1 Introduction

The description of concurrent and distributed systems in terms of partial orders is more
expressive than the description based on the interleaving semantics. However it has the
disadvantage that there is not an obvious algebra of partial orders. The problem is to give a
nontrivial description of the operation of sequential composition. Without such an operation
the description cannot be properly incremental (see [FMM 90]).

In [FMM 90], the algebra of Concatenable Concurrent Histories was introduced, which is an
algebra of partial orders with extra information about the maximal and minimal elements
which allows a nontrivial operation of sequential composition. This algebra depends on two
alphabets, one of which is the alphabet of labels of elements which are maximal or minimal,
and one of which is the alphabet of the labels of the other elements. In [FMM 90} a truly
concurrent semantics is given to the process description language CCS using the algebra
CCH; CCH is the algebra of Concatenable Concurrent Histories with the first alphabet
being a singleton and the second being the set A of CCS actions. In this paper we will give
an axiomatization for CCH, using category theory.

Our approach follows the method given in [DMM 89], where a non-commutative tensor op-
erator is given together with special elements called symmetries. We extend this approach,
introducing a biproduct structure which gives us the expressive power of the set of all bipar-
tite histories. Bipartite histories describe the causal links between the visible actions, and
take the place of the algebra of symmetries in [DMM 89].

The bulk of this paper is taken up with a proof that the axiomatization does indeed give
the algebra CCH. For the reader who wishes to avoid the gory details (and they do get very
gory) there is a summary, section 9, where the main results are stated. An application of
the algebra CCH to Petri Nets is given in the last section.

2 Definitions: CCH and some categories

2.1 Definition - An element of CCH

Given a fixed set of labels A, and a label s not in A, an element of CCH is a triple (A, 8,7)
where

e his a labelled partial order (V4 U V2 U V3, <, ¥)

o The elements of V; are minimal in the partial order, the elements of V3 are maximal
in the partial order and distinct from the elements of V], and the elements of V; are
neither maximal nor minimal in the partial order

e l(v)=sforveVVUVs l(v)eAforve W,
o (3 is a bijection from V; to the set {1,2,...,|W|}
e v is a bijection from V3 to the set {1,2,...,|Vs|}

An element (h, 8,7) is defined up to isomorphisms of labelled partial orders preserving 3, 7,
and the selection functions for V;, Va.
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Figure 1: Two elements of CCH

The introduction of the functions 3, v allows us to discriminate between different elements
of Vi, V3 with the same label. Figure 1 illustrates two elements of CCH; the order relation is
depicted through its Hasse diagram growing downwards. Elements of V; UV; are represented
as circles and elements of V, as boxes. The functions 3, v are shown by the integers in the
circles.

2.3 Parallel and sequential composition

The set CCH forms an algebra under the operations of parallel and sequential composition.

Let cchy = (h1, B1, 1) and cchy = (ha, B2, ¥2) be elements of CCH, where h; = (V1,UV1,U
Vs, <1, 6) and hy = (V2,UV2,UV2;5, <5, £;). Without loss of generality, V1,UV1,UV1;
and V2, U V2, U V2; are disjoint.

The parallel composition chy ® chy is (VA U Vo U V3, <, f), B, v) where

[ ] ‘/‘IZV11UV21
® ‘/}:V12UV22
L] VE;:V13UV23

e <=<U%,

Lv)=sifveVhuVs,
flgvg if v € Vlz,

£r(v)ifve V2,



[ ] ,B( ‘) = ,31(’(;') if v € V].l,
V1| + Bo(v) if v € V2,

[ ’7( ') = ")/1(’0) ifve V13,
|V13| + ’)’2(’0) lfU € V23
The sequential composition chy;chs is defined if and only if |V13]| = |[V2,].
In this case the result of the operation is ((V; U V2 U V3, <, £), B, v) where

[ ‘/1 = V11
® ‘/}:VIZUVQZ
| J VE;_—‘ V23

e < is the restriction to V3 U V5 U V; of the transitive closure of
<4 U <3 U {(v1,v2) s vy € Vs, vg € V21, 11(v1) = Ba(v2)}

o l(v)=sifve VUV,
Li(v)ifv eV,
£(v) ifv e V2,

o B(v) = Bu(v)

¢ 1(2) = ()

2.4 Definition: Symmetric strict monoidal category

A symmetric strict monoidal category is a strict monoidal category (see [ML 71]) which
contains a symmetry morphism 7,, : u ® v — v ® u for each pair of states (u,v), such that

® Yy Tou = Zd(u & 'U)
* (Yuw @ 1d(w)); ((d(v) ® Yuw) = Tuvgw
elfa:u—v,b:w—-oz,thena®b = 7,4;(0Q a); V2w

This last condition will be referred to in the rest of this paper as the coherence axiom.

3 The algebra of bipartite histories

This section is concerned with the algebra of bipartite histories, which can be considered
either as an algebra of matrices with entries T,F or as the morphisms of a biproduct category.
The elements of this algebra will play the role that symmetries play in [DMM 89].
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Figure 2: Parallel (a) and sequential compaosition (b) of the elements of CCH in Figure 1(a) and
1(b)

3.1 Notation for matrices

Consider the algebra of matrices with non-negative dimensions over the boolean algebra with
two elements T, F. If f, g are matrices with dimensions k& X m, m x n respectively then write
f; g for the matrix obtained by matrix multiplication of f and g¢. If hy, hy have dimensions
ml x nl, m2 x n2 respectively, then write h; ® h; for the (ml +m2) x (nl + n2) matrix
satisfying (h1 ® hy)i; = T if and only if ((h1)i; = T or (h2)i—m1 jom2 = T)

Some special matrices will be denoted as follows.

e Write V, A for the 2x1 and the 1x2 matrices respectively which have both entries T

o Write I for the 0x0 matrix, I for the 1 x1 matrix with entry T, and I, for the tensor
product of n copies of this

Write O for the 1x1 matrix with entry F

Write p, € for the 0 x 1-dimensional and the 1 x 0-dimensional matrices

Write X (z,r) for the r x r matrix such that X(i,r);x = T if j = k ¢ {1,¢} or
Jj=lLk=torj=14k=1,and X(i,r);r = F otherwise



The matrix X(z,r) is a “swap” matrix, which is obtained from the r x ¢ identity matrix I,
by changing the (1,1) and (z,¢) entries to F and the (1,¢) and (¢,1) entries to T.

f f, g are matrices with dimensions k x m, n x m then write > f, g < for the (k +n) x m
matrix such that > f,g <;; is fi;j if ¢ < k and gi_g; otherwise. If f, g are matrices with
dimensions m x k, m x n then write < f, g > for the m x (k+n) matrix such that < f,g >;;
is fijif g <k and gi j—k otherwise.

We will construct a biproduct category B whose morphisms are the matrices over {T, F'}
whose dimensions are finite (and possibly zero). (See [ML 71] for the definition of a biproduct
category; it is not essential to this paper.) The objects of B are in one-to-one correspondence
with the set of non-negative integers; we will denote by [n] the object of B corresponding to
the integer n.

Let B be the category whose set of objects is {[n] : n > 0} with a tensor product, ®,
satisfying [n1] ® [n3] = [n1 + n3), and whose morphisms from [m] to [n] (m,n > 0) are just
the m x n matrices over the boolean algebra with two elements. The composition of two
morphisms f, ¢ is the morphism f; g and there are operations ®, >, < and <, > on the set
of morphisms, as described in the last subsection.

It is straightforward to check that ® is a biproduct for B, where the product and coproduct
pairings of morphisms are <,> and >, <.

3.2 Decomposition of morph.isms of B

Each morphism A of B either has all entries F or is equal to exactly one morphism of the

form Al; A2; A3 where

e Al has exactly one entry T in each column, and if Al;; = Al ;41 = T then & >
e A2 has at least one entry T in each row and in each column

e A3 has exactly one entry T in each row, and if Al;; = Al x = T then £ > j.

Proof

Let A be a morphism from [n] to [m] which does not have all entries F. Let the numbers of
the rows of A which contain an entry T be ¢y, ..., 1, in ascending order and the numbers of
the columns of A which contain an entry T be ]1, .+, Js in ascending order. Let Al be the
morphism from [n] to [r] such that Al,, is T if and only if @ = 7;. Let A2 be the morphlsm
from [r] to [s] such that A2,, = T if and only if A contains an entry T at place 74, 5. Let

A3 be the morphism from [s] to [m] such that A3,, = T if and only if 6 = j,. Then A =
Al; A2; A3, as required.

To show uniqueness, suppose that Al; A2; A3 = B1; B2; B3 where both expressions are of
the required form. Al, Bl are determined uniquely by which of their rows have all entries
F. But the :** row of Al has all entries F if and only if the 7% row of Al; A2; A3 has all
entries F, so A1=B1. Similarly A3=B3. A2 is just the matrix obtained by deleting from
Al; A2; A3 all rows and columns with all entries F, so is equal to B2.



3.3 Representation

What has the category B to do with the algebra CCH? The answer is that there is a bijection
between morphisms of B and elements of CCH whose objects are all either maximal or
minimal, and this bijection preserves the operations ; and ®.

The element ((V1U{}UV3, <, ), 3,7) of CCH corresponds to the |V;] X |V3| matrix which has
entry T at place (7, ;) if and only if £ <y where 8(z) = ¢ and y(y) = j. It is straightforward
to check that this bijection preserves the operators ; and ®.

An element of CCH whose objects are all either maximal or minimal is called bipartite.

4 An axiomatization of B

In this section we give an axiomatization for B, which does not involve the biproduct struc-
ture. This axiomatization is closely related to the axiomatization we will give for CCH.

4.1 Definition

Let B2 be the symmetric strict monoidal category generated by an object [1] and morphisms
A:[1] = [1]®[1], V:[1] ® [1] — [1] under the following axioms.

e The identity object [0], which is the tensor product of no copies of [1], is initial and
final

e A;(I®A) = A;(AQ®I) where I is the identity morphism on [1]

e IQV);V =(VRI);V

o \;V =1
e ViA=(AQA);(IRX®I);(VRV) where X : ([1]®[1]) — ([1] ®[1]) is the symmetry
isomorphism

o A;(I®e€)=1wheree:[1] — [0]
o (I®pu);Vv =1where g:[0] — [1]
o \; X =A
o X;V =V

Note The axiom that [0] is initial and final is equivalent to the axioms
AN =pQu, Vie=€e®ce¢



4.2 First stage of proof that the categories B, B2 are isomorphic

It is straightforward to check that B is a symmetric, strict monoidal category and that it is
generated as a symmetric strict monoidal category by the 1x2 and 2x1 dimensional matrices
which have both entries T. (The symmetry isomorphism 7, in B is the (n +m) x (m +n)
dimensional matrix whose (,7)** element is T if i = j — m or j = ¢ — n, and F otherwise.)
Each of the axioms for B2 also holds in B (with the appropriate renaming of variables) and
so there is a surjective morphism of symmetric, strict monoidal categories from from B2 to
B. Say that a morphism of B2 represents a given bipartite history if and only if it is mapped
to the history under the morphism from B2 to B. We need to show that if two morphisms
of B2 represent the same bipartite history then they are equal in B2.

If two morphisms represent the same bipartite history which has an empty set of maximal
elements or an empty set of minimal elements then then are equal in B2 by the fact that [0]
is imitial and final.

Let I, be the identity morphism on [n].
Let

/\1 = V1 = I
An = A1 (A® I—p) for n > 2
Vo = (V® I-2); Va1 forn > 2

4.3 Lemma

Every morphism m of B2 is equal to a morphism of the form Iy, e® ... @€, p® ... @ p, or
(A1) @ -+ . @ Aa(5)); 5 (Vi) ® - - @ V(i)

where j,k > 1, n(1),...,n(7),m(1),...,m(k) > 0, and o is in the subalgebra of B2 generated
by the symmetry isomorphisms.

Proof

The statement holds if m is a generator. If m is the tensor product of two morphisms
for which the statement holds, then it also holds for m, by the functoriality of the tensor
product. By induction on the minimal number of instances of generators in an expression
for m, we may assume that m is of the form m,; m, where the statement holds for m; and
my. If m: [n] - [0] or m : [0] — [n] for some n then the statement holds by initiality and
finality of [0]. If m, is a tensor product of copies of € and m; is a tensor product of copies
of p then
m = (Ao®...® No);lo; (Vo ® ... Vo)

and so the statement holds.

To make the notation easier, let II be the subalgebra of B2 generated by the symmetry
isomorphisms, let W be the set of morphisms of the form

/\n(l) ®...xQ An(j)
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for some j > 1,n(1),...,n(y) > 0, and let V be the set of morphisms of the form
Va) ® - - @ V()
for some 37 > 1,n(1),...,n(y) > 0.

Remark 1 It follows from the axioms (I ® V);V = (V® I);V, (I ® p);V = I and the
functoriality of ® that if n(1) > 0, 0 < a < n(2), then

(1a ® Va1) ® Inz)—a)i Vnz) = Va@)+n(2)-1

Therefore, using the functoriality of ® again, if v1,v2 € V and v;; v, is defined then it is also
in V. Similarly if w,, w, are in W and wy; w; is defined then it is in W.

Remark 2 It follows from the coherence axiom for the symmetry isomorphisms that if
v € V, 7 €ll, and v;7 is defined, then there are some vy € V, m;y € Il such that v;7 =
71; v1. It also follows that if w € W, = € II, and 7; w is defined, then there are some wy; € W,
7 € II such that w; 7 = 7y w;. )

The next stage of the proof is to prove the special case m; = V,,, ms = A,, by induction on
n+m. If n =0 or m = 0 the statement has already been proved. If n =1 or m = 1 then
the statement follows from the property of the identity morphism. If n = m = 2 then one of
the axioms gives

m = (A2 ®A2); (1@ X @1I); (V2 ® Va)

and so the statement holds. If n = 2 < m then assume (as an inductive hypothesis) that
whenever 2 < m(1) < m there is some 7,,(1) € II such that

Vai Amy = (Am(1) ® Am1))i Tm(r); (V2 & ... @ V2)

Then Vjy; A, is equal to
Va5 A (Am-1 ® I)

by the definition of A, and the axiom A; (A Q® I) = A; (I ® A),

= (A2 ®A2); (I ® X ®I); (V2@ V2); (Am-1® I)
by one of the axioms |

= (A2 @NA2); (I ® X ® I); ((V2; Am—1) ® V3)
by functoriality of ®
= (A2 @A2)i (I @ X ® I); (A1 ® Ame1); Tmo1; (V2 ® ... @ V2)) @ V2)
by hypothesis,
= (A2 (Amo1 1) ® (Azi (A1 @ 1))); 75 (V2 @ ... @ Va)

for some 7 € II,
= (Am @ Am);m (V2 ® ... ® Va)
as required.



Finally suppose n > 2 and that the statement holds for V,4); A, whenever 2 < n(1) < n.
Then
Vai Am
= ( n—1 ®I) V27
= (Vn—l ® I), (/\m & /\m)a Tmy (VZ ®...0 VZ)
by the case n = 2
= ((Va-1Am) ® Am); Tm; (V2 @ ... ® V2)
by functoriality of ®
= ((wy;01;v1) @ W2); Tm; V2

for some vy, vy € V,wy,wy € W,o €1l
= Ws3)02;VU1;03; V3

for some w3z € W, 09,03 € [l,vz € V
which is equal to a morphism of the required form by remarks 1 and 2.

Now suppose that m = my;ms and m; = = W15 01, M2 = Wa; Fa; U2 for some wy,w,; €
W,m, 7 € l,vy,vs € V. The morphism v;;w, is a tensor product of morphisms of the
form Vi Am for some m,n, so the statement holds for this morphism, and it must equal
Iy, or a tensor product of copies of u, or a tensor product of copies of €, or a morphism
ws; 73; v3. If it is equal to Ip or a tensor product of copies of y or a tensor product of copies
of € then the fact that [0] is initial and final forces m to equal a morphism of the form
(e®...0€);l;(p®...0u), eR...0 € uQ...Qu, or Iy. If it is equal to ws; 73; vz then
m = ws; Ty W3; T3; Us; T2; v which is equal to a morphism of the required form by remarks 1
and 2. This completes the proof of the lemma. 7

4.4 Normal form for bipartite histories

It is straightforward to show that every bipartite history with nonempty sets of minimal and
maximal elements can be represented as a sequential composition by; by; by where b; is the
image of an element (Ap1) ® ... ® Ay(e)) of W under the homomorphism from B bs is the

image of an element V1) ® .. .® Vin(s) of V, and by is a permutation linking the 7** maximal
element with the p(:)** minimal element such that

(i) if B2im(i) < p(J) < p(K) < B m(i) and Zioln(i) < J < T n(d)

then K > I n(:)

and
(i) if Z2in(i) < J < K < T4 n(i) and i5tm(i) < p(J) < T m(q)
. then p(K) > %I, m(3)
Condition (i) says that if the p(J)** and p(K)™ minimal elements of b3 are linked to the
same maximal element of b, and p(J) < p(K), then j < k where the j** and k' minimal

elements of b; are linked to the J** and K* maximal elements respectively.
Condition (ii) says that if the J** and K** maximal elements of b, are linked to the same



minimal element of b;, and J < K, then j < k where the p(J)* and p(K )" minimal elements
of bs are linked to the j** and k** maximal elements respectively.

These conditions can be ensured by means of the equations A; X = A and X;V =V in B.
Moreover each bipartite history with nonempty sets of minimal and maximal elements can
be represented by only one morphism of this form. The image of the algebra IT under the
homomorphism from B2 to B is the algebra of permutations. Two elements of II are equal
if and only they are images of the same permutation. (See [DMM 89].) Therefore in order
to show that any two morphisms in B2 represented by the same bipartite history are equal
in B2 it is enough to show that any morphism w; 7; v in B is equal to a morphism wq; 7; vy
where 7, represents a permutation in B which satisfies the conditions (i) and (ii). Write v(p)
for an element of I representing a permutation p. Let

w = /\n(l) ®...80 /\n(n), v = Vm(l) &... ®Vm(m)

Let p be any permutation.
4.5 Removing Loops

Let Loop(w,~(p),v) be the number of pairs (J, K') such that for some , ¢,
2iinG) < J < K < Zi2in()
and
BiZim(i) < p(J) < p(K) < Bin(i)
This is the number of pairs (J, K') for which the J** and K" minimal elements of the history
representing w are linked to the same maximal element, and the p(J)** and p(K)* minimal

elements of the history representing v are linked to the same maximal element.
Suppose Loop(w;v(p);v) 1s nonzero. The axioms X;V = V and A; X = A enable w;y(p); v
to be rewritten as w;y(pl); v for some pl such that Loop(w v(p1),v) = Loop(w,y(p),v) and
that there are some h, £ for which n(h) > 1,m({) > 1, and
pH(BIn(9) +1) = (EZim(i) + 1,
PL(Zln(d) +2) = (Sim(d) +2.
Now by the coherence axiom for the symmetry isomorphisms w;y(pl);v =
(Yh=11 ® Ln_pn); (Angr) @ An) @ -+ ® An(n))s Y(02); (Vin(e) ® -+ - @ Vim(m) )i (M1,6=1 ® In—s)
for some p2 satisfying
Loop((Aa(ry ® - .. ® Aa(n))s ¥Y(P2), Vim(e)s - - - Vin(m)) = Loop(w, y(p), v), p2(1) =1, p2(2) = 2.
Therefore w; y(p); v is equal to
(Yh=11 ® Tn-p); (An(r)=1 @ Ar1) ® - .. ® Angn)); (A @ Lnqygtn(ny—2); (I2 @ ¥(p3));

(V X Im(l)+...+m(m)—-2); (vm(l)—l X Vm(l) D...8 Vm(m))a (71,!—1 DY Im—l)

where I; ® v(p3) = v(p2).
By the axiom A;V = I, w;y(p); v is equal to

(Th=1,1 ® Tnon); (An(r)=1 @ Ap(1) @ .- @ Angmy); (I @ v(P3));
(Vm(l)-—l by Vm(l) Q...Q vm(m)); ('71,[—1 & Im—l)a

= wy;y(p4); vi where w; € W,v, € V, and Loop(wy,y(p4),v1) < Loop{(w,~(p),v). Therefore
without loss of generality Loop(w,y(p),v) =0
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4.6 Final stage

By using the axiom X;V = V it is possible to rewrite w;v(p);v as w;vy(pl);v for some
pl satistying condition (i). By using the axiom A; X = A it is possible to rewrite this as
w; v(p2); v satisfying conditions (i) and (ii). This completes the proof that B and B2 are
isomorphic categories. ¥/

In the rest of the paper we will consider a larger category, which contains B as a subcategory.
We will eventually be able to construct a bijection between the morphisms of this larger
category and the elements of CCH, which also preserves the operators ; and ®, and whose
restriction to the morphisms of B is the map described here.

5 Definitions - the category A, and layered form

This section gives the definition (in terms of generators and axioms) of the larger category
containing B whose morphisms will turn out by the end of the paper to be the elements of
CCH in disguise. It also gives the definition of layered form; every morphism can be written
as a term in layered form, but not necessarily in a unique way.

5.1 Definition of the category A

Let A be a fixed set of labels. We introduce a category which has the same objects as B
but more morphisms. For each label ¢ in A there is a morphism (also called ¢, by abuse
of notation) from {1] to [1]. Let A be the symmetric strict monoidal category generated
by a non-identity object [1], and morphisms ¢ : [1] — [1] (¢t € A), V : [1] ® [1] — [1],
A :[1] = [1] ® [1], under the following set of axioms.

e The identity object [0] is initial and final
o A\;(I®A) = A;(A®I) where Iis the identity morphism on [1]
o (IQV);V=(VRI);V

o AV =1
o ViA=(AQA);(I®XQI);(VRV) where X : ([1]®[1]) — ([1] ® [1]) is the symmetry
isomorphism v

e A (I®e€)=1wheree: [1] — [0]

o (1@u);V = I where i : (0] — 1]

e ;X =A

e X;V=\V

e ;A=A (I®1t);(IQA);(V®I)whenevert € A

11



The last axiom is called the copy axiom. From now on a term will be understood to be a
term of this algebra. It is clear that the subcategory of A which is the smallest symmetric
strict monoidal category containing V and A is B.

A term in the category A which represents a morphism from [r] to [m], where n,m > 0, can
be given an informal representation as a picture, where

o the picture for ul ® u2 is the picture for u2 to the right of the picture for ul

the picture for ul;u2 is the picture for ul above the picture for u2 with the upper
nodes of u2 and the lower nodes of ul identified

the pictures for I, X, A, and V are just |, X, A, V, (with nodes at the ends of the lines)

the picture for O consists of an upper and lower node

the picture for ¢ € A is | with a label ¢

As an example, Figure 3 gives the pictures corresponding to the copy axiom. We found these
pictures easier to work with than the formal terms, and used them to find our proofs.

Figure 3: A pictorial representation of the copy axiom

5.2 Layered form

Using the functoriality of @ every term can be written in the form
By; Py By Py ... Py By
for some r > 1, where B,,...,B, are morphisms of B and P,,..., P._; are each of the form

QG B...0¢;

where each g; is either I or an element of A, and not all of g;,...¢g, are I. This is called
Layered form.

Notice that the axioms given in the definition of the category A involve at most three layers.
This was a surprising result; a first draft of this paper had axioms involving arbitrarily many

layers. The price paid for havmg such a simple set of axioms is the length of the proof which
takes up the next section.
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6 Partial Ordering Condition

This section is devoted to a proof that any term can be written in a form satisfying a certain
condition called the Partial Ordering Condition. This condition will be crucial when proving
the representation theorem for the algebra.

Section 6.1 defines the terms used and gives the Partial Ordering Condition. Section 6.2
proves a Theorem expressing equality between certain terms, which is needed to prove the
result. The proof of the Theorem is in seven stages; the first six stages prove that the
theorem holds in particular cases, and the last stage uses these cases and induction to
prove the theorem holds in general. Section 6.3 uses the Theorem together with a different
induction to prove that any term u of the category A can be written in layered form so that
any term consisting of a set of consecutive layers of u (including u itself) satisfies the partial
ordering condition.

6.1 Definitions - Linkage

Suppose u is a term built from morphisms of B and elements of A using the operators ; and
®. Suppose that (1 < ¢ < n,1 <3 < m) where u expresses a morphism from [n] to {m].
Define Link1(wu, ¢, 7) and Link2(u,z, j) by structural induction on u as follows.

o If u is a morphism of B then Linkl(u,?,j) = Link2(u,1,7) = 1 if u;; = T; otherwise
Link1(u,1,7) = Link2(u,7,5) = 0.

o If u € A then Linkl(w,1,1) = 1 and Link2(u,1,1) = 0.

o If v = ul ® u2 where ul,u2 express morphisms from [nl] to [ml] and [n2] to [m2]
respectively, then Link1(u,¢,7) is Link1(ul,¢,j) if : < nl,j < ml,
Linkl(u2,2 —nl,j —ml)if 1 > nl, 7 > ml,
and 0 otherwise.
Similarly Link2(u,z,7) is
Link2(ul,z,7) if 1 <nl,j <ml,
Link2(u2,: — nl,7 —ml) if ¢ > nl, j > ml,
and 0 otherwise.

o If u = ul; u2 where ul, u2 express morphisms from [n} to [p] and [p] to [m] respectively,
then
Linkl(u,t,5) = Yi<e<p(Linkl(ul,i, k). Linkl(u2, k, 5))

and

Link2(u,1,7) = Zi<k<p(Link2(ul,q, k). Link2(u2, k, 7))

Informally, if u is represented graphically, as described in section 5.1, Link1(u,¢,7) is the

number of paths between the :** upper node in the picture for 4 and the j** lower node in
the picture, and Link2(u,,7) is the number of these paths which are unlabelled.

Note that Link1(u, 1, j) and Link2(u, i, j) are defined for ferms u, not for morphisms. For in-
stance, the terms I, A; V are equal as morphisms, but Link1(I,1,1)=1 and Link1(A;V,1,1)=2.
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6.1.1 Definition - : linked to j by u

Say that ¢ is linked to j by u if and only if Link1(u,?,7)> 0.
Informally ¢ is linked to j by u if there is a path in the picture for u from the i** upper node
to the j** lower node.

6.1.2 Partial ordering condition

Say that u satisfies the partial ordering condition if for each pair (z, ) either Link2(wu, 1, )
is zero or Link1(u,1,5) = Link2(u,:,7) = 1.

Informally u satisfies the partial ordering condition if whenever there is an unlabelled path
between two nodes there is just one of these, and no labelled path between the two nodes.
In order to prove that any morphism can be written as a term satisfying the condition we
will first prove a technical result.

6.2 Theorem

If u is a term representing a morphism from [n] to [m] such that ¢ is linked to j by u then

u = X(i,n); (A @ Ln-1); (I ® X(3,n)); (I @ u); (I ® X(j,m)); (V & Im-1); X (j,m)

Note
X(1,n)=1,, so that if u is a morphism from [1] to [1] the Theorem for u states that
u = (AQLa);(IQu); (V& In-)
The copy axiom is a special case of the Theorem, where u = ¢; A for somet € Aand1 =3 = 1.

Proof

The proof goes in several stages. Let Theorem(u,z,j) be the statement of the Theorem for
u, ¢, and j, that is the equality

u = X(n)(AQILi—1);(I® X(z,n)); I®u); (I ® X(J,m)); (VR Ih-1); X(j,m)
The first stage shows that Theorem(1,,7,7) holds whenever 1 <: < n.

The second stage shows that if p is a permutation of size n x n such that p;x = T and ul
is a morphism from [n] to [m] such that Theorem(ul, k, j) holds, then Theorem((p; ul),z,j)
holds. A similar argument shows that if p is a permutation of size m x m such that p;; = T

and ul is a term representing a morphism from [n] to [m] such that Theorem(ul,:, k) holds,
then Theorem((ul;p),z,7) holds.

For stages 3, 4, 5 and 6 it is assumed that the Theorem(ul,1,1) holds. The result of each
of these stages is that Theorem((u2;ul),1,1) holds, where u2 is of the form I ® u3 in stage
3,t® I,_; in stage 4 wheret € A, V® I,,_, 1n stage 5, and A ® I,,_; in stage 6. We worked
out how to prove stages 3-6 by means of the diagrams in Figure 4. (Figure 4 is on page 32.)

Stage 7 uses induction to prove the Theorem in the case ¢ = j = 1, and then uses the result
of stage 2 to derive the general case.
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6.2.1 Stage 1

Suppose u = I,,. Then
X(#,n); (AN®@ In-1); (1 @ X(2,n)); (I @ u); (I @ X(5,7)); (V @ In-1); X(j,7)
= X(t,n); (AN Q@ In-1); (I ® X(2,n)); (1 @ X(2,n)); (V ® Ino1); X(2, 1)
= X(4,n); (A; V) ® Iny); X(2,n)
= I,
So Theorem(I,,t,¢) holds.

6.2.2 Stage 2

Suppose that p is a permutation of size n x n and ul is a morphism from [n] to [m] such
that Theorem(ul, k, ) holds. Since I, ® X(2,2)® I, = X(a+1,a +b+2); X(a +2,a+ b+
2); X(a+1,a + b+ 2) the elements X(z,n) together with I generate all permutations under
;. This means that p can be written as a concatenation of matrices of the form X(a,n) and
we may assume by induction on the minimal length of such an expression for p that p =
X(a,n) for some a.

If £ = a then we must show that Theorem({X(k,n);u),1, ;) holds. Now
(N® T (1® (X (k,m)s1)); (1 X(Gom))s (V © s X(jym)
= AN®@ILim1); (I Q@ X(k,n)); (I @ul); (I X(j,m)); (V& In—1); X(j,m)
= X(k,n);ul

since Theorem(ul, k, j) holds.

If £ =1 then we must show that Theorem((X(a,n);ul),a,s) holds. Now
X(a,n); (A® In1); (I @ X(a,n)); (I Q@ (X(a,n);ul));
(I & X(5,m)); (V& Im-1); X (5,m)
— X(ayn); (A ® Tno)i (1® (X(am); X(aym))); (T ® ul);
(I ® X(j,m)); (V& Im1); X(5,m)
= X(a,n);ul

since Theorem(ul,1, j) holds.
Suppose that & # 1,a. Then we must show that Theorem(X(a,n);ul,k, ) holds. Now
X(k,n); (AR In—1); (I @ X(k,n)); (I Q (X(a,n);ul));

(I
(I® X(7,m)); (VQ In-1); X(5,m)

= X(k,n); (A® In-1); (I ® (X(k,n); X(a,n))); (I @ ul);
(I ® X(5,m)); (V@ Im-1); X(5,m)
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It is straightforward to check that the matrices
X (k)5 (A @ Tnes); (1 (X (k,n)s X(a,m)
and
X(a,n); X(k,n); (A ® Ii1); (I ® X(k,n))
are equal as morphisms of B (and hence as terms of the algebra). Therefore
X(kyn); (A @ In-1); (1 @ X(k,n)); (I @ (X(a,n);ul));
(I ® X(Ja 7n)); (V ® Im—l); X(]a m)
= X(a,n); X (k,1); (A ® Loy); (T X(k,n)); (T @ ul )
(I @ X(5,m)); (V& Im-1); X(5,m)
= X(a,n);ul
Since Theorem(ul, k, j) holds.

The result follows.

6.2.3 Stage 3

Suppose u = (I @ u3);ul and Theorem(ul,1,1) holds. Let u3: [n — 1] — [r — 1]. Then
(A @ Toa); (T 80 (V © L)
= AQI—1); (I Q@I Qu3);(I@ul);(V® In1)
= (ITQud);(AQRIL_1);(IQul); (VR In_)
= (I @ u3);ul
since Theorem(ul, 1,1) holds,
= u
so Theorem(u, 1,1) holds as required.

6.2.4 Stage 4

Suppose u = (¢t ® I,_1); ul where t € A, and Theorem(u1,1,1) holds. Then
(A® Ln1) (T @ 0); (V@ Inor)
= (A®I1);(IQt® Ii1); (I Qul); (VQ Int)
= AN®Lin1)i(I@t®Li)i(I QAR L )i (IR IQul);(IQV & In-1); (V® Inn)
since Theorem(ul,1,1) holds,
= (AQL1);(I®tRLi1);(IQARL); (I ®TQul); (VR In); (V® 1)
= (AR L) (I®tQ Lic1)i (I @A R® Lnca); (V@ L) (I @ ul); (V ® I;m—r)
— (MU (T @A) (V@I & Ta); (I ©ul); (V& Ir)
= (EA) @ L1 )i (T @ ul); (V @ Im—r)
by the copy axiom
= (tQ® In-1);ul
=u

So Theorem(u, 1, 1) holds.
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6.2.5 Stage 5

Suppose u = (V ® I,_3);ul, and Theorem(ul,1,1) holds. Then
(A® In1); (I @u); (V@ In-1)

= (AN@In-1);(I®V ® In_a); (I @ ul); (V& I;m—y)
= A®Li1);(IQVO L) IOANRLi2);(IQI®ul);(IQV Q@ In1);(V® Im—1)
since Theorem(ul,1,1) holds,

= (A1) V)i(T©®N) @ In-2);

I@IQul);(V®In); (Ve Ina)
= (ARI);(TQV);(I®A);(VRI)) ® In-z); (I @ ul);(VQ Inm-1)
= ((V;A) @ In—2); (I @ ul); (V ® Im—1)
= (VRI—2); (AR I2); I Qul); (VQ In-)
= (V® ILi—2);ul
since Theorem(u1,1,1) holds,

= u

so Theorem(u, 1,1) holds.
6.2.6 Stage 6

Suppose u = (A ® I,_1);ul and Theorem(ul,1,1) holds. Now
(AR In-1); (I @ u); (VR Iy)

= (AR Iic1);i (I QAR In1); (I @ul); (V@ Tne1)
= (AN@ In-1);(A® In); (1 @ ul); (V & In-1)
= (AQ I 1);ul

since Theorem(ul,1,1) holds,
=u

So Theorem(u, 1, 1) holds.
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6.2.7 Stage 7

Say that a term is in form F if it is of the form I, ® f ® I, for some a,b > 0, f € {O,A,V}UA.
By the coherence axiom and the functoriality of @ each morphism linking 1 to 1 can be
written as a concatenation of terms which are alternately permutations linking 1 to 1 and
terms in form F. We show by induction on the number of terms of form F in such an
expression that for each morphism w linking 1 to 1, Theorem(u, 1,1) holds. If there are no
terms of form F in the expression then u is a permutation, so Theorem(u,1,1) holds by
stages 1 and 2. If there is at least one term of form F in the concatenation then u = p; u2;ul
where p is a permutation (possibly the identity permutation) linking 1 to 1, u2 is of form
F, and u1 is a morphism linking 1 to 1 such that Theorem(ul,1,1) holds, by the inductive
hypothes1s If a > 0 then Theorem(u, 1, 1) holds by stages 3 and 2. Suppose a = 0. Since 1
is linked to 1 by u we cannot have u2 = O ® I, so u2 = A® I, VQ® I, or t ® I, for some
t € A. Stages 4, 5, and 6 ensure that this implies that Theorem((u2;ul),1,1) holds, and so
Theorem(u, 1,1) holds by stage 2.

Finally, suppose that ¢ is linked to j by some morphism u from [n] to [m]. Then u =
X(%,n);v; X(4,n) for some morphism v linking 1 to 1. By above, Theorem(v, 1, 1) holds, so
by stage 2 Theorem(u, 7, 7) holds.

6.3 Proof of the partial ordering condition

This subsection gives two corollaries of the Theorem. The first essentially proves that any
term can be written in a form satisfying the partial ordering condition. The second corollary
is the stronger result that any term can be written in a layered form so that all terms
consisting of consecutive layers of the layered form satisfy the partial ordering condition.

Corollary 1

Any term u in layered form which does not satisfy the partial ordering condition is equal to
a term v in layered form such that Link1(v,z,7) < Link1(wu, z, ]) for all pairs (7, ) and there
is at least one pair (7, ) such that Linkl(v,?,7) < Linkl(,

Proof The proof of Corollary 1 uses the Theorem as a starting point for an argument by
induction.

For ease of notation we will write (X)} for Link1(X,1, ) throughout the proof of the corol-
lary.

Suppose a term u in layered form does not satisfy the partial ordering condition. Without
loss of generality, using the coherence axiom, we may assume that u is of the form

ZL (AR L,); (I ® Z2); 23, (V Q I,); Z4

where Z1,72,73, Z4 are terms in layered form,

there is some z linked to 1 by Z1,

there is some j linked to 1 by Z4, 1 is linked to 1 by Z2 and by each layer of Z3,
2 is linked to 2 by each layer of Z3, and

each layer of Z3 which is of the form ¢; ® g2 ® ... ® g, has ¢; = I.
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We will show that this is equal to a term in layered form
Z1,(ANQL);(IRY2);Y3 (VR I,); Z4

where Y2,Y3 are terms in layered form, and
(I®Y2);Y3); < ((I® Z2); Z3); for all (1,5)
(I®Y2);Y3); < ((I® 22);Z3);

We will prove the result by induction on the number of layers of Z3 of the form ¢, ®...® g,.
6.3.1 Case 0

If Z3 has no layers of the form ¢; ® ... ® g, then it must be a morphism of B. Assume that
this is the case. Let Z5 be the s x (m + 2) matrix (where Z3 has size s x (m 4 2)) such that
Z5;; = Z3i; if (1,7) # (1,1) and Z5,y = F. Then Z3 = (A Q I,_1); (I ® Z5); (V @ Imy1)

and so
u = ZL(A®1);(I1® 22);(A Q@ Ls1); (I ® Z5); (V ® Im41); (V @ Im); 24

= ZLAQ L), (IQAQ L) (IRI®Z2);(1® 25);(I1 @V & In); (VQ In); Z4
= ZL(A® L); (1@ (A® L); (I ® 22); Z5;(V @ In))); (V @ In); Z4

and 1 is linked to 2 by (A ® I,,), 2 is linked to 2 by (I ® Z2), 2 is linked to 2 by Z5, 2 is
linked to 1 by (V ® I,,,), so 1 is linked to 1 by (A ® I,); (I ® Z2); Z5; (V ® I,,). This means

that we can use the Theorem, and u equals
Z1;(A® L) (I ® Z2); 25, (V ® I,); Z4

By the definition of Z5, (1®22); Z5); < ((IQZ2); Z3):, for all pairs (¢, j) and ((I® Z2); Z5);
is less than ((I @ Z2); Z3)] as required.

6.3.2 Inductive step

Now suppose that Z3 = Z5;(I ® 2 @ ... ® g,); Z6 where Z5 is a morphism of B and Z6
is I, or is in layered form with the top layer a non-identity morphism of B. Let Z7 be the
matrix of the same size as Z5 such that Z7;; = Z5;; whenever (¢,j) # (1,1), ZT1, = F.
Then u equals

ZL(ANQL);(I®22y5Z5;(IR 92 ® ... R g,); 26; (VQ In); Z4
= Z1,(A@ L); (I ® 22); (A ® I,—1); (I ® Z7);
(VRIL_L1),(IR¢p®...Q4¢);Z26;(V® I,);Z4
=ZL;(AQRL),(IRARL);(IRI® Z2);(I ® Z7);
I®IR%u®...04) (Ve IL1);Z6;(V® I.); Z4
= ZL,(AQL);(I® (AR L);(IRZ22;ZT;(I1 Q9@ ...Q gr); X(2,7)));
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(I® X(2,r);(VQI1); Z6;(VQ I,); Z4
Put
728 = (ANQL);,(I®Z2);ZT;(I®9:Q...84:); X(2,7)

Z9 = The term in layered form((/ @ X(2,r));(V ® I,-1)); Z10

where Z6 = Z10; Z11 with Z10 the top layer of Z6.

Then ((I ® X(2,7)); (V® I,_1); Z6) can be rewritten in layered form as Z9; Z11 with fewer
layers of the form ¢; ® ... ® g, than Z3,

1 is linked to 1 by Z8 and each layer of Z9; Z11, and
2 is linked to 2 by each layer of Z9; Z11.
Hence it is possible to use the inductive hypothesis; u is equal to a term

Z1,(AN® L), (IQY2)5Y3;(VRI,); Z4

such that , .
(A®1);(I®Y2);Y3); < (A® L)1 ® Z8);(29; Z11));

for all pairs (i, j), and
(A L) (I@Y2);Y3) < (A® L) ®Z8);(Z29; Z11))
It remains to prove that
(A ® L), (I ® 28);(29; Z11)); < (A ® L.); (I ® 22); Z3);
for all pairs (7, 7), ie.
(AR LI (A®L);(I®22);2T,(I1®...® ¢.); X(2,7))); (29; Z11));

<A@ L);(I®22;25(IQ9:®...Q4¢:); Z10; Z11);
for all pairs (z,7).
633 Casel-:=1
By definition of Linkl,
(AR L) (I (A1), (I® Z22); ZT,(1® ... @ 9-); X(2,7))); (29; Z11));
= Tu(Z9)L(211)t)
+ Zinkza((£7)en-(X(2, 7))z (29)554 . (211)5°)

+ S keaera((Z2)h (27 (X (2,7)E.(29)8 . (Z1D)F)

By definition of Z9, (Z9)f' = (Z10)¥* and

Sra((X(2,1))i3-(Z29)i3*) = (Z10)i;
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for any k2, k4, so
(AR L);(IQ((A®L);(I®22;Z1,(I9...8¢.); X(2,1))); (29; Z11));
= (Z10; Z11)}
+ Zk2((Z27)4,-(Z10; Z11)%2)
+ B e((Z22)5 (2157210, Z11)8%)
By the definition of Z7 in terms of Z5, this is equal to
Yka((Z5)},-(Z10; Z11)%?)

+ S k2((Z22)},.(25)51.(210; 211) )

which is equal to

Se2(((A ® In); (I @ 22); Z5)},.(Z10; Z11)5?)
= (AR L);(I®Z22);Z5(IR¢g:2Q ...® gr); Z10; le)}

as required.

6.3.4 Case2-:>1
Let i > 1. By definition of Linkl,
(AR L)@ (AR L)(I®22);2T;(19...©4,); X(2,7))); (29; Z11));
= 2a((I®22; 21,10 ¢ ®...0 ¢.); X(2,r)it.(29; Z11)F+
= Tuezrsr((I® Z2)F(Z7)5-(X(2,1)3(29)5H . (Z11)))

= Sk pa((22)in(27)55H(210)1.(Z11)5"
by the definition of Z9 in terms of Z10

= S k((22)n-(25)a" (210, 211)77)
by the definition of Z7 in terms of Z5
= Z(((A® L.); (I ® 22); Z5)},.Link1(Z10; Z11)¥?)

= (AR L);(I®Z22);25(IQ¢:®...04¢); Z10; Z11);

as required. This completes the proof of Corollary 1.
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6.3.5 Corollary 2

Any morphism can be written as a term u in layered form such that if v is any term consisting
of a series of consecutive layers of u, then v satisfies the partial ordering condition.

Proof

The proof is by induction on the minimal number of layers needed to represent the morphism
as a layered term. Any term with just one layer satisfies the partial ordering condition.

Let u be a layered term B(1); P(1);...; P(r — 1); B(r) representing the morphism such that
the number
E,-,jLz'nkl(u, Z,])

is minimal. By induction on the number of layers needed there is a layered term equal to

P(1);...; P(r—1); B(r) such that any term consisting of a series of consecutive layers of the
layered term satisfies the partial ordering condition. Substituting P(1);...; P(r —1); B(r)
with this layered term in the expression for u will not increase ¥; JLGkl(u, ?,7), so without
loss of generality the layered term is just P(1);...; P(r — 1); B(r).

If there is some pair (h, k) such that k < r, Link1(B(1); P(1);...; P(k),m, ) > 0 for some
m;, and Link1(B(k+1); P(k+1);...; B(r), h,m) = 0 for all m, then assume that k is maximal
such that such a pair exists. We must have Lmkl( (k+1),h,m) = 0 for all m. Then

B(k); P(k); B(k +1)

B(k);(91©...® ¢s); (In-1 ® O ® I,_n); B(k + 1)
= B(k); (91 ® gh-1 ® O @ ghyr--- ® g5); B(k +1)
B(k); (In-1@ O ® Ls-r)i (1 @ ... @ g5); B(k + 1)
= BB(k); P(k); B(k-l— 1)
where BB(k) is the matrix of the same dimensions as B(k) satisfying BB(k), s = B(k)qp if
b # h and F if b = h. Substituting BB(k) for B(k) in the term u leaves Link1(v,1, ) and

Link2(v, 1, j) no greater than before whenever v is a term consisting of consecutive layers of
u. By performing this substitution for each h satisfying the condition given above, and using
backwards induction on k, we may assume that there is no such pair (h, k).

If v is a term consisting of a series of consecutive layers of u and does not satisfy the partial
ordering condition, then v must be the term B(1); P(1);. k) for some k. By Corollary 1
v can be rewritten as a term w in layered form where Lmkl w,1,7) < Linkl(v,1, j) for all
7,7 and there is some pair (3, j) such that Linkl(w,1,) < Linkl(v,t,7). Since Linkl(v,1,))
> 0 there is some m such that

Linkl(B(k+1); P(k+1);...;B(r),h,m) > 0
But this implies that
YijLinkl(w; B(k +1); P(k + 1);...; B(r),%,J) < %;;Linkl(u,1,7j)

which contradicts the hypothesis on u. Therefore no such v can exist. This completes the
proof.
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7

Normal form

This section gives a normal form for terms of the algebra, and proves that every term is equal
to a term in normal form. There are six conditions for a term to be in normal form; the
first two have already been introduced. It will turn out that each term is equal to a unique
term in normal form. The definition of normal form is partly derived from the definition of
normal form in [DMM 89], but in that paper a term may be equal to more than one term
in normal form.

7.1

Definition of Normal form

A term u which is in normal form if and only if all the following conditions hold;

w

. (layering) u is in layered form, =B;; Py;...; P._1; B,

(partial ordering condition) If v is any term consisting of a series of consecutive
layers of u, v satisfies the partial ordering condition

(maximal parallelism) for each set of three consecutive layers

(h1®h2Q...@hn); A4 (1@ ... ® gm)

of u with A a morphism of B, if g; # I then there is some k such that A;;=T and
hy #1 :

(independence of idles) for each pair of consecutive layers A;(g1 Q@ ... ® gm) with
A a morphism of B, if g; = I then |{k: Ar; =T} <1,andif g, =g; =1, ¢ # 3, then
|{k : Ak,,' = Ak,]‘ = T}l =0

(decomposition of causal links) Either r = 1, or By, Bs, ..., B,_1 have at least one
entry T in each column and Bs, Bs, ..., B, have at least one entry T in each row

(ordering) If 1 ®¢:®...®¢gs = Py for some k then foreachl <z < s—1eitherg; =1
or gi, giv1 € A with g; < gi41, where < is some fixed total ordering on A. Moreover, if
gi = giy1 for some 1 < ¢ < s — 1, then the set {j : (Bx);: = T} either precedes or is
equal to the set {j : (Bx)ji+1 = T} in lexicographical ordering.

7.2 Maximal parallelism

Every morphism can be expressed as a term satisfying conditions 1, 2 and 3 of normal form.

Proof

By Corollary 2, every morphism can be expressed as a term satisfying conditions 1 and 2.
Suppose we have a term satisfying conditions 1 and 2, but not 3. Then there is a set of three
consecutive layers

M@k ®...0k); A (1 Q... ® gm)
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of the term with A a morphism of B, such that for some ¢ with g; # I there is no k such
that Ax;=T and h; # I. By using permutations we may assume that : = 1 and Ax=T if
and only if 1 < k < s, for some s. We will show that the term

ul; (L, @ b1 ® ... @ b); A (1 ® ... @ g );u2

can be written in the form required, where the term satisfies conditions 1, and 2. Let Al
be the s x m matrix satisfying Al;; = A;; (1 < ¢ < 5,1 < 3 < m). Let A2 be the
({m=1) + (n — s)) x (m — 1) matrix satisfying

A2i; = (In_q)ij if 1 <45 <m—1,

A2i; = Aijsem-)jnifm<i<m—1+4+n—-s,1<3<m-1.

Now
I, ®h1®... 0k A (1@ ... Q gn)

= (LiQhty1®...0h); (A1 R I,); (IR A2); (1 ® ... ® gm)
= (Al1® k1 ® ... @ hu); (91 ® (A2 (92 ® - .. ® gm)))
= (A1®@ In-s); (Im @ o1 ® ... ® h0); (91 ® Lnpm—s)i (I © A2);(I @ ... ® gm)
= (A1® Ii-s); (1 ® Im-1 @ hs1 @ ... ® hy); (I ® A2); (I ® ... ® gm)

and by using this manipulation once for each ¢ such that Ag; = T implies hj = I, the term
can be written in the form required.

If the term is part of a layered expression, the rewriting may cause the maximum parallel
condition to be untrue for the preceeding or following layer. However the rewriting strictly
decreases the number N(1 +N (2 +... N( f) where there are k layers of the form (¢:®. . .®gn)
and {j:1 <3< n, g #1 N(3). Therefore if the rewriting is repeated for an appropriate
subterm each time there is a layer which no longer satisfies the maximal parallism condition,
the process must eventually terminate to leave a term satisfying conditions 1, 2, and 3.

7.3 Independence of idles

Every morphism can be expressed as a term satisfying conditions 1, 2, 3 and 4 of normal
form.

Without loss of generality, using the coherence axiom, the morphism can be written in the
form

ul; A (I @ gh41 ® ... Q gn); u2

where A is a m X n matrix satisfying
{k:Ar; =T for some 1 <:<b} = {1,2,...,a},

{i:9i=1}={1,2,...,b}, ul satisfies conditions 1, 2, 3 and 4, and the whole term satisfies
conditions 1, 2 and 3.

Now

AL g Q... gn)
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= AL (A2Q I4); (11 @ gp41 @ ... D gn)

where Al is the m X (a + n — b) matrix satisfying Al;; = Tif and only if: = 5 < a
or (j > a and A;j_oqs = T), and A2 is the @ x b matrix satisfying A2;; = A;; for all
1<i<a,1<j<h

= AL (L@ g1 ®...® gn); (A2Q® Ins)

and by repeating this manipulation finitely many times, and using induction on the number
of layers of u2, the term can be rewritten in the form required.

7.4 Decomposition of causal links

Every morphism can be expressed as a term satisfying conditions 1, 2, 3, 4, and 5 of normal
form.

Proof
Every morphism can be expressed as a term satisfying conditions 1, 2, 3 and 4. Suppose

that
B(1); P(1);...; P(r — 1); B(r)

is such a term. We show by induction on r that this is equal to a term satisfying conditions
1, 2, 3, 4, and 5, with no more than 2r — 1 layers.

Firstly, if O, 1s the m x n dimensional matrix with all entries F and U1,U2 are any
morphisms of the category A from [k] to [m] and from [n] to [k] respectively then O, ;U1
= U2; Ogm = Onm. This follows from the fact that O, , is the sequential composition of

a morphism from [m] to [0] with a morphism from [0] to [n], and the fact that [0] is both
initial and final in A.

This result implies that if a term is in layered form and for some k all entries of By are F,
then the morphism expressed by the term is equal to a matrix all of whose entries are F.
Such a matrix is in normal form.

From now on we may assume that for each k& the matrix By, has at least one entry T. Then next
stage of the proof is the case when r = 2. By the result on the decomposition of morphisms
of B proved in an earlier section we have B(1) = By(1); B2(1), B(2) = By(2); B2(2) where

e Bj(1) has at least one entry T in each column

B,(1) has exactly one entry T in each row

Bi(2) has exactly one entry T in each column

B,(2) has at least one entry T in each row

if (B2(1))ij = (B2(1))is16 = T or (B1(2)); = (B1(2)ji+1) =T then j <k

If B5(1) and B,(2) are both square then B(1); P(1); B(2) is already in the form required. If
P(1) has dimension 1x1 then Bz(1) and B,(2) must both be square. Suppose B,(1) is not
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square. Then there are permutations Al, A2 and a morphism Bj(1) of B such that Bz(1) =
Al; (¢ ® Bs(1)); A2, where p is the 0x1 matrix. Therefore

B(1); P(1); B(2) = Bi(1); AL; (1 ® Bs(1)); A2; P(1); B(2)

= Bi(1); AL (1 ® B3(1)); (91 ® - .. ® gk); A3; B(2)

for some permutation A3 and ¢1,...,g9x € AU {I}, where P(1) has dimension k¥ x k
= Bi(1); AL (4 91) ® (Bs(1); (92 © 93 ® - .- ® 9&))); 43; B(2)

= Bi(1); AL (1 ® (Bs(1); (92 ® - .- @ gx))); A3; B(2)

since [0] is an initial object,
= Bi(1); AL; B5(1); (92 @ ... @ g&); (1 ® Ii-1); A3; B(2)
= Ci(92®...®g); D

for some morphisms C, D of B. By induction on k this is equal to a term of the form required.
If B1(2) is not square there is a similar proof.

Now suppose that » > 2 and use induction on r. Suppose we have a term
B(1); P(1);...; B(r — 1); P(r — 1); B(r)
Without loss of generality
B(1); P(1);...; P(r = 2); B(r - 1)
satisfies condition 5. In particular there is an entry T in each row of B(r — 1), and so in
each row of B(r —1); P(r —1); B(r). By the case r = 2, B(r — 1); P(r — IS; B(r; is equal to

a term B1; P; B2 satisfying conditions 1, 2, and 3, and since there is an entry T in each row
of B1, P, B2 there is an entry T in each row and each column of B1. Therefore

B(1); P(1);... P(r — 2); B1; P; B2

satisfies conditions 1 and 5, and it is straightforward to check that the substitution of
B1; P; B2 for B(r —1); P(r — 1); B(r) leaves the term still satisfying conditions 2, 3, and 4.

7.5 Ordering

Every morphism can be expressed as a term in normal form.

Proof
Given a term satisfying conditions 1, 2, 3, 4 and 5, a judicious choice of permutations to

pre- and post-multiply the matrices B; will transform it into an equal term in normal form.
Therefore every morphism can be represented by a term in normal form.
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8 Representation Theorem

We are at last ready to describe the bijection between the set of morphisms of the category
A and the set CCH. First we will give a map U from the set of terms to the set CCH, such
that any two terms which represent the same morphism have the same image under U. We
prove that U is surjective, and finally that the restriction of U to the set of terms in normal
form is injective. Since every morphism of the category A is equal to a term in normal form
this proves that there is a bijection between the set of morphisms and CCH.

8.1 Definition - underlying partial order

If u is a term of the algebra, the underlying partial order U(u) of u is the element of CCH
defined structurally as follows;

e If uis a morphism of B from [n] to [m] then U(u) is the element ((ViU{}UV3, <, £), 8,7)
for which |Vi| =n, |V3| =m, and if z,y € V thenz < yifand only ifz € V1,y € V3
and () ) =

o If t € A then U(¢) has three elements v1,v2,v3 labelled s,t,s respectively such that
vi<vjifandonlyif: <y

o U(ul;u2) is the element U(ul); U(u2)
o U(ul @ u2) is the element U(ul) ® U(u2)

By the representation of the morphisms of B, U(u) is well defined whenever u is a morphism
of B. It is straightforward to check that the left hand and right hand side of the axioms
introduced in the definition of the category A have the same underlying partial orders.
Therefore two terms which are equal in the algebra have the same underlying partial order.

8.2 Lemma - every element of CCH is an underlying partial
order

Given any element of CCH whose internal elements are labelled with the set A there is some
term u of the algebra whose underlying partial order is the element.

Proof

Use induction on the number of objects in the element of CCH which are neither minimal nor
maximal. If all the objects are either minimal or maximal then the element is U(u) for the
matrix u which has an entry T at place Sz ,7) if the minimal object labelled ¢ is comparable
with the maximal object labelled 7, and has an entry F at place (z, j) otherwise.

Suppose C is an element (ng UuV2u V3, <, 4),3,v) of CCH with V2 nonempty, and that
any element of CCH with fewer than |V2| objects which are neither maximal nor minimal
is U(u) for some term u. Pick an object & which is minimal in V2. Let D be the element

(Viu{z}h) u(V2\{z}) U V3, <,4p), Bp,")

of CCH where
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TEVIUV2UVS,

y<zifandonlyify<zory=7and z < 2,
tp(y) = L(y) if y € V2\{z},
Bp(y) = By)ify #7, Bp(z) = |[V1|+L.

D has fewer objects which are neither maximal nor minimal than C, so D = U(u) for some
term u. Let E be the n x (n + 1) matrix which has entry T at place (¢,7) if ¢ = j < n or
J=n+1y <z where y € V1 and #(y) = 1, and entry F at place (¢,7) otherwise. Then
C=U (E (I ® £(x)); u), which is the underlymg partial order of a term of the algebra, as

require

8.3 IfU(ul)=U(u2) then ul = u2

This is the second part of the Representation Theorem. The main work in proving this has
already been done, in the proof of normal form. Without loss of generality ul and u2 are
in normal form. We will show that they are the same term in normal form, by induction
on the number of layers of ul. The proof follows [DMM 89]. If ul is a morphlsm of B then
all elements of U(ul) are either maximal or minimal, and so u2 is a morphism of B, and
ul = u2 by the representation theorem for morphlsms of B.

Suppose that ul is B(1); P(1);...; P(r — 1); B(r) in layered form. Let L(1) be the set of
elements of U(ul) which are not ‘minimal but which are not greater than any non-minimal
element of U(ul). Let P(1) = g1®...® gx. It is easy to see (using the condition of maximal
parallelism) that there is a bijection between the set {7 : g; =t € A} and the set of elements
of L(1) labelled ¢, such that an element e in L(1) labelled ¢ is greater than e;, the minimal
element of U(ul) for which B(e;) =1, if and only if B(1);; = T where j is the corresponding
element of {j: g; = t}.

By the partial ordering condition, Link2(B(1); P(1),¢,7) > 0 for some j if and only if there
is some element e of U(ul) which is not in the set L(1), which is greater than e;, and there
is no element f of U(ul) with e > f > e;. Hence the set

{i : there is some j such that B(1);; =T,g9; = I}

is determined by U(ul). By the condition on independence of idles, the number of elements
of this set is equal to |[{7 : g; = I'}|. Therefore the multiset {g; : 1 < < n} is determined by

U Eulg, and hence the first part of the ordering condition ensures that P(1) is determined by
U(ul).

Now for each ¢t € A the set {{i : B(1);; = T} : g; = t} is determined by U(ul), so the second
part of the ordering condition ensures that for each j with g; € A the set {¢: B(1);; =T} is
determined by U(ul). Suppose now that g; = I. The condition on independence of idles and
the second part of the ordering condition force the set {: : B(1);; = T'} to be the singleton
whose element is the j** smallest element of

{¢ : there is some j such that B(1);; =T,g; = I}
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Hence B(1) is determined by U(ul).

Suppose that U(ul) is ((V; U V2 U V3,<,4),8,7). There is only one element C of CCH
satisfying U(B(1); P(1)); C = U(ul). This is the element C =

({f1y- s fu} UVR\L(L) UVA\L(L), <, €), B, 71)
where fi,..., f. are not in Vi U V3 U V4,
f<ee fe€Sif and only if
(e,f € VUV, f < eor f = f; for some j, B(1)i; = T,e € Vy UVi,e; < e)

BL(f;) = j for all j

The term u2 is the term B(1); P(1);u3 where U(u3)=U(B(2); P(2);...; B(r))=C, so by
induction on r, u3 is the term B(2); P(2);...; B(r) and ul, u2 are the same term, as required.

9 Summary

The algebra CCH is the algebra of morphisms of the category A. A is the symmetric strict
monoidal category generated by a non-identity object [1], and morphisms ¢ : [1] — [1]
(teA),Vv:[1]®[1] = [1], A: [1] = [1] ® [1], under the following set of axioms.

e The identity object [0] is initial and final

o A;(I®A)=A;(A®I) where I is the identity morphism on [1]

e (I®V)V=(VRI);V

o A\;V =1
o ViA=(AQA);(I®X®I);(V®V) where X : ([1]®[1]) — ([1] ®[1]) is the symmetry
isomorphism

e \;(I®¢€) =1 where e: [1] — [0]
o (IQp);V =1Iwhere p:[0] = [1]
e ;X =A
e X;V =V
o A=A (I®1);(IQA);(VQI)whenevert € A
The smallset subcategory of A which is a symmetric strict monoidal category and contains V,

A is B. The algebra of morphisms of B is the algebra of bipartite histories, and is isomorphic to
the algebra of non-negative-dimensional matrices over the boolean algebra with two elements.
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10 Applications to Petri Nets and CCS

10.1 A connection with Petri Nets

Suppose there is a Petri Net with set of places P, and set of events E, such that there are no
events whose multisets of preplaces or postplaces are empty.

Form the algebra freely generated under _; _ and ® by the set

{gen(e) : e € E} U {gen(p) : p € P} U {gen(p,q) : p,q € P (possibly p = q)}

where

gl ® g2 is always defined;

g1; g2 is defined if and only if the string maxzlabels(gl) is equal to the string minlabels(g2);
minlabels(gen( )) is some ordering of the multiset of preplaces of e;
ma.z:labels(gen ) is some ordering of the multiset of postplaces of e;
minlabels(gen(p)) = maxzlabels(gen(p)) = p;

minlabels(gen p, ) = pq,

mazxlabels(gen(p,q)) =

minlables(gl ® ¢g2) = mznlabels(gl) minlabels(g2);

mazlables(gl @ g2) = maxlabels(gl). ma.zlabels(gQ)

mzinlables(gl; g2) = minlables(gl), mazlables(gl; g2) = maxlables(g2).

There is a partial algebra homomorphism from this algebra to CCH (with E as the alphabet
A) sending gen(p) to I, gen(p,q) to X(2,2), and gen(e) to V,(¢);te; Ase), Where re) =
|multiset of preplaces of e| and s(e) = |multiset of postplaces of e|. Take the set of labelled
partial orders obtained by removing the maximal and minimal elements of the underlying
partial order of elements in the image of this homomorphism. This is exactly the set of all
partial orders of events which can be obtained by computations in the Petri Net. Moreover,
there is a bijection between the set of all partial orders of events obtained by computations
in the Petri net and the expressions

Iy Piy By oo Py Ing

where
By, A;Bs;...;P._1; B,

is an expresswn in normal form equal to an element in the image, and nl,n2 are the number
of generators in {t.: e € E} U {I} in P, P,_, respectively.

10.2 A model for CCS

In [FMM 90] the category A whose set of morphisms is CCH is given the structure of a CCS
model. The operations of CCH are defined on objects of the category, and the morphisms
represent proofs of computations from one object to another. See the reference for details.
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