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Abstract

  Coplien tells us that efficient software development pro-
cesses have common features. He says that such process 

patterns or organizational patterns are empirical facts. In 
this paper, a mathematical theory validates some classes 
of his organizational patterns. Here we use a stochastic 

petri-net model to analyze the efficiency of communication 
in software development processes.
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1. Introduction

  "Software pattern" is the generic name for principles or 

structures which are often found in software development 

processes. Now, software patterns are well organized and 
then we are able to develop software easily and efficiently 
by using patterns. There are patterns not only for artifacts, 
such as UML diagrams or source codes, but also patterns for 

processes themselves or development organizations. Such "process patterns" or "organizational patterns" are origi -

nated by James Coplien[1]. Now, there are many research 

works about process patterns and organizational patterns. 

  In the meantime, our research group develops works on 
the theme, "support distributed cooperative software devel-
opment work"[2]. Our interests contain for example shar-
ing instabilities, incremental reinforcement of consistencies 
and certainties, and improving the efficiency, in distributed 
cooperative works. A recent result is developing an auto-
matic extraction method of deliberation threads from dis-
cussions in mailing-lists. Another recent work is to con-
struct an extension framework for the CVS (concurrent ver-
sion system). The most important future work on the theme 
is to develop the "Active Coordinator" for distributed co-
operative works. The Active Coordinator is to obtain the

total efficiency of works in an organization by controlling 
the work of each role in the organization. 

  In this paper, we discuss about organizational patterns 
from a theoretical perspective, for the design of the Active 
Coordinator. Coplien says that organizational patterns are 
empirical facts. However, a mathematical theory can vali-
date some classes of organizational patterns. Here we use a 
stochastic petri-net model to analyze the efficiency of com-
munication in software development processes. After show-

ing the analysis of organizational patterns, we discuss about 
future works for the design of Active Coordinator. 

  We consider two organizational patterns, "Buffalo 
Mountain" and "Work Flows Inward"[ 1]. Target organiza-

tions of these patterns and our target, distributed cooper-
ative development organizations, have a relationship from 
the following viewpoint. An organization consists of some 
hierarchical "roles" and a significant problem for such an 
organization is to make communication among the roles as 
much efficient as possible. 

  Coplien points out the following patterns which are 
found in organizations with efficient communication: 

 • (Buffalo Mountain) Communication among higher 

   roles in the hierarchy are frequent; communication 
   among lower roles are not frequent. 

  • (Work Flows Inward) Flows of messages from lower 

   roles to higher roles (inward flows) are large; flows 
   from higher roles to lower roles (outward flows) are 

    small. 

  In this paper, communication among the roles is modeled 
by the following petri-net[3]. A place represents a role; a 
transition represents sending a message (token) from a role 
to another role. A role A may send a message to another 
role B, and also B may send a message to A, hence there 
are the two transitions between A and B. For such a petri-
net, let a place be a node and let the two transitions between 
each two places be an undirected edge. Then the petri-net 

becomes a complete graph. 
  Now, let us give a firing rate to each transition of a petri-

net. Such a petri-net is called a stochastic petri-net[4]. In



this paper, a firing rate means the number of the messages 

sending by a role to another role in a unit time. Let us as-

sume a role and a layer in a hierarchy correspond one-to-one 

and each role has the number of the layer that the role be-

longs. For an organization with n roles, the top role has the 

number 0 and the bottom role has the number n — 1. We let 

the Coplien's patterns be the following assumption on firing 

rates.

2. Patterns found in organizations 

  cient communication

with effi-

  We briefly explain about the Coplien's "Buffalo Moun-

tain" pattern and "Work Flows Inward" pattern  W.

2.1. Buffalo Mountain

• (Buffalo Mountain) The firing rate Aij from the i-th 
 layer role to the j-th layer role is inversely proportional 

 to the value i + j. This assumption is just the same as 
 Coplien says.

• (Work Flows Inward) Consider the i-th layer role and 
 the j-th layer role with i < j, that is, the i-th layer 

 is higher than the j-th layer. Decrease a certain value 
 from Ai,j (higher to lower), and add the same value to 

),i (lower to higher).

  For a stochastic petri-net, we can compute the steady 
state probability (the staying probability) for each marking. 

Because we deal with only petri-nets which are similar to 
a complete graph and we assume the number of the tokens 
is only one, a marking shows the place which currently has 

the token. Hence, the staying probability for a marking de-
notes the probability that the corresponding place has the 
token. The performance of a petri-net, that is, the efficiency 
of communication is computed as follows. First, for each 

place, compute the sum of the firing rates of the transitions 
outgoing from the place. Next, for the petri-net, compute 
the sum of the following values for the places: the product 
of the staying probability for the place and the sum of the 
firing rates for the place obtained above. The obtained value 
is the total number of the sending messages in an organiza-
tion described in the petri-net. 

  The obtained result in this paper is as follows.

• We combine the two patterns. If we decide "a certain 

 value" suitably in Work Flows Inward pattern, then 

 Buffalo Mountain pattern becomes effective. In such 

 a case, the efficiency introduced above becomes large.

We conclude that Coplien tells the truth not only empirically 

but also mathematically. 

  The paper is organized as follows. First, in section 2, we 

will briefly explain about the two organizational patterns. 

Next, in section 3, we will introduce a stochastic petri-net 

model to describe communication in a hierarchical organi-

zation. Using this model, we will analyze the organizational 

patterns in section 4. In section 5, a related work will be 
shown. Finally, in section 6, we will explain about future 

works for the application of the proposed model to improve 

the efficiency of communication in an actual organization.

  Consider a software development organization consist-
ing of hierarchical roles. We want to make communication 
in the organization as much efficient as possible. For this 

purpose, we should consider the frequency of communica-
tion between each two roles. Suppose that the organization 
consists of hierarchical n roles. Each role has the number 
of the hierarchical layer that the role belongs. The num-
ber of the top role (the highest role in the hierarchy) is 0; 
the number of a role directly under the top role is 1. The 
number of a bottom role is n — 1. Now, let us introduce 
the (x, y)-graph to show the frequency of communication: 
if the frequency of sending messages from the i-th layer 
role to the j-th layer role is high, then plot the grid point 

(x, y) = (i, j) in the graph. 
  An organization with efficient communication have the 

following patterns. Let i and j be the layer numbers of ar-
bitrary two roles in an organization with n layers.

1. (Sub-pattern 1) The 
 high, only if i + j <

frequency 

n.

of communication is

2. (Sub-pattern 2) The frequency of communication is not 
  high, if i and j are neighboring and both are near the 
  number n.

3. (Sub-pattern 3) The frequency of communication is in-
  versely proportional to the value i + j.

If communication in an organization follows the above pat-
terns, then the shape of the plotted grids in the graph is like 
"Buffalo Mountain" in Colorado . 

  We don't know the actual shape of Buffalo Mountain. 
But Coplien kindly tells the analysis of the shape of the 

graph by considering the sub-patterns, as follows.

1. (Sub-pattern 1) 
  and the y-axis.

Most of the grids are near the x-axis

2. (Sub-pattern 2) There are few grids near the line y = x.

3. (Sub-pattern 3) There are also many grids near the ori-

 gin (0, 0).

Coplien also shows the way to approach the patterns.

• By moving responsibilities from a role to another role, 

 reset the frequency of sending messages.



• Replace a role with another role that belongs to a dif-

 ferent layer of hierarchy. 

• Combine some roles into one new role.

2.2. Work Flows Inward

  Consider again an organization consisting of hierarchi-
cal roles. Another problem is the direction of flows of mes-
sages in the organization. If flows of messages from higher 
roles to lower roles (outward flows) are large, then there are 
many redundant messages in the consequence. Hence, we 
should make flows from lower roles to higher roles large. In 
this case, the shape of the plotted grids in the graph has the 
following feature. 

 • The grids are near the x-axis rather than the y-axis. 

  Note that in the original description of Coplien[1], the 
word "message" in the above explanation should be re-

placed into the word "work". However, we think that the 
above explanation does not violate the Coplien's original 
idea.

3. Modeling of communication in an organiza-

  tion by stochastic petri-net

  For a stochastic petri-net  (SPN)  N, each transition t has 
a firing rate A. A firing rate for a transition is the inverse of 
the average of firing delays for the transition; firing delays 
for a transition follow an exponential distribution. In a SPN, 
the notion of "the steady state probability for a marking" is 
defined. This is the probability that a marking is the current 
marking in the process described in a SPN. (So, we call this 

probability by "staying probability" in other words.) From 
the reachability graph of a SPN N, we can obtain the state 
transition diagram of the Markov chain for N. By this dia-

gram, we have the equations on the firing rates and the stay-
ing probabilities for N. Solving the equations for given fir-
ing rates, we have the staying probability for each marking 
of N. The above theory is called the "steady state analysis 
for SPN". See for example [4] for detail. 

  Now, recall the model of organization with hierarchical 
roles introduced in the previous section. First of all, in this 

paper, we assume the following. 

  • A role and a layer in a hierarchy correspond one-to-
     one.

We use the following SPN Nn to model communication in 
an organization with hierarchical n layers (i.e. the organi-
zation has it roles). The SPN Nn consists of the set Pn of 

places and the set Tn of transitions, where 

Pn={pi,•••,N}, 
Tn = {tij, tjiji < 2 < n, 1 < j < n, i j}.

(Note that the indices used in the previous section are from 
0 to n — 1, but we use the indices from 1 to n here after.) If 
we regard the two transitions tii and tji as one undirected 
edge for each pair of i, j, then the SPN Nn can be regarded 
as the complete graph Kn with the node set Pn . Figure 
1 shows the SPN N4, which models communication in an 
organization with hierarchical 4 roles.
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Figure 1. SPN N4

  Let us denote a marking (distribution of the tokens) in 
Nn by [ml, • • • , mn]. In this paper, we assume the follow-
ing. 

 • (The assumption for the initial marking) 
   The initial marking for SPN Nn is M1 = [1, 0, • • • , 0]. 

By this assumption, we have the set of markings 
for Nn as follows: {M1 = [1, 0, 0, • • • , 0], M2 = 
[0, 1, 0, • • • , 0], • • , Mn = [0, 0, 0, • • • ,1]. In other words, 
we have the following proposition. 

 • (The proposition for the markings) 
   Under the assumption for the initial marking, for each 

   n, every marking in Nn shows the place which has the 
   only one token. 

  Let Aij be the firing rate for a transition tii (1 < i < 
n, 1 < j < n, i j), and let 7rk be the staying probability 
for a marking Mk(1 < k < n). Consider the SPN N4 in 
Figure 1. Using the proposition for the markings, we ob-
tain the reachability graph for N4 by replacing each place 

Pk (1 < k < 4) in N4 into the corresponding marking Mk. 
Let us regard the obtained reachability graph as the state 
transition diagram of the Markov chain. Then, we have the 
following five equations on the firing rates and the staying 

probabilities. Each of the first four equations shows the fol-
lowing for each marking: for a unit time, the number of



the incoming firings and the number of the outgoing firings 

are equal. The last equation shows the sum of the staying 

probabilities of all markings equals to 1. Solving the equa-
tions, we have the value of the staying probability for each 

marking.

 (Al2 + A13 + A14)71 = A217r2 + A317r3 + A41rr4, 
(A21 + A23 + A24)rr2 = Al2rr1 + A327r3 + A42rr4, 
(A31 + A32 + A34)7r3 = A137r1 + A23rr2 + A4374, 
(A41 + A42 + A43)rr4 = A1471-1 + A2471.2 + A3473, 

  + 712 + 71-3 + 714 = 1.

  For the SPN Nn with arbitrary n, we can have the simi-

lar equations. Here we define a benchmark to estimate the 

efficiency of communication in an organization. 

 • The total number of the firings Fn: 

F'n = E 71kAki• 
                   1<k<n 1<i<k,k<i<n 

Fn shows the number of the all firings in the process 

   described in Nn. F4 for N4 is the sum of the left-hand 

   sides of the first four equations in the above. 

 • The average of firing rate An: 

      An = EnAki. 
                     1<k<n 1<i<k,k<i<n 

   For each place, we can compute the sum of the firing 
   rates of the transitions outgoing from the place. An is 

   the average of the above sum of all places. 

 • Firing efficiency En: 

                       Fn               E
n =A

n• 

   This is the benchmark of the efficiency of the firings, 
   the efficiency of communication in an organization, in 

   other words. Note that "the performance of the petri-
   net" introduced in the Introduction of this paper is Fn. 

   But we actually use En here after to estimate the per-
   formance of the petri-net Nn. 

  The following is another explanation for Fn and An. An 
is the syntactical average of the sum of the firing rates; it 
is independent of the execution of the SPN Nn. Fn is the 
semantic average of the sum of the firing rates; it is deter-
mined by executing Nn. 

  For the SPN Nn with any n, we have the following fact. 

 • Let A23 = A32 for all pairs of indices i and j. By solv-
   ing the equations on the firing rates and the staying 

   probabilities, we have 71 = 7r2 = = 7rn = i                                                                                    n' 

   Therefore, Fn = An and En = 1 hold true.

This fact tells us that the following situation is ideal (En = 
1): if a role r1 send a message to another role r2, r2 should 
send a reply message to r1 (Aij = A32). 

  Suppose that we use only Buffalo Mountain pattern. 
Then the above assumption A23 = Aii holds true for all pairs 
of indices i and j. Hence, we have "only the ideal" situa-
tion, En = 1. In the Introduction of this paper, we said that 
"if we decide a certain value suitably in Work Flows Inward 

pattern, then Buffalo Mountain pattern becomes effective". 
"Effective" means that E n > 1 holds true for some case. 
We show this in the next section.

4. Analysis of organizational patterns using 

  stochastic petri-net

  In this section, we discuss about an analysis of the SPN 

N5 with firing rates following the two organizational pat-

terns. Here we use the same notations as the previous sec-

tion. 

  About Buffalo Mountain pattern, Coplien enumerated 

the three sub-patterns. But we deal with only the last 

sub-pattern, "inversely proportional" pattern, because we 

think this pattern is the most essential among the three sub-

patterns. Here we introduce four patterns including Buffalo 
Mountain pattern.

1. Buffalo Mountain pattern, that is, the firing rate A23 
  from the i-th layer role to the j-th layer role is inversely 

  proportional to the value i + j.

2. The pattern that the firing rate A23 is inversely propor-
  tional to the value i x j. This is a pattern that higher 
  roles communicate each other more frequently and 

  lower roles do more infrequently than Buffalo Moun-
  tain pattern.

3. The pattern that all A23 's are equal for every indices i 
  and j.

4. The pattern that A23 is directly proportional to i + j.

  The below matrix A shows an example of the firing rates 
for the pattern 1 (Buffalo Mountain pattern). The value of 
the i-th row and j-th column denotes the firing rate Aij . We 
let Aij = 0 for the case i = j which is not defined in the 
SPN N5.
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  Next, we adopt Work Flows Inward pattern for the firing 
rates. Note that the following is one candidate for adoption 

of Work Flows Inward pattern. We think that there are many 

other candidates for adoption.

• Consider the i-th layer role and the j-th layer role with 
 i < j, that is, the i-th layer is higher than the j-th layer. 

 First compute the sum of Aij and aii. Then decrease 
 the 1 (parameter) times of the sum from Aij (higher to 

 lower), and add the 1 times of the sum to Aji (lower to 
 higher).

  Applying the above adoption, we have the next matrix of 

the firing rates A' for the previous A for the pattern 1.

A' =

0 
1 + 21 

  fi 
+1 

s+si

1 21 
3 3

 0 
1+21 

+1 

+71

1 

5 

10 

8+

21 

1l
2l 

l 8

1 

7

1 

9

— 21 

— -1 
—

07l 

+ 9l

1 -21 

—1 

9
09

  If the value of 1 is positive, then messages flow inward; 
if the value of 1 is negative, then messages flow outward. 
By the way, in the section 2, the (x, y)-graph is introduced 
to show the frequency of communication. The (x, y)-graph 
there and the matrix here correspond as follows: rightward 
on x-axis in the graph and downward on a column in the 
matrix correspond, and upward on y-axis in the graph and 
rightward on a row in the matrix correspond. 

  For each of the four patterns, we have the the equations 
on the firing rates and the staying probabilities for the SPN 
N5, similar to the equations for N4. Solving the equations, 
we have the firing efficiency E5 with the parameter 1. Figure 
2,3,4 and 5 show the graphs of E5(1) for the patterns 1,2,3 
and 4 respectively. 

  For the patterns 1 and 2, E5 (1) > 1 holds for some value 
of 1. For the pattern 1, the maximal value of E5(1) is 1.048 
when l = 0.138. For the pattern 2, the maximal value of 
E5(/) is 1.211 when 1 = 0.282. Therefore, the pattern 2 
is better than the pattern 1 (Buffalo Mountain pattern) from 
the viewpoint of the maximal efficiency.

  Note that also for the pattern 4, E5 (1) > 1 holds for some 
value of 1. However, in this case, the value of l is negative. 
Hence, the messages should flow outward. The pattern 4 is 
the case that the lowest role is actually the highest role. 

  Let us discuss about another estimation for the patterns 
1 and 2. Here we consider the distribution of the staying 

probabilities. By "the proposition for the markings" in the 
preceding section, every marking in the SPN N5 shows the 
place which has the only one token. Hence the staying prob-
ability for a marking is the probability that the correspond-
ing place has the token. In other words, the staying proba-
bility for a marking shows the coverage that the correspond-
ing place (role) does communication in the whole organiza-
tion. Therefore, the distribution of the staying probabilities 
shows the load balance among the roles. 

  Let irl and in5 be the staying probabilities of the mark-
ings corresponding to the highest role and the lowest role 
in the SPN N5, respectively. For the value of the parameter 
l that makes the efficiency E5 (1) maximal, the value of 7r1 
and 75 are as follows: 7rl = 0.317 and 75 = 0.129 for the 

pattern 1 and irl = 0.498 and 75 = 0.088 for the pattern 
2. The pattern 2 has the larger maximal efficiency than the 

pattern 1, but the load of the highest role is also greater than 
that of the pattern 1. The maximal value of the efficiency 
and the load of higher roles seem to be trade-off. 

  By the above argument, we can conclude that if we give 
the suitable value of "Inwardness" for Work Flows Inward 
pattern, then "inversely proportional pattern" becomes ef-
fective. If we think the load of the highest role is too high 
for the pattern 2, we can conclude that the pattern 1(Buffalo 
Mountain) is better than the pattern 2.
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5. Related Works

 The paper [5] has already discussed about an application 
of stochastic petri-net to support of software development. 
We use the theory of steady state analysis of SPN, but in [5]
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Generalized SPN (GSPN) is used for simulation of software 
development process. 

  The below is a brief explanation of simulation proposed 
in [5]. A GSPN is given for each "activity" of a software de-
velopment process. The simulator gives the firing rates and 
the value of the "workload" to the GSPN for each activity. 
A firing of a transition means an advance of the develop-
ment process. The token has some attributes such that the 
"size of the product" and the "consumed workload" . They 
increase when a transition fires. When the consumed work-
load becomes the given value of the workload, the activity 
finishes. At the time, one can know the current size of the 

product and the time to spend for the activity. The latter is 
obtained because the simulation uses the GSPN.

6. Future works: to improve the efficiency of 

  communication in an actual organization

  In this section, we discuss about future works for im-

provement of the efficiency of communication in an actual 
organization, by applying the discussion in the previous sec-
tion.

6.1. About the modeling of an organization by petri-

 net

  In this paper, we assume that there is only one role in a 
hierarchical layer and we use the SPN Nn with very simple 
form. However, in an actual organization, there can be more 
than two roles in a hierarchical layer. Moreover, for sending 
a message, synchronizations of receiving some messages 
may be required. The SPN Nn cannot be used for such a 
case. 
  We also have "the assumption for the initial marking", 
i.e. we assumed that a petri-net has only one token. This 
assumption means that the number of the talking subjects 
in an organization is always only one and the number of 
the persons who have the right to send a message is also 
only one. However, actually, subjects arise and disappear 
dynamically and people discuss in parallel. There may be a 
case that when a role asks to another role, a third role gives 
an answer. 

  The following problem arises when we model commu-
nication for such an actual cases. For an arbitrary petri-net, 
"the proposition for the markings" does not hold true. Even 
for the case that we use the SPN Nn the proposition does 
not hold if we do not have the assumption for the initial 
marking. Our first work to do is to conquer such cases.

6.2. About the way to approach the patterns

  Next, we discuss about problems when we use the SPN 

Nn for the modeling of communication. We can know the 

current firing rates by checking the mail server of an organi-

zation. By solving the equations on the firing rates and the 

staying probabilities, we have the efficiency of communica-

tion En and the distribution of the staying probabilities, as 

shown in the previous section. To make the efficiency En 

more larger, we should do as follows. 

 1. First, by changing the values of some firing rates, make



the distribution of the firing rates as an "inversely pro-

portional" pattern, at least a "monotonically decreas-
ing" pattern. However, there are many candidates for 

the following.

• Ways to make the distribution of the firing rates 

 monotonically decreasing. 

• Constraints on the distribution. Because we 

 should not change the current distribution dras-

 tically, we need some constraints.

The average of firing rate  An is not changed when we 
apply the way in the previous section to change the in-
wardness (parameter 1). We think that preserving the 
value of An is a candidate for a constraint on the distri-
bution. Under this constraint, we introduce a candidate 
for the way to make the distribution monotonically de-
creasing. Suppose that there is a row (10, 9, 8, 11,.. •) 
in the matrix of the current firing rates such as A in 
the preceding section. The distribution in the row is 
not monotonically decreasing. So, decrease the value 
3 from the firing rate 11 and add 1 for each of the suc-
ceeding rates, that is, 10, 9 and 8. We have the new 
distribution (11, 10, 9, 8,...) and this is monotonically 
decreasing. Applying this procedure for each row and 
for each column of the matrix, we have the new matrix 
of the firing rates. The above is only one candidate for 
making the distribution monotonically decreasing. To 
develop a good method is a future work.

2. Next, introduce the parameter l of the inwardness of 

  the flow. Then, compute the value of 1 to make the 

  efficiency En maximal.

  It is more difficult to improve the distribution of the stay-
ing probabilities, in other words, the load balance among 

the roles. Suppose that one decides an ideal distribution of 

the staying probabilities after computing the current distri-
bution. The problem here is to obtain the new matrix of the 

firing rates which satisfies the equations on the firing rates 

and the given staying probabilities. Also in this case, we 

should introduce some constraints on the distribution of the 

firing rates, because we should not change the current distri-

bution drastically. To give a solution for the above problem 

is also a future work. 

  The above discussion is to approach the patterns "math-

ematically". In the section 2, we introduced the way to ap-

proach the patterns that Coplien proposes. For example, 
consider the way that "by moving responsibilities from a 

role to another role, reset the frequencies of sending mes-

sages". The new problem is to obtain the way to suitably 

move responsibilities to get the desirable firing rates. We 

must solve this problem when we implement the Active Co-

ordinator explained in the Introduction of this paper.

6.3 . About the mathematical processing

  By the way, to solve the equations appearing in this pa-

per, we use Mathematica[6] (Ver3.0) on a personal work 
station (Sun Blade 150, Ultra SPARC IIi 550MHz, Mem-
ory 512MB, Solaris 9). To solve equations with parame-
ters requires great cost. In spite of this problem, we do not 
use any device to solve equations efficiently. In the con-
sequence, the number of the hierarchical layers is limited 
to 5. In [1], Coplien presents an example of a hierarchical 
organization with 16 layers for Buffalo Mountain pattern. 
Devices for computation is necessary to solve equations for 
such a large organization in practical time. Another way to 
conquer the situation is to implement a specific tool for us.
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