
Contents1 Module Display_hasse_intf : Default spe
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ation for drawing with the DOT-utility. 12 Module Display_hasse_impl : Default spe
i�
ation than 
an be used by thepretty-printer for Hasse-diagrams. 23 Module Store_intf : Spe
i�
ation of indi
es used to index elements in stores 34 Module Store_impl : Implementation of stores 65 Module Pomap_intf : Spe
i�
ation of a partial order relation 76 Module Pomap_impl : Implementation of partially ordered maps 151 Module Display_hasse_intf : Default spe
i�
ation for drawingwith the DOT-utility.module type DEFAULT_SPEC =sigDOT-options (see "man dot")val name : stringval label : stringval size_x : floatval size_y : floatval ratio : floatval rotation : floatval 
enter : boolval top_attr : stringNode attribute string for top nodes, e.g. "shape = box"val bot_attr : stringNode attribute string for bottom nodesval top_bot_attr : stringNode attribute string for top/bottom nodesval edge_attr : stringEdge attribute string, e.g. "
olor = blue"1



endmodule type SPEC =sigin
lude Display_hasse_intf.DEFAULT_SPECtype eltype +'a nodeval pp_node_attr : Format.formatter ->el node -> unitpp_node_attr ppf node prints attributes of node to the pretty-printer ppf.endSpe
i�
ation for drawing Hasse-diagrams.module type DISPLAY_HASSE =sigtype pomapval fprintf : Format.formatter -> pomap -> unitfprintf ppf pm prints partially ordered map pm to the pretty-printer ppf.val printf : pomap -> unitprintf ppf pm prints partially ordered map pm to stdout.endInterfa
e for drawing Hasse-diagrams.2 Module Display_hasse_impl : Default spe
i�
ation than 
an beused by the pretty-printer for Hasse-diagrams.Just in
lude it into some module and override the defaults as required.module DefaultSpe
 :sigin
lude DEFAULT_SPECval pp_node_attr : Format.formatter -> 'a -> unitendDefault spe
i�
ation than 
an be used by the pretty-printer for Hasse-diagrams. Justin
lude it into some module and override the defaults as required.2



module Make :fun
tor (POMap : Pomap_intf.POMAP) -> fun
tor (Spe
 : SPEC with type (+'a) node= 'a POMap.node) -> DISPLAY_HASSE with type pomap = Spe
.el POMap.pomapFun
tor that generates a pretty-printer for Hasse-diagrams from a partially ordered map anda pretty-printer spe
i�
ation. See the Display_hasse_intf.DISPLAY_HASSE[1℄-interfa
e fordo
umentation.3 Module Store_intf : Spe
i�
ation of indi
es used to index ele-ments in storesmodule type INDEX =sigtype tType of indi
estype genType of index generatorsmodule Set :Set.S with type elt = tE�
ient sets of indi
esmodule Map :Map.S with type key = tE�
ient maps of indi
esval start : genThe start state of the index generatorval next_ix : gen -> tnext_ix genReturns the next index that generator gen will produ
e.val next : gen -> t * gennext genReturns the tuple of (new_ix, new_gen), where new_ix is the next index andnew_gen the next state of the index generator.val remove_ix : gen -> t -> gen 3



remove_ix gen ixReturns an updated index generator whi
h is guaranteed to never return index ix orany other previously returned index.val int_of_ix : t -> intint_of_ix ix 
onverts index ix to an integer.Raises Failure if index out of range for ma
hine integers.endmodule type STORE =sigmodule Ix :Store_intf.INDEXIndex module used to index elements in the storetype +'a tType of storesval empty : 'a tThe empty storeval is_empty : 'a t -> boolis_empty sReturns true if s is empty, false otherwise.val 
ardinal : 'a t -> int
ardinal sReturns the number of elements in s.val next_ix : 'a t -> Ix.tnext_ix sReturns the next index the store s will use to index a new element.val singleton : 'a -> Ix.t * 'a tsingleton elReturns the tuple (ix, store), where ix is the index under whi
h the only elementel was stored, and store is the store 
ontaining el.val add : 'a -> 'a t -> Ix.t * 'a t 4



add el sReturns the tuple (new_ix, new_store), where new_ix is the index under whi
h thenew element el was stored, and new_store is the new store 
ontaining el.val find : Ix.t -> 'a t -> 'afind ix sRaises Not_found if index ix not bound.Returns the element stored under index ix.val update : Ix.t -> 'a -> 'a t -> 'a tupdate ix el s rebinds index ix in store s to point to el, and returns the resultingstore. The previous binding disappears. New indi
es resulting from further adds areguaranteed to have higher indi
es.Raises Not_found if index ix not bound.val remove : Ix.t -> 'a t -> 'a tremove ix s removes the binding of index ix of store s, and returns the resulting store.val iter : ('a -> unit) -> 'a t -> unititer f s applies f to all stored elements in store s. The order in whi
h elements arepassed to f is unspe
i�ed.val iteri : (Ix.t -> 'a -> unit) -> 'a t -> unititer f s applies f to all indexes and their related elements in store s. The order inwhi
h elements are passed to f is unspe
i�ed.val map : ('a -> 'b) -> 'a t -> 'b tmap f sReturns a store with all elements in s mapped from their original value to the
odomain of f. Only the elements are passed to f. The order in whi
h elements arepassed to f is unspe
i�ed.val mapi : (Ix.t -> 'a -> 'b) -> 'a t -> 'b tmapi f s same as map, but fun
tion f also re
eives the index asso
iated with theelements.val fold : ('a -> 'b -> 'b) -> 'a t -> 'b -> 'bfold f s a 
omputes (f eN ... (f e1 a) ...), where e1 ... eN are theelements of all bindings in store s. The order in whi
h the bindings are presented to fis unspe
i�ed.val foldi : (Ix.t -> 'a -> 'b -> 'b) -> 'a t -> 'b -> 'b5



foldi f s a same as fold, but fun
tion f also re
eives the index asso
iated with theelements.val to_list : 'a t -> (Ix.t * 'a) listto_list s 
onverts s to an asso
iation list of indi
es and elements.val 
hoose : 'a t -> Ix.t * 'a
hoose sRaises Not_found if s is empty.Returns a tuple (ix, x), where ix is the index of some unspe
i�ed value x in store s.val filter : (Ix.t -> 'a -> bool) -> 'a t -> 'a tfilter p sReturns the store of all elements in s that satisfy p.val partition : (Ix.t -> 'a -> bool) ->'a t -> 'a t * 'a tpartition p sReturns a pair of stores (s1, s2), where s1 is the store of all the elements of s thatsatisfy the predi
ate p, and s2 is the store of all the elements of s that do not satisfy p.val eq_
lasses : ('a -> 'a -> bool) ->'a t -> ('a * 'a t) listeq_
lasses eq sReturns a list of tuples (el, e
), where el is the only kind of element as identi�ed bythe equivalen
e relation eq stored in the equivalen
e 
lass (store) e
 under ea
h index.Every su
h equivalen
e 
lass is unique and maximal with respe
t to s, and the originalindi
es of the elements are preserved in ea
h 
lass.val get_ix_map : 'a t -> 'a Ix.Map.tget_ix_map sReturns a map of all indi
es mapped to their respe
tive elements in store s.endInterfa
e to stores
6



4 Module Store_impl : Implementation of storesImplementation of storesmodule IntIx :Store_intf.INDEXmodule Make :fun
tor (Ix : Store_intf.INDEX) -> Store_intf.STOREmodule IntStore :Store_intf.STORE5 Module Pomap_intf : Spe
i�
ation of a partial order relationmodule type PARTIAL_ORDER =sigtype elElement typetype ord =| Unknown| Lower| Equal| Greaterval 
ompare : el ->el -> ordendmodule type POMAP =sigModules and typesmodule Store :Store_intf.STOREStore module used to store nodes of the partially ordered map.type keyType of map keystype +'a nodeType of nodes in the partially ordered map7



type +'a pomapType of partially ordered mapstype 'a add_find_result =| Found of Store.Ix.t * 'a node| Added of Store.Ix.t * 'a node * 'a pomapType of result originating from an add_find operationMap-
onstru
torsval empty : 'a pomapThe empty partially ordered map.val singleton : key -> 'a -> 'a pomapsingleton k elReturns a partially ordered map 
ontaining as only binding the one from k to el.Information on mapsval is_empty : 'a pomap -> boolis_empty pm tests whether partially ordered map pm is empty.val 
ardinal : 'a pomap -> int
ardinal pmReturns the number of elements in pm.Adding and removingval add : key ->'a -> 'a pomap -> 'a pomapadd k el pmReturns a partially ordered map 
ontaining the same bindings as pm, plus a binding ofk to el. If k was already bound in pm, its previous binding disappears.val add_node : 'a node ->'a pomap -> 'a pomapadd_node node pmReturns a partially ordered map 
ontaining the same bindings as pm plus a binding asrepresented by node. If the asso
iated key already existed in pm, its previous bindingdisappears.val remove : key ->'a pomap -> 'a pomap 8



remove k pmReturns a map 
ontaining the same bindings as pm ex
ept for the node with key k.val remove_node : 'a node ->'a pomap -> 'a pomapremove_node node pmReturns a map 
ontaining the same bindings as pm ex
ept for the one with the key ofnode.val remove_ix : Store.Ix.t -> 'a pomap -> 'a pomapremove_ix ix pmRaises Not_found if ix does not index any node.Returns a map 
ontaining the same bindings as pm ex
ept for the node indexed by ix.val take : key ->'a pomap ->Store.Ix.t * 'a node * 'a pomaptake k pmRaises Not_found if there is no binding for key.Returns a tuple (ix, node, map), where ix is the index of the node asso
iated withkey k in pm, and map is pm without this element.val take_ix : Store.Ix.t ->'a pomap ->'a node * 'a pomaptake_ix ix pmRaises Not_found if ix does not index any node.Returns a tuple (n, m), where n is the node asso
iated with index ix, and m is a mapwithout this element.val add_find : key ->'a -> 'a pomap -> 'a add_find_resultadd_find k el pm similar to add, but if the binding did already exist, then Found(ix, node) will be returned to indi
ate the index and node under whi
h key k isbound. Otherwise Added (new_ix, new_pm) will be returned to indi
ate that k wasbound under new index new_ix in the partially ordered map new_pm.val add_fun : key ->'a -> ('a -> 'a) -> 'a pomap -> 'a pomapadd_fun k el f pm similar to add, but if the binding already existed, then fun
tion fwill be applied to the previously bound data. Otherwise the binding will be added as inadd. 9



S
anning and sear
hingval mem : key -> 'a pomap -> boolmem k pmReturns true if pm 
ontains a binding for key k and false otherwise.val mem_ix : Store.Ix.t -> 'a pomap -> boolmem el pmReturns true if pm 
ontains a binding for data element el and false otherwise.val find : key ->'a pomap -> Store.Ix.t * 'a nodefind k pmRaises Not_found if no su
h binding exists.Returns a tuple (ix, node), where ix is the index of key k and node its asso
iatednode in map pm.val find_ix : Store.Ix.t -> 'a pomap -> 'a nodefind_ix ix pmRaises Not_found if su
h a node does not exist.Returns the node asso
iated with index ix in map pm.val 
hoose : 'a pomap -> Store.Ix.t * 'a node
hoose pmRaises Not_found if pm is empty.Returns a tuple (ix, node), where ix is the index of the node of some unspe
i�edelement in pm.val filter : (Store.Ix.t -> 'a node -> bool) ->'a pomap -> 'a pomapfilter p pmReturns the map of all elements in pm that satisfy p.val partition :(Store.Ix.t -> 'a node -> bool) ->'a pomap ->'a pomap * 'a pomappartition p pmReturns a pair of maps (pm1, pm2), where pm1 is the map of all the elements of pmthat satisfy the predi
ate p, and pm2 is the map of all the elements of pm that do notsatisfy p. 10



Iteratorsval iter : ('a node -> unit) -> 'a pomap -> unititer f pm applies f to all bound nodes in map pm. The order in whi
h the nodes arepassed to f is unspe
i�ed. Only 
urrent bindings are presented to f: bindings hiddenby more re
ent bindings are not passed to f.val iteri : (Store.Ix.t -> 'a node -> unit) ->'a pomap -> unititeri f pm same as Pomap_intf.POMAP.iter[5℄, but fun
tion f also re
eives the indexasso
iated with the nodes.val map : ('a node -> 'b) ->'a pomap -> 'b pomapmap f pmReturns a map with all nodes in pm mapped from their original value to identi
alnodes whose data element is in the 
odomain of f. The order in whi
h nodes are passedto f is unspe
i�ed.val mapi : (Store.Ix.t -> 'a node -> 'b) ->'a pomap -> 'b pomapmapi f pm same as Pomap_intf.POMAP.map[5℄, but fun
tion f also re
eives the indexasso
iated with the nodes.val fold : ('a node -> 'b -> 'b) ->'a pomap -> 'b -> 'bfold f pm a 
omputes (f nN ... (f n1 a) ...), where n1 ... nN are the nodesin map pm. The order in whi
h the nodes are presented to f is unspe
i�ed.val foldi : (Store.Ix.t -> 'a node -> 'b -> 'b) ->'a pomap -> 'b -> 'bfoldi f pm a same as Pomap_intf.POMAP.fold[5℄, but fun
tion f also re
eives theindex asso
iated with the nodes.val topo_fold : ('a node -> 'b -> 'b) ->'a pomap -> 'b -> 'btopo_fold f pm a 
omputes (f nN ... (f n1 a) ...), where n1 ... nN are thenodes in map pm sorted in as
ending topologi
al order. Slower than fold.val topo_foldi :(Store.Ix.t -> 'a node -> 'b -> 'b) ->'a pomap -> 'b -> 'btopo_foldi f pm a same as Pomap_intf.POMAP.topo_fold[5℄, but fun
tion f alsore
eives the index asso
iated with the nodes.11



val topo_fold_ix : (Store.Ix.t -> 'a -> 'a) -> 'b pomap -> 'a -> 'atopo_fold_ix f pm a same as Pomap_intf.POMAP.topo_fold[5℄, but fun
tion f onlyre
eives the index asso
iated with the nodes.val rev_topo_fold : ('a node -> 'b -> 'b) ->'a pomap -> 'b -> 'brev_topo_fold f pm a 
omputes (f nN ... (f n1 a) ...), where n1 ... nN arethe nodes in map pm sorted in des
ending topologi
al order. Slower than fold.val rev_topo_foldi :(Store.Ix.t -> 'a node -> 'b -> 'b) ->'a pomap -> 'b -> 'brev_topo_foldi f pm a same as Pomap_intf.POMAP.rev_topo_fold[5℄, but fun
tion falso re
eives the index asso
iated with the nodes.val rev_topo_fold_ix : (Store.Ix.t -> 'a -> 'a) -> 'b pomap -> 'a -> 'arev_topo_fold_ix f pm a same as Pomap_intf.POMAP.rev_topo_fold[5℄, butfun
tion f only re
eives the index asso
iated with the nodes.val 
hain_fold : ('a node list -> 'b -> 'b) ->'a pomap -> 'b -> 'b
hain_fold f pm a 
omputes (f 
N ... (f 
1 a) ...), where 
1 ... 
N are theas
ending 
haines of nodes in map pm. Only useful for small maps, be
ause ofpotentially exponential 
omplexity.val 
hain_foldi :((Store.Ix.t * 'a node) list -> 'b -> 'b) ->'a pomap -> 'b -> 'b
hain_foldi f pm a same as Pomap_intf.POMAP.
hain_fold[5℄, but fun
tion fre
eives 
hains in
luding the index asso
iated with the nodes.val rev_
hain_fold : ('a node list -> 'b -> 'b) ->'a pomap -> 'b -> 'brev_
hain_fold f pm a 
omputes (f 
N ... (f 
1 a) ...), where 
1 ... 
Nare the des
ending 
haines of nodes in map pm. Only useful for small maps, be
ause ofpotentially exponential 
omplexity.val rev_
hain_foldi :((Store.Ix.t * 'a node) list -> 'b -> 'b) ->'a pomap -> 'b -> 'brev_
hain_foldi f pm a same as Pomap_intf.POMAP.rev_
hain_fold[5℄, butfun
tion f re
eives 
hains in
luding the index asso
iated with the nodes.12



Set-like map-operationsval union : 'a pomap ->'a pomap -> 'a pomapunion pm1 pm2 merges pm1 and pm2, preserving the bindings of pm1.val inter : 'a pomap ->'a pomap -> 'a pomapinter pm1 pm2 interse
ts pm1 and pm2, preserving the bindings of pm1.val diff : 'a pomap ->'a pomap -> 'a pomapdiff pm1 pm2 removes all elements of pm2 from pm1.Node-
reators and a

essorsval 
reate_node : key ->'a -> Store.Ix.Set.t -> Store.Ix.Set.t -> 'a node
reate_node k el su
s prdsReturns a node with key k, data element el, su

essors su
s and prede
essors prds.val get_key : 'a node -> keyget_key nReturns the key asso
iated with node n.val get_el : 'a node -> 'aget_el nReturns the data element asso
iated with node n.val get_su
s : 'a node -> Store.Ix.Set.tget_su
s nReturns the su

essors asso
iated with node n.val get_prds : 'a node -> Store.Ix.Set.tget_prds nReturns the prede
essors asso
iated with node n.val set_key : 'a node -> key -> 'a nodeset_key n k sets the key of node n to k and returns new node.val set_el : 'a node -> 'a -> 'a nodeset_el n el sets the data element of node n to el and returns new node.13



val set_su
s : 'a node -> Store.Ix.Set.t -> 'a nodeset_su
s n su
s set the su

essors of node n to su
s and returns new node.val set_prds : 'a node -> Store.Ix.Set.t -> 'a nodeset_prds n prds set the prede
essors of node n to prds and returns new node.Map-a

essorsval get_nodes : 'a pomap -> 'a node Store.tget_nodes pmReturns the store of nodes asso
iated with partially ordered map pm. This storerepresents the Hasse-graph of the nodes partially ordered by their keys.val get_top : 'a pomap -> Store.Ix.Set.tget_top pmReturns the set of node indi
es of nodes that are greater than any other node in pmbut themselves.val get_bot : 'a pomap -> Store.Ix.Set.tget_bot pmReturns the set of node indi
es of nodes that are lower than any other node in pm butthemselves.Operations over equivalen
es of data elementsval remove_eq_prds : ('a -> 'a -> bool) -> 'a pomap -> 'a pomapremove_eq_prds eq pmReturns a map 
ontaining the same bindings as pm ex
ept for nodes whose non-emptyprede
essors all have the same data element as identi�ed by eq.val fold_eq_
lasses :('a -> 'a -> bool) ->('a -> 'a pomap -> 'b -> 'b) ->'a pomap -> 'b -> 'bfold_eq_
lasses eq f pm a fa
torizes pm into maximal equivalen
e 
lasses of partialorders: all bindings in ea
h 
lass have equivalent data elements as identi�ed by eq andare 
onne
ted in the original Hasse-diagram. This fun
tion then 
omputes (f e
_elNe
N ... (f e
_el1 e
1 a)), where e
1 ... e
N are the mentioned equivalen
e
lasses in unspe
i�ed order, and e
_el1 ... e
_elN are their respe
tive 
ommondata elements.val fold_split_eq_
lasses :('a -> 'a -> bool) ->('a -> 'a pomap -> 'b -> 'b) ->'a pomap -> 'b -> 'b 14



fold_split_eq_
lasses eq f pm a same as Pomap_intf.POMAP.fold_eq_
lasses[5℄,but the equivalen
e 
lasses are split further so that no element of other 
lasses would �tbetween its bottom and top elements. It is unspe
i�ed how non-
on�i
ting elements areassigned to upper or lower 
lasses!val preorder_eq_
lasses : ('a -> 'a -> bool) ->'a pomap -> 'a pomap listpreorder_eq_
lasses eq pmReturns a preordered list of equivalen
e 
lasses, the latter being de�ned as infold_split_eq_
lasses.val topo_fold_redu
ed :('a -> 'a -> bool) ->('a node -> 'b -> 'b) ->'a pomap -> 'b -> 'btopo_fold_redu
ed eq f pm a 
omputes (f nN ... (f n1 a) ...), where n1 ...nN are those nodes in map pm sorted in as
ending topologi
al order, whose data elementis equivalent as de�ned by eq to the one of lower elements if there are no intermediateelements that violate this equivalen
e.Unsafe operations - USE WITH CAUTION!val unsafe_update : 'a pomap ->Store.Ix.t -> 'a node -> 'a pomapunsafe_update pm ix node updates the node asso
iated with node index ix in mappm with node. The Hasse-diagram asso
iated with the partially ordered map pm maybe
ome in
onsistent if the new node violates the partial order stru
ture. This 
an leadto unpredi
table results with other fun
tions!val unsafe_set_nodes : 'a pomap ->'a node Store.t -> 'a pomapunsafe_set_nodes pm s updates the node store asso
iated with map pm with s. Thisassumes that s stores a 
onsistent Hasse-diagram of nodes.val unsafe_set_top : 'a pomap -> Store.Ix.Set.t -> 'a pomapunsafe_set_top pm set updates the index of top nodes in map pm with set. Thisassumes that the nodes referen
ed by the node indi
es in set do not violate theproperties of the Hasse-diagram of pm.val unsafe_set_bot : 'a pomap -> Store.Ix.Set.t -> 'a pomapunsafe_set_bot pm set updates the index of bottom nodes in map pm with set. Thisassumes that the nodes referen
ed by the node indi
es in set do not violate theproperties of the Hasse-diagram of pm.15



endInterfa
e to partially ordered maps6 Module Pomap_impl : Implementation of partially ordered mapsImplementation of partially ordered mapsmodule Make :fun
tor (PO : Pomap_intf.PARTIAL_ORDER) -> POMAP with type key = PO.el
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