformationis not feasible.å A distribution per agent specifyingthe available direc-

tionsto maintainformationif theformationis feasible.

3 Cyclic Dir ectedFormations

To determinefeasibilityof directedformationswith cycles,we
analyzeeachcycle individually to determineits feasibility. In
caseall cycles are feasiblethey are replacedby macrover-
tices, therebytransforminga directedcyclic formationsinto
an acyclic one. We startby consideringa directedformation
consistingof a singlecycle. We proposea conceptof solution
andgive conditionsto determinefeasibility of this formation.
Whenthereareseveralcyclesin a formationwe analyzeeach
cycle individually andif solutionsexist we replaceit by its ab-
stractionthat we considerasa macrovertex. This procedure
transformsacyclic directedformationinto aacyclic onewhere
themethodsdescribedin theprevioussectioncanbeappliedto
determinefeasibility of theresultingacyclic formation.



3.1 Feasibility of Cycles

Determininga conceptof solutionfor a directedcycle is not a
simpletasksincethecyclic natureof thegraphpreventusfrom
usingthe conceptsintroducedfor acyclic graphs. A solution
must respectthe distribution of roles dictatedby the arrows
in the graph,however it is not clearto saythat agent æ is the
only responsiblefor theconstraintbetweenæ andç sinceç may
dependon è and è on æ . To settheideasconsidera cycle with
threeagentsaspicturedin 1.

v1 v2

v3

e2
e3

e1

Figure1: Graphassociatedwith a directedformationconsist-
ing of cyclewith threeagents.

Thefirst requirementthata conceptof solutionmustsatisfyis
to be a (not necessarilyproper)subsetof the setof solutions
of its undirectedcounterpartgraph. Clearly if no undirected
solutionsexist, thereare also no directedones. The second
characteristicof a solutionof a cycle is basedon thefollowing
observation. Supposethat agent æ flows along direction é	ê ê
andrespondingto that,agentè maintainstheconstraintassoci-
atedwith edgeë ì by flowing along é,ì í . Agent ç , responsible
for constraintassociatedwith edge ë í choosesto flow alongé,í í andfinally agent æ to maintainthe constraintthat links it
with agentç is forcedto flow alonga directiondifferentfrom
theinitial one.This processof changingvectorfieldsdepend-
ing on thelocal leadersmayrepeatundefinitively sincethereis
no cooperationbetweenagentsto negotiatetheir behavior co-
herently. Ruling out this kind of situationsnaturally leadsto
thefollowing definition:

Definition 3.1 Let î bea directedformationgraphconsisting
of a singlecycle. Theformationdefinedby î is feasibleiff it is
feasibleasanundirectedformationandfor everyagent ï in the
formationthefollowing musthold:

Let ð ñ be an undirectedsolutionof î and let ð ò be a solu-
tion of thedirectedgraph î ò obtainedfrom î by removing the
outgoingarrow ë fromvertex ï . If ó,ô õ ð ñ ö�÷ ó	ô õ ð ò ö then ð ò
mustbe an undirectedsolutionof î . If theseconditionsare
met,thesolutionsof î are thengivenby ø ò ù ú ð ò .
This definitionrulesout thepathologicalsituationspreviously
describedandadmitsthefollowing simplerfrom. Consideran
enumerationû ë ê ü ë í ü ý ý ý ü ë þ,ÿ of the edgessetsuchthat ë ô ÷õ � ô ü � ô �Rê ö for ï mod � and let

�
denotethe setof undirected

solutionsof theformationî . Denoteby
� ò � thesetof solutions

of theformation î ò � obtainedfrom î by removing theedgeë ô

andsatisfying ó ò � õ � ò � öe÷ ó ò � õ � ö . If î is feasiblewe must
have

� ò � � � for every ë ô��	� . Althoughwe have provided
a characterizationof the feasibility of a cycle, this definition
requiressolvingtheundirectedcounterpartof thecycleaswell
asall thedirectedacyclic formationsinducedby thesubgraphs
with ��
5æ edgesand � vertices. A moreconvenientway to
determinefeasibility is givenin thenext result.

Proposition3.2 Let î be a directed formation graph con-
sisting of a single cycle of � agents. î is feasible if
d� ò �  � � fixed ÷ 
 d� ò �  � � � � fixed for all ï mod � .

The proof of the above result requiresthe following standard
lemmathatwe statewithoutproof:

Lemma 3.3 Let ��ê and ��í be two constant-rank codistribu-
tions on a smoothmanifold � . Denoteby �Lô the subbundle
of ��� annihilatedby ��ô . We havethe inclusion �9ê � �Dí iff��í � ��ê .
Letsreturnto theproof of Proposition3.2.

Proof: Feasibilityof theformation î is by definitionequiv-
alent to

� ò � � � for all ë ô���� . The set of solutions
� ò �

is equivalentlydescribedby its annihilatingcodistribution � ò �
givenby:

� ò � ÷ ����� ��û d� ò � ü d� ò � ü ý ý ý ü d� ò � � � ü d� ò � � � ü ý ý ý ü d� ò � ÿ� ����� ��û � ê� ü � í� ü ý ý ý ü � þ� ÿ� ����� ��õ ó! ô � ô " ö (14)

where� ô " is thecodistributionon ��ô annihilatingó	ô õ ð ñ ö . By
lemma3.3we havethatû d� ò � ü d� ò � ü ý ý ý ü d� ò � ü � ê� ü � í� ü ý ý ý ü � þ# ÿ � � ò � (15)

andby constructionof � ò � thelast inclusionreducesto d� ò � ������ ��õ � ò � ö . If the conditiond� ò �  � � fixed ÷ 
 d� ò �  � � � � fixed for
all ï mod � holds straight forward computationsshow that
d� ò � � ����� ��õ d� ò $ ö , ï&%÷(' andtheresultis proved.

Proposition3.2providesaeasilycheckablesufficientcondition
to determinethecycle feasibility. Howeverunderthosecondi-
tionswe have thefollowing resultrelatingthesolutionsof the
cycle formationwith anacyclic one.

Proposition3.4 Let î be a directed formation
graph consisting of a single cycle of � agents. If
d� ò �  � � fixed ÷ 
 d� ò �  � � � � fixed for all ï mod � holds then
thesolutionsof î canalsobeobtainedbyremoving anyof the
formationconstraintsbetweentheagents.

Proof: From the proof of Proposition3.2 we seethat the
conditiond� ò �  � � fixed ÷ 
 d� ò �  � � � � fixed for all ï mod � implies



that d) * +-,/.�0�1 243 d) * 5 6 , 798:�; meaningthat any of the for-
mationconstraintscanberemovedwithout alteringthevector
spacespannedby < d) * = > ? ? ? > d) * @�A . In particularwe have that.B* + : .�* 5 andtherefore.B* 5 :DC * E F .B* for any ;G:/H > ? ? ? > 2 .
Wehavethenthatthesolutions.�* + for any fixed 74,9< H > ? ? ? > 2!A
equalthesolutionsof theformation I .

This propositionshows how thefeasibility conditionsfor a di-
rectedformationconsistingof asinglecycleareextremelytight
andsuggestthatthemodelingpower offeredby themis some-
whatreduced.

3.2 Cyclesand Macro Vertices

Whenthedirectedcycle resultsin a feasibleformation,theso-
lutionspaceof thecycleprovidesanabstractionof thekinemat-
ics of the agentsconnectedby the cycle. This solutionspace
canbedeterminedby themethodologydescribedin Section2.
To computethe abstractionof macro-vertex onedeterminesa
basis< JLK > J-M > ? ? ? > J-N A for thesolutionspace.Thebasisvec-
torsdefineacontrolleddistributionon O(K�P&O(M�PG? ? ? P�O�Q by
theexpressionR NS T K J S U�S . Thenew formationgraphis there-
fore obtainedfrom I : 3 VW> XY> Z�6 by introducingtheequiva-
lencerelation:[]\ V]P�V (16)3 ^ S > ^ _ 6W, [ if f both ^ S and ^ _ belongto thecycle

Thequotientformationgraph I&` [ : 3 Va` [ > XG` [ > Z�` [ 6 can
bedescribedby identifying all theverticesin V thatbelongto
thecycle. Therepresentantof thecycleequivalenceclassis the
macro-vertex

^Lb cdPLVfe gih&c3 j�> U 6lkg Nm S T K J(3 j 6 S U�S (17)

wherec : O	KaP-O(MaP9? ? ? P-O(Q and V :Dn KWP n MaP9? ? ? Pn Q . Thenew edgesset XG` [ is obtainedfrom X by replacing
all pairs 3 ^ S > ^ _ 69,]X suchthat ^ S or ^ _ belongto the cycle
by 3 ^�> ^ _ 6 or 3 ^ S > ^ 6 , respectively andeliminatingall theedges
definingthecycle. Thefamily of constraintsZo` [ is givenby
all theconstraintsin Z now associatedwith edgesin XG` [ .

In generalgivena directedformationwith cycles,if all thecy-
clesare feasible,they canbe replacedby macroverticesand
the remainingacyclic directedformation canbe analyzedby
thealgorithmdescribedin Section2.

4 Example

To illustratetheproposedmethodtoanalyzecyclic directedfor-
mationswewill considerateamof 3 robotstransportingarigid

object like a table for example. We will assumea formation
as representedin Figure 1 and considerthreenonholonomic
robotswith kinematicsgivenby:

p S :rqs t u v w Sv x yaw Sz {| U S K4} qs zz H {| U SM (18)

for 7 :/H > ~ > � onmanifoldsO S :�� M PY� K . Sincethetableis a
rigid objecttheformationmustalsobehaveasa rigid objectin
ordernotto droptheobject.Thenaturalconstraintsto associate
with eachedgeof theformationare:

) K :�� � KWe � Mae9� � Kj KWe9j Mae9� � K � ) M :�� � M&e ��� e9� �Mj Mae9j � e9� �M �) � :�� ��� e � KWe�� ��j � e�j K4e�� �� � (19)

where � � K , � � K , � �M , � �M , � �� and � �� arepositive constantsrepre-
sentingthe distances(in the � and j directions)to be main-
tainedbetweenthe robots. To analyzefeasibility of the cycle
we needto computethefollowing differentialforms:

d) K � � � fixed
:�� d� K

dj K � : e d) � � � � fixed

d) M � � � fixed
: � d� M

dj M � : e d) K � � = fixed (20)

d) � � � = fixed
: � d���

dj � � : e d) M � � � fixed

Theconditionsof Proposition3.2 areclearlysatisfiedandthe
cycle is feasible.To determinetheabstractionof thiscycleone
computesthevectorvaluedform � to obtain:

� :
q������������s

d� K
dj K
d� M
dj M
d���
dj �v x yaw K d� KWe t u v w K dj Kv x yaw M d� Mae t u v w M dj Mv x yaw � d��� e t u v w � dj �

{ ������������| (21)

Thecorrespondingkernelis generatedby thevectors:



�-�a�
��������������
�� ��� ��� �
� ������������� �

�-�a�
��������������
� �   ¡  ¢ £a¡�� �   ¡  ¢ £a¡�� �   ¡  ¢ £a¡�

� ������������� (22)

with ¡ � ¡ ��� ¡ ��� ¡ ¤ . The abstractingmega vertex ¥ is
a now control systemon ¦ � ¦ �G§ ¦ �Y§ ¦ ¤ definedby¨d���-� ©B� ª-�-� ©��

. Proposition3.4tell usthatwecanremove
any of theconstraintswithout alteringthesolutionsof thefor-
mation.This is a consequenceof thetight conditionsgivenby
Proposition3.2. To illustratethis fact it is worth to realizethat
theconstraints:« �a�/¬ ��W®9�� ¯ � ª�¬ ° �W®9° � ¯ � ®(¬ ± ² � ¯ � ®(¬ ± ³ � ¯ �« �&�/¬ ��a®9 ¤ ¯ � ª�¬ ° �a®9° ¤ ¯ � ®(¬ ± ²� ¯ � ®(¬ ± ³� ¯ �« ¤ �/¬  ¤ ®9�� ¯ � ª�¬ ° ¤ ®9° � ¯ � ®(¬ ± ²¤ ¯ � ®(¬ ± ³¤ ¯ � (23)

cannotbeusedto specifythiscyclic formation.If oneremoves
the edgé ¤ a possibleconfigurationfor the resultingdirected
formation is displayedin Figure2 which is not a solutionofµ

if consideredasanundirectedformationsince ¥ ¶ and ¥ ¤ no
longer respect« ¤ . However both constraints(19) as well as
constraints(23) producethe samesolutionsfor

µ
asan undi-

rectedformation.

· ¸· ¹· º » ¼ » ½

Figure 2: Possibleconfigurationof the formation obtained
from

µ
by removing theconstraintassociatedwith edgé ¤ .

5 Conclusions

This paperhasextendedour previous resultson feasibility of
directedformationsby addressingtheexistenceof cyclesin the
formation.Thefeasibility of suchformationshasbeencharac-
terizedin termsof thekernelsof theconstraintsassociatedwith
thecycleedges.Howevertheobtainedconditionsareverytight
andimply theexistenceof acyclic formationswith thesameso-
lutions. This resultmotivatestheneedfor a betterunderstand-
ing of therelationbetweendirectedandundirectedformations.
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