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exive graphs isdescribed and it is interpreted as an algebra for constructing speci�ca-tions of concurrent systems. We describe a procedure for associating toany Place/Transition system 
 an expression 	
 in the algebra Span.The value of this expression is a system whose behaviours are the same asthose of the P/T system. Furthermore, along the lines of Penrose's stringdiagrams, a geometry is associated to the expression 	
 which is essen-tially the same geometry as that usually associated to the net underlying
.1 IntroductionThis article is part of a project to study bicategories of processes ([KSW97a],[BSW96],[K96],[KSW94],[SWW93]) in order to develop the algebraic foun-dations of concurrency. Much of this work has focused on deterministicsystems and is closely related to the notion of a distributive automaton([SW93]); in fact, a construction of elemetary nets using functional pulsecircuits and synchronizers was given in [MSSW95]. This paper concerns1



itself only with non-deterministic systems. Though closely related, theresulting algebraic structures are not the same as in the deterministiccase.In the following section we describe an algebra Span for constructingspeci�cations of communicating systems; the structure involved is thatof a compact closed category ([KL80]). The algebra Span is actually abicategory ([B67]) rather than a category. For the purposes of this paper,however, we will ignore the 2-cell structure; in particular, many of theequalities we state are in fact isomorphisms. A more detailed study ofSpan is given in [KSW97b]. Along the lines of Penrose's tensor diagrams([P71]), we will associate a geometry to each expression of this algebra;such a geometry is to be interpreted as a depiction of the spatial distri-bution of a communicating system. For a detailed study of the geometryof tensor algebras, the reader is referred to [JS91] and [JSV96] { thosefamiliar with these papers will notice that our diagrams are to be readfrom left to right rather than up the page.In Section 3 the basic de�nitions concerning Place/Transition systemsare recalled, after which two classes of spans are described: one thatcorresponds to the places of a P/T system and another that correspondsto the transitions. Given a P/T system 
 we de�ne an expression 	
 inSpan constructed from these two classes of spans such that the (statesand) behaviours of 	
 are precisely those of 
; furthermore, the geometryof the expression 	
 is equivalent to the geometry usually associated tothe net underlying the P/T system 
. Of course, not every expressionconstructed from these two classes of spans can be interpreted as a P/Tsystem; we do, however, identify a class of expressions which do admitsuch interpretations. (Note that this use of algebra is di�erent from theway monoidal categories were used in [MM90] to model Petri nets. In theaforementioned paper a net was de�ned to be a certain monoidal category;this paper uses a compact closed category to construct general nets.)For an introduction to category theory, the reader is referred to [M70]or [W92a].2 The algebra of spansLet RGraph be the category of re
exive graphs. The speci�ed edge ateach vertex v of a graph (that is determined by the re
exivity structure)is referred to as the identity edge at v.We now begin describing the algebra Span. Its objects are one-vertexgraphs { the reader may think of a one-vertex graph as an alphabet witha null symbol (the null symbol corresponding to the identity edge). Giventwo one-vertex graphs A and B, an arrow in Span from A to B is adiagram in RGraph of the form Gl~~~~~~ r   BBBBA B: This is called a spanof graphs from A to B: the graph G is called its head and l and r arerespectively referred to as its left and right legs; we denote this arrow ofSpan by G : A ! B. Often a span will be given in the form where its2



domain and codomain are products of one-vertex graphs; for example,consider a span of the form G : A� B ! C �D � E. We draw such aspan as follows. A GB CDEThe objects A and B are called the left boundaries and C, D and E theright boundaries of G. Note that the span G : A � B ! C � D � Eis just a labelling of G by A � B � C � D � E; in other words, it is alabelled transition system ([A94]) whose labelling is distributed among �vealphabets. A more detailed comparison with existing work on transitionsystems is given in [KSW97b].A behaviour of a span G : A ! B is a �nite path in the graph G.Notice that for each behaviour � of G there are corresponding behaviours(that is, sequences of letters) l(�) and r(�) of the boundaries A and B.The �rst simple example of an `agent' considered in [M89] is that ofa message passer which can hold one datum. We would specify such asystem by the span M : A ! A pictured below. (Here, A is the one-vertex graph which has only one non-identity edge a.)
0 1�=aA AMa=�Notice that in depicting graphs we do not draw the identity edge at eachvertex. The left and right legs are de�ned by the labelling of the edges.The symbol `�' denotes a labelling by the identity edge. The vertices (orstates) 0 and 1 respectively correspond to the system having no data andhaving a datum. The edges a=� and �=a respectively correspond to thesystem receiving and sending a datum.The �rst operation we de�ne is composition (or series) of spans. Giventwo spans G : A ! B and H : B ! C their composite G;H : A ! C isde�ned as follows. First form a diagramK�0~~}}}}}} �1  AAAAAAGlG��~~~~~~ rG  AAAAAA HlH~~}}}}}} rH  AAAAAAA B Cin RGraph having a pullback as its central square. The composite G;His KlG��0~~}}}} rH ��1!!BBBBA C: Explicitly, a vertex ofG;H is a pair (v;w) of vertices3



{ a vertex v of G and vertex w of H. An edge of G;H is a pair of edges(g; h) { g is an edge of G and h is an edge of H { which agree on theircommon boundary B. In this case, it would be reasonable to call B aninterface between G and H. Later in this section we will introduce a moregeneral notion of interface.Composites are drawn in series. For example, the expression M ;M(that is, two message passers in series) is drawn as follows.
0 1 0 1A A �=a AMa=� Ma=��=aThe value of the expression M ;M is the span depicted below.
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M ;M Aa=�a=� �=aa=a�=aA �=�The states 0 = (0; 0), 1 = (1; 0), 2 = (0; 1) and 3 = (1; 1) respectivelycorrespond to the system having no data, one datum in its �rst component,one datum in its second componenet and, lastly, two data items { one ineach component. One interpretation of this system is that it speci�es abounded bu�er of capacity two (that is, a message passer whose memoryis a queue of length two).It is perhaps worthwhile to point out that in general there is a dis-tinction between an expression in an algebra and its value; in particular,many expressions may yield the same value. Most often, of course, wewill want to record both the expression and its value.The other operation we are going to de�ne is the tensor product (orparallel). If A and B are objects of Span then their tensor productA 
 B is de�ned to be the product A � B of graphs in RGraph (thisis, of course, also a one vertex graph). If G : A ! B and H : C ! Dare spans, their tensor product G 
 H : A 
 C ! B 
 D is the spanG�HlG�lHxxqqqqq rG�rH&&NNNNNNA�C B �D:Tensor products of spans are drawn in parallel. For example, theexpression M 
M : A
A! A
A is drawn as follows.4



0 1

0 1A �=a AMa=�A AMa=��=aLet I be the terminal object of RGraph; that is, it is the one-vertexgraph whose only edge is the identity edge. This object satis�es theproperty that A
I = A = I
A and it plays the role of the `null' boundary;note that to give a span G : I ! I is just to give a graph G (since there isno information involved in giving the unique graph morphism !G : G! I).If a boundary of a span is I we usually omit it from the diagram.We now introduce some constants; that is, special classes of spans.These constants will allow us to construct interfaces between more generalspans.For any object A, the span A1A��~~~~ 1A  @@@@A A is denoted 1A : A ! Aor merely A. It is the identity for composition in the sense that for anyG : A ! B or any H : C ! A, we have A;G = G and H;A = H. Thisspan is drawn as a line from A to A.The second type of constant we are going to de�ne is a permutation.For any pair of objects A and B, there is a graph morphism tw : A�B !B�A : (a; b) 7! (b; a). The permutation �A;B : A
B! B
A is de�nedto be the span A� B1A�Bxxqqqqq tw &&MMMMMA�B B �A: It is drawn as follows.AB ABThe crossing of the lines is not supposed to indicate that the boundariesA and B are in contact.Given a bijective function � : f1; : : : ; ng ! f1; : : : ; ng and objectsA1; : : : ; An, we can use spans of the form �A;B to construct a more generalpermutation � : A1
: : :
An ! A�(1)
: : :
A�(n) in Span. For example,the following diagram depicts such a permutation.5



BABC CAThe �nal two types of constants are the unit and counit for the self-dualcompact closed structure. For any object A, let the unit �A : I ! A
A bethe span A!A������ �A$$HHHHHI A�A; where !A is the unique map to the terminalgraph and �A : A ! A � A : a 7! (a; a) is the diagonal; also, let thecounit �A : A
A! I be the span A !A��@@@@�A{{vvvvvA� A I: The spans �A and�A are respectively drawn as follows. AAA AIn describing the compact closed structure of Span we have de�nedtwo operations and four types of constants. We will not give the axiomsthat these data must satisfy. (For this, the reader can see [KL80].) Aremarkable consequence of these axioms is that any two expressions areequal if their geometries are equivalent. For example, for any G : A! Band H : B ! C, the equality (A
 �B); (G 
 1B 
H); (�B 
 C) = G;Hcan be derived. In terms of diagrams we have the following equality. (Thereader can check that they are the same in Span.)
= HBGHA C A B CGAnother example of an equation that can be derived from the axiomsis �A;C ;H 
G;�D;B = G
 H. The corresponding equality of diagramsis depicted below.

=

AC HDBHG AC BDGA concurrent system comprising the spans M1; : : : ;Mn is de�ned to bean expression constructed from M1; : : : ;Mn and the constants described6



above using the operations composition and tensor product. Roughlyspeaking, the interfaces of a concurrent system are those parts of thesystem constructed from only the constants. We will not make this notionprecise but give an example. In the concurrent system comprising G, Hand K depicted below KDAB C EGHB and E are external interfaces (in fact, they are boundaries of the valueof the concurrent system) and A, C and D are internal interfaces. Avertex of this system is a triple (u; v;w) 2 G�H �K of vertices; and anedge is a triple (g; h; k) 2 G�H �K of edges such that i) k and h agreeon the interface D, ii) h and g agree on A and iii) g and k agree on C.The reader may have noticed that our notion of interface is limitedin that a boundary of a span can be in contact with at most one otherboundary. In order to express a more general type of communication { inwhich a boundary can be in contact with several other boundaries { weneed to consider the discrete Cartesian structure ([CW87]) of Span (fromwhich the compact closed structure can be recaptured). This is describedin [KSW97b].3 Place/Transition systems and their rep-resentationsThe following de�nition of a net is taken from [T86].De�nition 1 A net N is a quadruple (S; T;F;G) where� S and T are non-empty �nite sets and� F � S � T and G � T � S are subsetssuch that� for all s 2 S there exists t 2 T such that (s; t) 2 F or (t; s) 2 G and� for all t 2 T there exists s 2 S such that (s; t) 2 F or (t; s) 2 G.The set S is called the set of places of N (sometimes also called the set ofstates) and T , the set of transitions of N .We adopt the following notation: @ is the (ordered) set of naturalnumbers; @>0 is the set of positive natural numbers; if X is an orderedset then X [1 is formed by formally adjoining a top element to X; forany natural number n let [n] = f0; : : : ; ng; and we de�ne [1] to be @.7



The following de�nition is taken from [R86]; the reader will noticethat we have not included the speci�cation of an initial marking in ourde�ntion of a P/T system.De�nition 2 A Place/Transition system 
 (often abbreviated to P/Tsystem) is a sextuple (S; T; F;G;K;W ) where� the quadruple (S; T; F;G) is a net and� K : S ! @>0 [1 and W : S � T + T � S ! @ are functions suchthat for all s 2 S and t 2 T we have i) W (s; t) > 0, (s; t) 2 F andii) W (t; s) > 0, (t; s) 2 G:The function K is called the capacity function of 
 and W is called theweight function of 
. Note that suitably restricting W will yield twofunctions WF : F ! @>0 and WG : G! @>0.An elementary net is a P/T system (S; T; F;G;K;W ) such that K isthe constant function whose value is 1 and W is bounded above by 1 (inother words, the value of W is always less than or equal to 1).The following de�nitions introduce the concepts needed to de�ne be-haviours of a P/T system 
 = (S; T; F;G;K;W ).A marking M of 
 is a function M : S ! @ such that for all s 2 S wehave the inequality M(s) � K(s).A subset R � T of transitions is said to be enabled at a marking M iffor all s 2 S Xt2RW (s; t) �M(s) � K(s)�Xt2RW (t; s): (1)(Of course, the empty sum equals 0 2 @.)A marking M is said to have been produced from a marking L by theoccurrence of R � T if� the marking L enables R and� for all s 2 S we have the equalityM(s) = L(s) +Xt2R(W (t; s)�W (s; t)): (2)Notice that requiring L to enable R guarantees that M is a marking. Inthe case of such an occurrence of R, it is usually said that the transitionsr 2 R have concurrently �red.The state-space of 
 is the re
exive graph S
 de�ned as follows: itsset of vertices is the set of markings of 
; and an edge from L to M is atriple (L;R;M) where M is produced from L by the occurrence of R � T .The identity edge at M is (M; ;;M).A behaviour of 
 is a �nite path in S
 { that is, a behaviour of thespan S
 : I ! I (as de�ned in the previous section).Most often, P/T systems are given with a speci�ed marking; this mark-ing is interpreted as the initial state of the system. Of course, behavioursof such systems are paths beginning at the speci�ed marking.8



For any P/T system 
 we will construct a concurrent system 	
 suchthat the span S
 : I ! I equals the value of 	
.First, we de�ne a class of spans which will play the role of the placesof a P/T system.Let N be the one vertex re
exive graph whose set of edges is @, theelement 0 2 @ being the identity edge of N .Let U and V be �nite sets and suppose n 2 @>0 [ 1. De�ne there
exive graph XU;V;n as follows. Its set of vertices is [n]. An edge fromthe vertex i 2 [n] to the vertex j 2 [n] is a quadruple (i; x;y; j) wherex = (xu)u2U 2 @U and y = (yv)v2V 2 @V are tuples of natural numberssuch that Xv2V yv � i � n�Xu2U xu (3)and j = i+Xu2U xu �Xv2V yv: (4)We de�ne the span �U;V;n : NU ! N V to beXU;V;npzzttttt q $$JJJJJNU N Vwhere p(i; x;y; j) = x and q(i;x; y; j) = y.We will draw these spans as circles. For example, the following is adepiction of an edge in such a system where jU j = 2 and jV j = 3.
(2,3)/(1,0,2)

5 7

.. ..

.. ....

. . NNN NNNotice that if jU j = 1 and jV j = 1 then XU;V;1 is (the head of) themessage passer M de�ned in the previous section.We now de�ne a class of spans which will play the role of the transitionsin a P/T system.Let E be the one vertex graph with only one non-identity edge e.Given �nite sets U and V as well as tuples of natural numbers x 2 @Uand y 2 @V , let �U;V;x;y : NU ! N V be the spanEp}}zzzz q !!DDDDNU N Vwhere p(e) = x and q(e) = y.When drawing such spans we will use squares and their boundarieswill be labelled with the vectors x and y. For example, if x = (1; 2) andy = (3; 4; 5) then we would draw �U;V;x;y as follows.9
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4NN NNNLet 
 = (S; T; F;G;K;W ) be a P/T system.In order to facilitate describing 	
 we make the following de�nitions:for all s 2 S let F (s;�) = ft 2 T j (s; t) 2 Fg and G(�; s) = ft 2 T j(t; s) 2 Gg; and for all t 2 T let F (�; t) = fs 2 S j (s; t) 2 Fg andG(t;�) = fs 2 S j (t; s) 2 Gg.For each place s 2 S let �s be the transition system�G(�;s);F (s;�);K(s) : NG(�;s) ! N F (s;�):For each transition t 2 T let x 2 @F (�;t) be the tuple given by thefunction F (�; t) ! @ : s 7! WF (s; t) and let y 2 @G(t;�) be the tupledetermined by the function G(t;�) ! @ : s 7! WG(t; s): De�ne �t to bethe transition system�F (�;t);G(t;�);x;y : N F (�;t) ! NG(t;�):Let � denote the permutation Qs2SN F (s;�) �=Qt2T N F (�;t) and let�0 denote the permutation Qt2T NG(t;�) �=Qs2SNG(�;s):Let n = jPs2S G(�; s)j, � = �Nn : I ! N n 
 N n and � = �Nn :N n
N n ! I. The concurrent system 	
 is de�ned to be the expression�; (N n 
 ((Ys2S�s);�; (Yt2T �t);�0)); � : I ! I:Theorem The state-space S
 : I ! I is the value of the expression	
. Hence the behaviours of the net 
 and the concurrent system 	
coincide.Before proving this theorem, let us consider an example. Below wedepict the elementary net 
 (called mutex) which is often used to modela situation of mutual exclusion. vab cdrp quIn this picture, the squares correspond to transitions and the circlesto places. All the arcs are weighted by 1 and the dots represent the initialmarking. The places u and v represent two users trying to gain access tothe same resource r; when the place p is marked, u is using the resource,and when q is marked, v has access to it. We now draw the expression	
. (Some liberty has been taken in depicting the constants.)10
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Qs2S �s Qt2T �t �0The geometries of the two pictures are equivalent. That the picture for	
 appears more complicated is because, in order to state a theorem suchas the one above, the geometry of the system must be in a normal form.Of course, the picture of a P/T system has extra information in that itdescribes a marking { that is, a state of the system. For instance, the ini-tial marking of mutex corresponds to the state (u; p; r; q; v) = (1; 0; 1; 0; 1)of 	
.When reading the following proof, the reader may wish to particularizethe argument to the above example.Proof of Theorem To give a vertex of 	
 is to give a vertex of eachcomponent of the system. The only components which have more thanone vertex are those of the form �s. Recall that the vertex-set of �s is[K(s)]. So to give a vertex of 	
 is to give a function M : S ! @ suchthat M(s) � K(s). This is, of course, a marking of 
.Recall that to give an edge of a concurrent system is to give a familyof edges (ec) { one edge for each component c of the system { which arecompatible on the interfaces. Consider a candidate for an edge of 	
;that is, a family of edges e = (ec)c2S+T . Let T (e) � T comprise thosetransitions t 2 T such that et is a non-identity edge; recall that (the headof) �t has one identity edge and one non-identity edge.The claim is that a family of edges e = (ec)c2S+T de�nes an edge in	
 from L to M if and only if M is produced from L by the occurrenceof T (e) � T . 11



Suppose e = (ec)c2S+T de�nes an edge in 	
 from L to M . For eacht 2 T (e) the edge et of �t : N F (�;t) ! NG(t;�) is labelled((W (s; t))s2F (�;t)=(W (t; s))s2G(t;�)). For all other t 2 T n T (e), the edgeet is the identity and hence labelled by only zeros.Let s 2 S. Recall that the edge es 2 �s is labelled x=y : L(s)!M(s)where x = (xt) 2 NG(�;s) and y = (yt) 2 N F (s;�). The family ofedges e = (ec)c2S+T must be compatible on the interfaces; therefore,xt =W (t; s) and yt = W (s; t) if t 2 T (e), while xt = yt = 0 if t 2 T nT (e).So,Pt2G(�;s) xt =Pt2T (e)W (t; s) andPt2F (s;�) yt =Pt2T (e)W (s; t).It is clear then that conditions 3 and 4 (given in the de�nition of �) implythe conditions 1 and 2 ensuring that the occurrence of T (e) produces Mfrom L.Now suppose that M is produced from L by the occurrence of R � T .De�ne a family of edges e = (ec)c2S+T as follows. For each t 2 T the edgeet 2 �t is the non-identity edge if and only if t 2 R. For each s 2 S, theedge es is labelled (xt)t2G(�;s)=(yt)t2F (s;�) where xt = W (t; s) if t 2 R,xt = 0 if t 2 T nR, yt =W (s; t) if t 2 R and yt = 0 if t 2 T nR. Conditions1 and 2 guarantee that there is such an edge es : L(s)!M(s) in �s. It isstraightforward to see this family of edges is compatible on the interfacesand that T (e) = R.Of course, there are expressions in Span which will not admit inter-pretations as P/T systems; for example, consider a single place �U;V;n.It is easy, however, to identify a class of expressions for which such aninterpretation is possible. Let � be a concurrent system comprising onlyspans �U;V;n (places) and �U;V;x;y (transitions) such that each boundary ofa place is in contact with the boundary of a transition and each boundaryof a transition is in contact with the boundary of a place. It is clear thatthere is a net 
 such that the value of 	
 equals (actually, is isomorphicto) the value of �.4 Final RemarksAlthough we have shown how P/T systems can be constructed in a mod-ular (that is, compositional) fashion from spans, we do not propose thatSpan be used to model concurrent systems in this way. The theory ofPetri nets and the later developed P/T systems do not make a distinc-tion between the places of a system and the states of a system { indeed,they are consciously blurred. In contrast to this, the calculus of spansdoes make a distinction between the underlying geometry of a system {which depicts the components of a system and their interfaces { and thestate-space of each part of the system.As an example, we would model the instance of mutual exclusion bythe following expression � in Span. (The object A has non-identity edgesa and b, and the object C has non-identity edges c and d.)12



U R VA p r �=c q v1 v0Cu0 u1ab dcb=� �=da=�In the system there are three components: U : I ! A, R : A! C andV : C ! I. The interpretation of the states are as follows. When users Uor V are respectively in states u0 or v0 they are not using the resource,while when in states u1 or v1 they do have access to it. When resource Ris in state r, it is being used by no-one; when it is in state p, it is beingused by some user connected to its left boundary { in � this user is U ;and when R is in state q, it is being used by a user attatched to its rightboundary { in this case, the user V . Here, a component plays the role ofa place and an edge in the state-space of a component (which may haveto synchronise on a boundary) plays the role of a transition. Notice thatif � begins in state (u0; r; v0) then it has the same set of behaviours asmutex.Compare the above picture with the net depicting mutex. The diagramof � has two levels of structure: one depicting the underlying geometry ofthe system (which is particularly simple) and the other, the state-spacesof the components. The picture of the net mutex can be thought of asa 
attened version of the `two-level geometry' depicting the concurrentsystem �. Also notice that the size of the state-space of (the value of) �is 2� 3� 2, while the size of the state-space of mutex is 25.The bicategorical structure of Span has not been discussed in thispaper; it is, however, a fundamental part of the algebra's structure. Inparticular, it permits the development of a compositional theory of re-�nement and abstraction. This aspect of the theory will be treated bythe authors elsewhere, wherein a comparison with bisimulation ([A93],[CS94], [JNW93]) will be given.An important concept in net theory is that of hierarchy: roughlyspeaking, a hierarchical structure associates a net to a transition of anet. Though this is related to the notion of re�nement mentioned in thepreceeding paragraph, we would like express hierarchy in terms of theoperations of our algebra. Given an expression in Span, built from theoperations described in Section 2, we can replace any component of it byanother expression. By doing this we are re�ning the underlying space ofthe system. We would like to do more: namely, re�ne both the underlyingspace as well as the state-space. This can be done by introducing moreoperations, the relevant operations coming from the algebra of cospans ofgraphs. (A cospan in a category E is a span in Eop.) An algebra whichcombines spans and cospans in order to express hierarchy will be de�nedin a future paper.A span of graphs is a very abstract speci�cation of a system, justas is a net. In modelling any real system one needs to specify quanti-ties such as data-types. Two ways of achieving this in net theory are to13



use Predicate/Transition nets ([G86]) or coloured nets ([J86]). The bi-category Span, however, is closely related to the notion of a bicategoryof processes in a distributive category, as de�ned in [KSW97a] { theseprocesses in a distributive category being closely related to distributiveautomata ([SW93]) which have been constructed from data-types in a dis-tributive category ([W92a],[W92b]). The way in which Span can be usedto specify concurrent systems constructed from such data-types will alsobe described elsewhere.5 Bibliography[A93] Abramsky S., Interaction Categories (extended abstract), in: The-ory and Formal Methods Workshop, Springer-Verlag (1993).[A94] A. Arnold, Finite transition systems, Prentice Hall, 1994.[B67] J. B�enabou, Introduction to bicategories, in: Reports of the Mid-west Category Seminar, Lecture Notes in Mathematics 47, pages 1{77,Springer-Verlag, 1967.[BSW96] Bloom S., Sabadini N, Walters RFC, Matrices, machines andbehaviors, Applied Categorical Structures 4 (1996) 343-360.[CS94] Cockett J.R.B. and Spooner D.A., SProc Categorically, in: Pro-ceedings of CONCUR '94, Springer-Verlag (1994).[CW87] A. Carboni and R.F.C. Walters, Cartesian Bicategories I, Journalof Pure and Applied Algebra, 49, pages 11-32, 1987.[G86] Genrich H.J., Predicate/Transition nets, in: Petri nets, LNCS 254Springer-Verlag (1986) 207-247.[J86] Jensen K., Coloured Petri nets, in: Petri nets, LNCS 254 Springer-Verlag (1986) 248-299.[JNW93] Joyal A., Nielsen M. and Winskel G., Bisimulation and openmaps, in: Proceedings of the Eight Symposium on Logic in ComputerScience, IEEE (1993).[JS91] Joyal A. and Street R., The geometry of tensor calculus I, in:Advances in Math. 88 (1991) 55-113.[JSV96] Joyal A., Street R. and Verity D., Traced monoidal categories,in: Math. Proc. Camb. Phil. Soc. 119 (1996) 447-468.[K96] Katis P., Categories and bicategories of processes, PhD Thesis, Uni-versity of Sydney (1996).[KSW94] Katis P, Sabadini N, Walters RFC, The bicategory of circuits,Computing: Australian Theory Seminar, UTS, Sydney (1994).[KSW97a] Katis P, Sabadini N, Walters RFC, Bicategories of processes,Journal of Pure and Applied Algebra, 115, no.2, pp 141 - 178, 1997.[KSW97b] Katis P, Sabadini N, Walters RFC, Span(Graph): A categoricalalgebra of transition systems, Preprint, (1997).[KL80] Kelly G.M. and Laplaza M.L., Coherence for compact closed cat-egories, in: Journal of Pure and Applied Algebra 19 (1980) 193-213.[M70] S. Mac Lane, Categories for the working mathematician, SpringerVerlag, 1970.[M89] Milner R., Communication and Concurrency, Prentice Hall Inter-national (1989). 14
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