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ABSTRACT 

A computational theory for the design of organizational 
architectures is presented in which interacting Decision 
Making Units process information and make decisions. 
An algorithm is used to derive all the possible structures 
that meet some structural and user constraints. The re-
sults are structured as lattices with feasible organiza-
tions partially ordered with the least connected at the 
bottom and the maximally connected at the top. The the-
ory is extended to address cultural dimensions and their 
effect on organization design and to the design of adap-
tive architectures.  

INTRODUCTION 

   One of the key impacts of the pervasive presence of 
Information Technology is the enablement and pro-
liferation of distributed intelligence systems. These 
are defined as those systems in which the capacity for 
reasoning is dispersed across its component 
subsystems. Minsky (1986) defined distributed pro-
cesses as those in which each function is spread out over 
a range of locations, so that each part's activity contrib-
utes a little to each of several different functions. A 
common dictionary defines intelligence as the capacity 
for reasoning, understanding, or for similar forms of 
mental activity - clearly, human characteristics. These 
distributed intelligence systems carry out a number of 
functions, sometimes in sequence and sometimes con-
currently. This is done for a variety of reasons: The 
processing capacity of individual components may be 
limited; their memory may be limited; the time avail-
able to perform a function may be severely con-
strained, leading to the need for parallel processing; 
or stringent requirements for fault tolerance or sur-
vivability of the function, say to cyber exploits, may 
be in place. The allocation of several decomposed 
functions to different nodes (also known as task allo-
cation) must be done in such a manner that the result-
ing architectures do not violate a number of structural 
and cognitive constraints in addition to meeting func-
tional and non-functional performance requirements. 

   Human organizations supported by IT are by definition 
distributed intelligence systems; modern organizations 
are distributed and are connected through networks. If 
the organizational architecture is described by a graph, 
then the nodes of the graph can be humans, or humans 
supported by an IT system, or computers processing 
information and making decisions autonomously (e.g., 
think of artificial intelligence). These nodes are referred 
to as Information Processing and Decision Making Units 
or DMUs for short.     

   A key objective in designing systems is to relate 
structure to behavior. This requires the development of 
a model for the DMU and then use it to develop 
algorithms for obtaining possible designs that meet a 
wide variety of constraints.  Furthermore, to analyze 
behavior and evaluate performance, an executable 
model of the design is needed, i.e., a formal 
mathematical model with characteristics that are 
traceable to the static architecture designs. Fortu-
nately, a wealth of theoretical results on discrete event 
dynamical systems, in general, and Colored Petri Nets, 
in particular, can be used for the executable model. 
This approach is presented in the second and third 
section of this paper. 

   The growth of multi-national organizations and 
globalization, in general, has given rise to a different 
problem. DMUs located in different countries may 
have differences in equipment, differences in organi-
zational structures, differences in constraints under 
which they can operate, and, last but not least, differ-
ences in culture. The differences in equipment and in 
operational constraints can be handled easily in the 
fixed structure design modeling framework. One of the 
real challenges is how to incorporate cultural differ-
ences in these models of organizations. This requires 
the introduction of attributes that characterize cultural 
differences to investigate whether they result in 
significant changes in structure. Specifically, the 
attributes or dimensions defined by Hofstede (2001) 
are used in the design in the form of constraints on the 
allowable interactions within the organization. This 
will be explored in the fourth section. 

   A design example that uses CAESAR III, a software 
application for the design of organizational architectures, 
is presented in the fifth section. 
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    When the tasks that the organization needs to execute 
are characterized by strong time constraints and 
uncertainty, especially in the availability of all nodes, it 
follows that no single organizational structure is optimal 
for all situations and the DMUs that constitute the or-
ganization need to be adaptive to meet changing situa-
tions. Time constraints in such situations are such that 
indirect coordination is required between DMUs to 
identify the need for change, select a new feasible 
configuration, and implement it in a distributed manner 
while continuing to execute the organization’s task. The 
design of adaptive architectures is explored in the sixth 
section. 

    The domains of application of such organizational de-
sign are very broad. Examples include Air Traffic Con-
trol especially with the ongoing effort to abandon air 
corridors and use the whole airspace with airplanes hav-
ing access to data for the space around them; satellite 
constellations with their worldwide ground stations and 
monitoring and control centers; and emergency re-
sponse organizations consisting of police departments, 
fire departments, the Coast Guard, and emergency 
health services operating as a coalition for disaster relief 
and humanitarian assistance. A simple air interdiction 
example is presented in section seven. 

THE DECISION MAKING UNIT MODEL 

   The five-stage interacting decision making unit 
(DMU) model (Levis, 1992) had its roots in the two-
stage Stimulus-Response model of March and Simon 
(1958); it was expanded to allow interactions among 
DMUs. As shown in Fig. 1, the DMU receives inputs 
from the external environment or from another DMUs. 
The Situation Assessment (SA) stage represents the pro-
cessing of the incoming information to obtain the as-
sessed situation that may be shared with other DMUs. 
The DMU can also receive situation assessments from 
other DMUs within the organization; these inputs are 
then fused together in the Information Fusion (IF) stage 
to produce the fused situation assessment. The fused in-
formation is then processed at the Task Processing (TP) 
stage to produce a signal that contains the information 
necessary to select a response. Direction or commands 
from superiors may also be received by the DMU de-
pending on its role in the organization. In the Command 
Interpretation (CI) stage internal and external guidance 
is combined to produce the input to the Response 
Selection (RS) stage. The RS stage then produces the 
output to the environment and/or to other DMUs.  

   The key feature of the model is the explicit depiction 
of the interactions with other organization members and 
the environment. These interactions follow a set of rules 
designed to avoid deadlock in the information flow. A 
decision maker can receive inputs from the external en-
vironment only at the SA stage. However, this input x 
can also be another decision maker's output. A decision 
maker can share his assessed input with another organi-
zation member. This is depicted as the z” input to the IF 

stage when the decision maker is receiving a second in-
put.  This input must be generated from another decision 
maker and can be the output of the SA or RS stage. In 
the CI stage, the decision maker can receive command 
information as the input v’. This is also externally gen-
erated and must originate from another decision maker's 
RS stage. 

   The interactions between two DMUs are limited by the 
constraints enumerated above: the output from the SA 
stage, z, can only be an internal input to another decision 
maker's IF stage as z0, and an internal output from the RS 
stage, y, can only be input to another decision maker's 
SA stage as x, IF stage as z”, or CI stage as v’. 

Figure 1: The interacting Decision Making Unit 

   In the Petri net representation of the DMU model, Fig. 
2, the transitions stand for the algorithms and the directed 
arcs for the precedence relations between these 
algorithms. A token in a place means simply that an item 
of information or a resource is available to the output 
transition(s) of that place. If the tokens carry specific 
information, then a Colored Petri net representation is 
used.  

Figure 2: Petri Net model of the interacting DMU 

   As shown in Fig. 2 a DMU can only receive inputs at 
the SA, IF and CI stages, and produce outputs at the SA 
and RS stages. These conditions lead to the set of ad-
missible interactions between two DMUs shown in Fig. 
3. For clarity, only the connectors from DMUi to DMUj

are shown; the interactions from DMUj to DMUi are
identical.

   The mathematical representation of the interactions 
between DMUs is based on the connector labels ei, si, Fij, 
Gij, Hij and Cij of Fig. 3; they are integer variables taking 
values in {0, 1} where 1 indicates that the corresponding 
directed link is actually present in the architecture, while 
0 reflects the absence of the link. These variables can be 
aggregated into two vectors e and s of dimension n, and 
four n x n matrices F, G, H and C to represent the 
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interaction structure of an organization consisting of n 
DMUs.  The six-tuple {e, s, F, G, H, C} is called a well-
defined net (WDN) of dimension n. A WDN can be 
represented in two different ways: (a) the six-tuple 
representation; and (b) the Petri net representation, given 
either by the graph or the incidence matrix of the net, 
with the associated labeling of the transitions. These two 
representations of a WDN are completely equivalent. 

Figure 3: Admissible interactions from DMUi to 
DMUj 

   While WDNs constitute the framework within which 
information structures will be designed, each WDN is not 
necessarily a valid organizational structure. Since there 
are four possible links between any two different DMUs, 
the maximum number of interconnecting links that an n-
decision-maker organization can have is kmax = 4n2-2n. 
Consequently, if no other considerations were taken into 
account, there could be 2kmax alternative organizational 
forms. This is a very large number: 290 for a five-person 
organization. Additional constraints to restrict the set of 
WDNs to useful information structures are needed. There 
are some WDNs corresponding to combinations of 
interactions between components that do not have a 
physical interpretation; e.g., DMUs can exchange 
information - Fij and Fji can coexist - but commands are 
unilateral- either Cij or Cji or none, but not both. Those 
WDNs should be eliminated, if realistic organizational 
forms are to be generated. A set of four structural 
constraints that define what kinds of combinations of 
interactions need to be ruled out has been formulated that 
applies to all organizational structures being considered. 

R1   A directed path should exist from the source node 
to every node of the structure and from every 
node to the sink node. 

R2  The structure should have no loops; i.e., the 
organizational structures should be acyclical. 

R3  There can be at most one link from the RS stage of 
a DMU to each one of the other DMUs; i.e., for 
each i and j, only one element of the triplet {Gij, Hij, 
Cij} can be nonzero. 

R4  Information fusion can take place only at the IF and 
CI stages. Consequently, the SA and RS stages of 
each DMU can have only one input. 

   Constraint R1 eliminates structures that do not rep-
resent a single integrated organization and ensures that 
the flow of information is continuous within an 
organization. Constraint R2 restricts the organization’s 
structures to acyclical ones. Constraint R3 states that 
the output of the RS stage of one DMU can be 
transmitted to another DMU only once: it does not 
make much sense to send the same information to the 
same DMU at several different stages. The rationale 
behind Constraint R4 is that information should not be 
merged at the SA stage; the IF stage has been spe-
cifically introduced to perform such fusion. 

   To introduce user-defined constraints that reflect the 
specific application domain the designer is considering, 
appropriate 0s and ls can be placed in the arrays {e, s, 
F, G, H, C} defining a WDN. The other elements will 
remain unspecified and will constitute the degrees of 
freedom of the design. The set of user-defined 
constraints is denoted Ru, while the complete set of 
constraints will be denoted R. 

THE LATTICE ALGORITHM 

   A feasible structure is a WDN that satisfies both the 
structural and the user-defined constraints. The design 
problem is to determine the set of all feasible structures 
corresponding to a specific set of constraints R. Note 
that this approach is not concerned with the optimal 
organizational structure, but with the design of a whole 
family of feasible structures. By assigning attribute 
values to the tokens of the Petri net and by specifying 
the contents of the algorithms embedded in the 
transitions, we can address the performance problem on 
the basis of which optimal designs can be obtained. At 
this stage, we are only concerned with the structure and 
information flows, i.e., the development of the set of 
feasible organizational forms. This set will become the 
admissible set in an optimization problem that will 
consider performance measures. 

   The notion of subnet defines an order (denoted <) on 
the set of all WDNs of dimension n. The concepts of 
maximal and minimal elements can therefore be 
defined. A maximal element of the set of all feasible 
structures is called a maximally connected organization 
(MAXO). Similarly, a minimal element is called a 
minimally connected organization (MINO). Maximally 
and minimally connected organizations can be 
interpreted as follows. A MAXO is a WDN such that it 
is not possible to add a single link without violating the 
set of constraints R. Similarly, a MINO is a WDN such 
that it is not possible to remove a single link without 
violating the set of constraints R. The following 
proposition is a direct consequence of the definition of 
maximal and minimal elements: For any given feasible 
structure P, there is at least one MINO Pmin and one 
MAXO Pmax such that Pmin < P < Pmax. Note that the net 
P need not be a feasible one. There is indeed no 
guarantee that a well-defined net located between a 
MAXO and a MINO will fulfill the constraints R, since 



 
 

such a net need not be connected. To address this 
problem, the concept of a simple path is used. 
 
   Let P be a WDN that satisfies constraint R1 and whose 
source and sink nodes have been merged together into a 
single external place. A simple path P is a directed 
elementary circuit which includes the (merged) source 
and sink places.. The simple paths of a given WDN are 
themselves well-defined nets. The following proposition 
characterizes the set of all feasible organizational 
structures: P is a feasible structure if and only if P is a 
union of simple paths, i.e., P is bounded by at least one 
MINO and one MAXO. Note that, in this approach, the 
incremental unit leading from a WDN to its immediate 
superordinate is a simple path and not an individual link. 
In generating organizational structures with simple 
paths, the connectivity constraint R1 is automatically 
satisfied. 
 
  The algorithm developed by Remy (1988) generates, 
once the set of constraints R is specified, the MINOs and 
the MAXOs that characterize the set of all organizational 
structures that satisfy the designer's requirements. The 
next step of the analysis consists of putting the MINOs 
and the MAXOs in their actual context to give them a 
physical instantiation. If the organization designer is 
interested in a particular (MINO, MAXO) pair because 
it contains interactions that are deemed desirable for the 
specific application, he can further investigate the 
intermediate nets by considering the chain of nets that is 
obtained by adding simple paths to the MINO until the 
MAXO is reached. 
 
   This design methodology has been implemented in an 
application called CAESAR III developed in the System 
Architectures Lab at GMU. (Levis 2016)  The design 
interface is shown in Fig. 4. Decision making units 
(DMUs) are created by the user in the workspace on the 
right and the type of interconnection between two 
DMUs is selected from the palette on the left. Below the 
workspace the matrix representation of the design is 
generated automatically (not shown in Fig. 4). CAESAR 
III incorporates the Lattice algorithm and generates the 
Hasse and lattice diagrams (Fig. 5) as well as the Petri 
net representation of the information flow paths and the 
various MAXOs and MINOs. It also generates an 
exportable file that can be read by CPN Tools, a Colored 
Petri Net application (CPN Tools, 2018).  Therefore, 
having developed a set of organizational structures that 
meets the set of logical constraints R and is, by 
construction, free of structural problems, the 
performance evaluation problem can be addressed 
through simulations and application of tools such as 
state space analysis.  
 
INCORPORATING CULTURAL DIMENSIONS 

   Up to this point, the attributes that characterized the 
decision making units – information structures and the 
algorithms that processed the data – did not include cul-
tural differences. In some cases such as multi-national 

enterprises or coalition operations subjective parameters 
must be included in the interacting DMU model that can 
represent national differences that have an effect on 
organizational performance.  
 

   Hofstede (2001) distinguishes dimensions of culture 
that can be used as an instrument to make comparisons 
between cultures and to cluster cultures according to be-
havioral characteristics. Culture is not a characteristic of 
individuals; it encompasses a number of people who have 
been conditioned by the same education and life 
experience. Culture, whether it is based on nationality or 
group membership such as the military, is what the in-
dividual members of a group have in common (Mooij, 
1998). To compare cultures, Hofstede originally differ-
entiated them according to four dimensions: uncertainty 
avoidance (UAI), power distance (PDI), masculinity- 
femininity (MAS), and individualism-collectivism (IND). 
The dimensions were measured on an index scale from 0 
to 100. 

 

 
 

Figure 4: The CAESAR III design interface 

 
 
Figure 5: Lattice of feasible organizational structures 
 
   The Power Distance dimension can be defined as "the 
extent to which less powerful members of a society ac-
cept and expect that power is distributed unequally" 
(Hofstede. 1991). An organization with a high power 
distance value will likely have many levels in its hierar-
chy and convey decisions from the top of the command 
structure to personnel lower in the command structure; 



centralized decision making. Organizations with low 
power distance values  are  likely to  have  decentralized  
decision   making characterized by a flatter organiza-
tional structure; personnel at all levels can make deci-
sions when unexpected events occur with no time for 
additional input from above.   

   Uncertainty Avoidance can be defined as "the extent to 
which people feel threatened by uncertainty and ambigu-
ity and try to avoid these situations" (Hofstede, 1991). An 
organization which scores high on un- certainty avoid-
ance will have standardized and formal procedures; 
clearly defined rules are preferred to unstructured situa-
tions. In organizations with low scores on uncertainty 
avoidance, procedures will be less formal and plans will 
be continually reassessed for needed modifications. 
Klein et al. (2000) hypothesized that during complex op-
erations, it may not be possible to specify all possible 
contingencies in advance and to take into account all 
complicating factors.  

   The basic hypothesis in incorporating cultural differ-
ences is that these dimensions may affect the intercon-
nections between DMUs working together in an organi-
zation. Messages exchanged between DMUs can be 
classified according to three different message types: in-
formation, control, and command ones. Information 
messages include inputs, outputs, and data; control mes-
sages are the enabling signals for the initiation of a sub-
task; and command messages affect the choice of sub-
task or of response. The messages exchanged between 
DMUs can be classified according to these different 
types and each message type can be associated with a 
subjective parameter. For example, uncertainty avoid-
ance can be associated with control signals that are used 
to initiate subtasks according to a standard operating 
procedure. A decision maker with high uncertainty 
avoidance is likely to follow the procedure regardless of 
circumstances, while a decision maker with low uncer-
tainty avoidance may be more innovative. Power dis-
tance can be associated with command signals. A com-
mand center with a high power distance value will re-
spond promptly to a command signal, while in a com-
mand center with a low power distance value this signal 
may not always be acted. The tradeoff between time and 
accuracy can be used to study the effect of both power 
distance and uncertainty avoidance. 

Using Cultural Constraints. 

   Cultural constraints help a designer determine classes 
of similar feasible organizations by setting specific con-
ditions that limit the number of various types of interac-
tions between decision makers. Cultural constraints are 
represented as interactional constraint statements. An 
approach for determining the values of these constraints 
has been developed by Olmez (2006). The constraints 
are obtained using a linear regression on the four dimen-
sions to determine the change in the range of the number 
of each type of interaction that is allowed. 

dY = c + α(PDI) + β(UAI) + γ(MAS) + δ (IND) 

where Y is the number of type F or G or H or C inter-
connections. 

   This led to the C-Lattice algorithm that is an extension 
of the Lattice algorithm; it allows cultural constraints to 
be imposed as additional structural constraints on the so-
lution space. For a cultural constraint example such as 
{#F ≤ 2, #G = 0, 1 ≤ #H ≤ 3, #C = 3} the additional 
constraints take the form:   

• R5: The number of F type interactions must be between 0
and 2 

• R6: The number of G type interactions must equal 0
• R7: The number of H type interactions must lie between 1

and 3 
• R8: The number of C type interactions must equal 3

   The flowchart in Fig. 6 explains the generation of the 
culturally constrained solution. MAXOs and MINOs are 
generated using the Lattice algorithm described in the 
previous section. The “Build Lattices” step checks if a 
MINO is contained within a MAXO. If it is, then the 
MINO is connected to that MAXO and forms part of a 
lattice. For each lattice, the MINO is checked to see if it 
violates the cultural constraints. For example, if the 
number of F type interactions in the MINO is 2 and cul-
tural constraint allows only one, then the MINO does not 
satisfy the cultural attributes and since the MINO is the 
minimally connected structure, no other structure in that 
lattice will satisfy the constraints. Hence the lattice can 
be discarded. If the MINO does pass the boundary test, 
then simple paths are added to it to satisfy the cultural 
constraints R5 to R8. The corresponding minimally 
connected organization(s) is now called the CMINO(s) 
(culturally bound MINO). Similarly, by subtracting sim-
ple paths from the MAXO, C-MAXO(s) can be reached. 
The step “Build C-Lattices” connects the C-MINOs to the 
C-MAXOs. The advantage of using this approach is that
the designer does not have to know the cultural attributes
at the start of the analysis. They can be added at a later
stage; this makes it possible to study the same
organization structure using different cultural entities and
select the allocation of tasks so as to maximize per-
formance.

COALITION MODELING USING CAESAR III 

   The described approach for computational design of 
organizations that incorporates cultural differences is il-
lustrated using a hypothetical example in which an 
emergency situation in an island nation requires rapid 
humanitarian assistance and disaster relief as well as se-
curing a high value asset. The alternative architecture 
designs and the associated simulations to evaluate per-
formance were carried out using CAESAR III. The sce-
nario depicts a situation in which anarchy has risen on 
an island due to a recent earthquake that caused substan-
tial damage. The infrastructure and many of the govern-
ment buildings are destroyed in the island’s capital. 



 
 

Country A maintains a satellite ground station on that 
island that receives data from space assets. It is con-
cerned about the rising tensions, as there has been some 
opposition to its presence on the island. As a result, 
Country A decides to send an Naval Group (NG) that is 
sailing in the vicinity of the island to: (1) provide timely 
Humanitarian Aid/ Disaster Relief (HA/DR); and (2) to 
assist the island’s government in maintaining peace 
(e.g., avoid looting) and counteract the effects of any 
possible actions by insurgents which may impede the or-
derly operation of the HA/DR mission and threaten the 
security of the ground station.  

 
 

 
 
Figure 6: Flowchart for culturally constrained solution 
 
   As the NG is away for the first critical day of the op-
eration, neighboring countries B and C offer help to sup-
port the mission and agree to take part in a Coalition 
Task Force that would be commanded remotely by the 
NG commander. It is assumed that both countries B and 
C can provide different first responder elements which 
can be deployed in a matter of hours. It is decided that 
an organization of five DMUs will manage this opera-
tion. Each DMU has its sub-organizations and staff to 
perform the tasks allocated to it. The five DMUs are: (1) 
CC: Commander and the Command staff; (2) MC-Mar-
itime Unit Commander and the subordinate elements; 
(3) AC-Air Element with its Commander and sub-or-
ganizations; (4) GC-Ground Element with its Com-
mander and sub-organizations; and (5) SSE- Service 
Support Element with its Commander and sub-organi-
zations. It is assumed that country B can provide support 
as AC, GC and SSE while country C can only provide 
support as GC and CSS. The roles of CC and MC remain 
with Country A. The three countries are able to provide 

rapid assistance in coordination with each other and the 
design question becomes the allocation of different tasks 
to the three partners in this ad-hoc coalition.  
 

   This is a multi-level design problem in which interac-
tions between different decision making units need to be 
determined both at the higher level (Level-1) as well as 
at the lower level (Level-2). The top level interactions 
correspond to interactions between culturally homoge-
nous subunits, while the bottom level design problem 
consists of designing the internal structure of these ho-
mogenous subunits based on a defined set of interactional 
constraints and culture. Based on the structure of the NG, 
one can impose user constraints to design the Level-1 
organization. Figure 7 shows the block diagram of this 
organization as designed in CAESAR III: 
 

 
 

Figure 7: Level-1 organizational block diagram. 
 
Figure 8 shows the result of running the lattice algorithm 
on Level-1 organization. The solution space contains one 
MINO, Fig. 9, and one MAXO, Fig. 10. The designer can 
pick a structure from this space and use it to design the 
sub-organizations at Level-2. 
 

 

Figure 8: Solution space for Level-1 organization de-
sign as seen in CAESAR III 

 

 

Figure 9: MINO of Level-1 design 
   
   Level-1 design is free of cultural constraints. However 
Level-2 design uses the C-Lattice algorithm to include 



 
 

cultural attributes to form the various coalition options. 
Figs. 11, 12 and 13 show the respective block diagrams 
for the sub-organizations of AC, GC and SSE as de-
signed by CAESAR III. Since Country A always per-
forms the roles of CC and MC, these sub-organizations 
are not decomposed further. 

 

 

Figure 10: MAXO of Level-1 design 
 

 

Figure 11: Block diagram for AC 
 

 

Figure 12: Block diagram for GC 
 

 
 

Figure 13: Block diagram for CSSE 
 

Table 1 gives the Hofstede’s scores for the four attributes, 
Power Distance (PDI), Individualism-Collectivism 
(IND), Masculinity-Femininity (MAS), and Uncertainty 
Avoidance (UAI) for Countries A, B and C. Using a 
multiple linear regression model, these scores are con-
verted into limits to be placed on allowable interactions 

based on culture. These are imposed as additional struc-
tural constraints on the solution space of the sub-organ-
izations. The cultural constraints for the three sub-or-
ganizations are shown in Tables 1, parts (a) to (c). Max-
imum indicates the limit placed on the number of inter-
actions by user constraints. 
 

Table 1: Hofstede’s dimension values for the three 
countries and resulting Cultural Constraints 

 

 
 

 
(a) For AC 

 
(b) For GC 

 
(c ) For SSE 

 
   Using the C-Lattice algorithm, the solution space for 
each sub-organization is computed for each culture and a 
suitable structure is selected by the user. These structures 
are then used to form the different coalition options and 
analyze the performance. In view of the limited space, the 
complete solution spaces are not shown here. Figures 14-
16 show the structures selected by the user for each 
country for GC. A similar approach can be used to select 
different structures to be used for AC and SSE.  

 

Figure 14: GC structure selected for Country A 
 

 

Figure 15: GC structure selected for Country B 



 
 

 

 
 

Figure 16: GC structure selected for Country C 
 
   For the given scenario, based on the availability of 
support from Countries B and C, eight coalition options 
are possible, excluding the homogeneous option of all 
Country A DMUs. The five sub-organizations are 
combined together using the Level-1 MINO. The Petri 
Nets of the eight options developed by CAESAR were 
exported to CPN Tools where they were simulated to 
study performance in terms of tasks served. The 
following assumptions were made. Each process 
(transition) needs 50 units of processing time. Each ad-
ditional incoming link increases this time by 50 units. 
The reasoning is that the additional input(s) will require 
more processing. Hence, structures that have more in-
teractions will take more time to process the tasks, 
which will affect the overall performance. Figure 17 
shows the results of this analysis for all combinations. 
The x-axis shows the percentage of tasks not served. 
Based on these results, the allocation by country A-A-
A-C-B performs best. Most options with Country C as-
signed the SSE role perform badly. This is because 
country C needs a high number of command relation-
ships and the structure of SSE allows for this to occur, 
thereby increasing the processing delay. User con-
straints on GC allow for very similar cultural constraints 
for all countries and hence changing the ordering in this 
role does not change the performance very much. Simi-
lar results were obtained when the coalition options 
were simulated using a Level-1 MAXO organization. 
 

 
 

Figure 17: Percent of tasks not served by different task 
allocations (CC, MC, AC, GC, SSE) to coalition mem-

bers 

 
   This simple example illustrates that cultural differences 
have a strong impact on the performance of a mul-
tinational organization and that taking these differences 
in consideration when task allocation is carried out can 
lead to significant improvements in performance. 
 
ADAPTIVE ARCHITECTURES 

   Adaptation in organizations is a subject that has been 
explored extensively and from a variety of viewpoints. 
The formulation of the adaptive organization problem 
follows the argument for variable structure organizations 
in which three types of variable structure organizations 
were defined: (1) those that adapt the structure of 
interactions among the DMUs to the inputs or tasks the 
organization receives from the environment; (2) those 
that adapt to changes in the environment, and (3) those 
that adapt because of changes in the availability of 
internal resources - increase or decrease in the number of 
DMUs (expanding or contracting), or in the resources of 
the supporting information system. 

   One approach to the problem is to design alternative 
organization structure and switch from one structure to 
another (re-organize) to meet the requirements of the 
changing situation. This can be referred to as the quasi-
static solution. However, most organizations cannot 
cease their activities to switch from one structure to an-
other. Switching has to occur smoothly without interfer-
ing with current operations, i.e., the adaptation has to be 
dynamic. To accomplish this, adaptation has to be in-
cremental - a sequence of small changes that transition 
the organization from one structure (the current one) to 
the desired or target structure, while maintaining the 
requisite functionality. (Perdu 1997) This incremental 
adaptation can be visualized as a morphing process. 
Morphing is a visual effect technique which builds the 
necessary sequence of frames (in-between images) to 
make the transition from one source image to a different 
target image. In this sequence, frames have features that 
differ more and more from the source image and become 
closer and closer to the target image. Morphing 
organizations are adaptive organizations that enable 
smooth and progressive switching from one structure to 
another. Because of the distribution of processes (func-
tions) across DMUs for the accomplishment of the or-
ganizational task, coordination between DMUs is essen-
tial for successful incremental adaptation or morphing. 
Coordination between DMUs is required to identify the 
need for change, to select the new configuration, and to 
implement it. This takes the form of coordination rules 
allocated to DMUs that specify how to implement 
switching from one configuration to another in a distrib-
uted environment. These rules are defined for each DMU 
and specify under what conditions to perform some 
functions and where to send the function output. The 
derivation of these coordination rules is a critical part of 
the design of adaptive structures. 

   A restricted class of organizations is considered. It is 
assumed first that the DMUs operate as a team. A team 



 
 

is defined as an organization in which the nodes have a      
common goal and have activities that must be coordi-
nated so as to achieve a higher effectiveness.  In the case 
of humans as nodes, it is further assumed that they have 
the same interests and same beliefs, are well trained for 
the tasks that they have to perform, and that they do not 
learn during the execution of a particular task. 

Adaptive Teams and Tasks 

   The tasks the DMUs are to perform are determined by 
carrying out a functional decomposition based on the 
operational concept. This decomposition process can 
then be applied further to sub-functions until each sub-
function corresponds to an elementary task that can be 
allocated to a single DMU. The interactions among 
functions are determined by deriving a process model 
that specifies the data exchanged among sub-functions. 
The process model, by itself, is not sufficient to define 
the organizational architecture. In addition to the inter-
relationships among functions, there needs to be a defi-
nition of the data elements and data structures that are 
used in the information exchanges among functions or 
tasks, as well as a set of rules, a rule base, that defines 
the conditions under which tasks are executed.  
 
   Adaptive teams are teams that have the ability to adapt 
to task demands. Organizational adaptation requires a 
modification of the allocation of responsibilities and re-
sources to the DMUs that constitute the team. It may 
also involve the inclusion of additional team members 
or the exclusion (down-sizing) of some. The focus of 
this model is on this dynamic organizational adaptation 
that involves a redistribution of responsibilities to team 
members to satisfy the task demands. This redistribution 
has to occur in real-time and initiated by the team 
members themselves. 

 
   To specify the different types of operations, it is easier 
to specify for each function an order of allocation to 
different DMUs. This order/priority assignment can be 
the result of an analysis of foreseen cognitive load on 
the DMU or be dependent on his ability and/or training 
to perform the function. This information can be de-
picted in the form of a responsibility definition matrix. 
The rows of the matrix represent the individual DMUs, 
while the columns depict the various functions/tasks 
that must be carried out as defined by the functional ar-
chitecture. The entries in the matrix indicate which 
functions/tasks can be carried out by which DMUs and 
can be encoded to indicate the priority scheme under 
which he can execute different tasks. In adaptive teams, 
the set of possible configurations is limited and strongly 
constrained by the expertise or capabilities of each team 
member. Not all members can perform all tasks; on the 
contrary, a degree of specialization is assumed as well 
as a functional “chain of command” consistent with the 
specialization. It is precisely this information that is 
encoded in the responsibility definition matrix. 
 

     Individual skills and knowledge are not sufficient for 

successful team performance; the processes performed 
by the different DMUs are interdependent. Each 
individual contribution needs to be coordinated to 
produce the final team and communication is central to 
team activity. This results into two design constraints: (1) 
Activities must be synchronized during the execution of 
the process, and (2) Information processed by the 
different DMUs must be consistent. 
   
   A mode of operations is defined as the allocation of 
functions to the DMUs. If n functions need to be per-
formed and if the k-th function is allocated to ik DMUs 
in the responsibility definition matrix, there are i1 x i2 x 
... x in different possible modes of operations. The order 
of back-up implementation for each function introduces 
a partial ordering in these modes of operations. Let mi be 
a mode of operations where each function fk is allocated 
to an agent. Let R(fk, mi) denote the priority of execution 
of function fk allocated to a DMU, obtained from the 
responsibility definition matrix. Let us define the relation 
<< on the modes of operations as: 
 
   mi << mj if and only if for all k, R(fk, mi) ≤ R(fk, mj) 

   This means that mode mi has higher priority than mode 
mj if, for all functions, the priority in mi is higher than the 
priority in mj. The set M of all possible modes of 
operations derived from a given responsibility definition 
matrix together with the relation << is a partially ordered 
set denoted by (M, <<) and indeed it is a lattice that can 
be represented graphically by a Hasse diagram called the 
Mode Transition Graph. Each node corresponds to a 
mode of operation. A directed link between two nodes 
indicates that a function has been transferred from one 
DMU to another in the order specified in the 
responsibility definition matrix. The lower bound of M is 
the normal mode of operation, the upper bound is the 
back-up mode where each function has been allocated to 
the team member in the lowest priority of the respon-
sibility definition matrix. 

 
   The methodology is summarized in Fig. 18. It consists 
of seven steps. From a Process Model that specifies the 
different functions to be carried out and the data ex-
change between them (step 1), redundant responsibilities 
are defined by allocating each function to several DMUs  
based on their expertise and role in the organization (step 
2). A priority for back-up implementation is defined for 
each function and is used to construct the Responsibility 
Definition Matrix. 
 
   This redundant responsibility definition allows the de-
termination of all possible configurations, called modes 
of operations, available to the team. The set of all modes 
of operations is characterized by Mode Transition Graph 
(step 3). From the Responsibility Matrix, the Fully Con-
nected Graph that represents all the defined function al-
locations and all the required data exchanges between 
team members can also be constructed (step 4). Coordi-
nation rules need to be defined and allocated to team 



 
 

members to specify exactly the conditions under which 
each team member has to perform the back-up of a func-
tion and where to send its output (step 5). Different can-
didate designs can be obtained at this time and need to 
be evaluated and compared. A Colored Petri net model 
of each candidate design can be constructed in step 6, to 
be used in the evaluation phase in step 7. The latter two 
steps are not covered in this paper but are available in 
Perdu and Levis (1998).  
 
AN ADAPTIVE ARCHITECTURE FOR AIR IN-
TERDICTION 
 
   Let us consider a fictitious example of an Air Force 
Air Interdiction mission planning system. Air Interdic-
tion aims at targets behind the front line to reduce as 
much as possible the support of the enemy forces: lo-
gistics support, reserves. It requires fast planning and 
action to be effective. The planning of these missions is 
performed by a team, which receives (1) real time infor-
mation about adversary positions and friendly positions, 
and (2) requests for air support. The team has to do the 
detailed planning of the missions to satisfy these re-
quests. 
 
   The operational concept is to analyze the requests in 
the context of the prevailing situation and plan missions. 
The decomposition of the “Plan Air Interdiction 

Missions” has led to the five functions listed in Table 2. 
The data being exchanged between functions are listed 
in Table 3. 

 

Table 2: Functions of the Air Interdiction Planning 
System 

 
 

Table 3: Data Exchanged 

 
 

 

 
 

 
Figure 18: Methodology for Adaptive Team Design and Evaluation 

 
  



 
 

   The ordinary Petri Net representation of the process 
model derived from this description of the functions is 
shown on Fig. 19. Processes are shown as transitions 
while data or messages are shown as places. Inputs from 
the environment, a and b, are processed respectively by 
functions f1 and f2. The output of f1, c, is processed by 
function f3, while f4 needs d, the other output of f1, and 
e, the output of f2, to execute. Function f5 needs the 
results f and g of functions f3 and f4 to produce the team 
output, h. 
 

 

Figure 19: Petri Net Representation of a Process Model 

   In the next step, functions are allocated to team mem-
bers subject to the limited processing capabilities of 
each member, and to the limited capacity of the com-
munication network connecting the different DMUs. 
Redundancy of processes and back-up strategies are 
considered at this stage. 
 
   The responsibility definition matrix of Fig. 20 shows 
the order in which the back-up of each function is im-
plemented. There is no back-up envisioned for f1 and 
f2, which are respectively performed by DMUs denoted 
as DMU1 and DMU2. The reason is that other DMUs 
would need to get the same inputs from the environment 
to perform this back-up. DMU3, DMU4 and DMU5 are 
responsible, respectively, for functions f3, f4 and f5 in 
the normal mode of operation. In a back-up mode, 
DMU1 can perform f3 and DMU2 can perform f4. Fi-
nally, the back-up of f5 is performed first by DMU4 and 
then, if needed, by DMU3. 
 

 
 
Figure 20: Responsibility Definition Matrix for the Ex-

ample 
 
   Figure 21 shows two different function allocations to 
DMUs for the process model of Fig. 19. The upper part 
of the figure corresponds to the distribution of respon-
sibilities in a normal mode of operations: the allocation 
defined by the “1”s on the diagonal of the matrix in Fig. 
20. The lower part is the distribution of responsibilities 
in a back-up mode where DMU5 has been removed and 
function f5 is performed by DMU4  
 

   A representation of the team operation is then obtained 
by folding together the representations of different 

function allocations. Figure 22 displays the team op-
eration obtained by folding together the two function al-
locations of Fig. 21. Note that the dashed line boxes are 
to help show graphically the function allocation to the 
DMUs; they are not part of the Petri Net formalism. 
  

 

Figure 21: Different Function Allocations for Imple-
mentation of Back-up 

    

 
 

Figure 22: Function f5 from DM5 to DM4 

   Figure 23 shows the Mode Transition Graph for the 
example. Each mode has been assigned a label X.Y 
where X indicates the number of back-up operations that 
have occurred in the mode of operations and Y is an 
index for the modes having the same number of back-
ups. Consequently, Mode 0 is the baseline mode, and 
Mode 4.1 is the mode with the maximum number of 
back-ups (4). 
 
   Suppose then, that the organization needs to adapt from 
Mode 0 to Mode 2.3. It can do that incrementally by 
transitioning from Mode 0 to Mode 1.3 and then from 1.3 
to 2.3. It could also have transitioned from 0 to 1.2 and 
then to 2.3. The directed arcs in the mode transition graph 
in Fig. 23 show the transitions for increasing degrees of 
back-up. If the direction of all arcs is reversed, then the 
graph would show the transitions for reducing back-up. 
Therefore, the lattice of Fig. 23, but with undirected arcs, 
shows all the feasible paths for morphing from one 
structure to another. 
 
   The Petri Net representation of the Fully Connected 
Graph (step 4) is shown in Fig. 24. This is not any par-
ticular mode of operation. Rather, it represents all the 
functional allocations and all the information flows of all 
the modes of operation folded together. 



Figure 23: Mode Transition Graph for the Example 

Figure 24: Fully Connected Graph for the Example 

   In a given mode of operation, only a subset of 
transitions and their interconnected places are active. 
Figure 25 shows in bold the active places and transitions 
in the normal mode of operation (Mode 0). Figure 26 
shows the active places and transitions for the back-up 
mode 1.3 defined in the lattice of Fig. 23. Figure 27 
indicates the active links when DMU4 performs f5 and 
f4 is transferred to DMU2 (Mode 2.3).  This sequence 
represents two transitions along the lattice or a two stage 
morphing by the organization. 

   One can see by looking at Figs. 25 to 27 that the 
transfer of responsibility from some DMUs to others 
leads to important changes in the pattern of interactions 
between the DMUs.  

CONCLUSION 

  A computational theory for the design of organiza-
tional architectures has been presented in which inter-
acting Decision Making Units process information and 
make decisions.  The approach has been developed over 
a 35 year period and has been applied to a wide variety 
of problems, especially in the design of military or ci-
vilian command centers. It was initiated by looking at 
information processing and decision making organiza-
tions at the tactical level but as the research matured it 
started being applied to the operational and strategic 
levels. At the core of the methodology is the Lattice al-
gorithm that allowed the taming of the combinatorial 
explosion problem.  The results are structured as lattices 
with feasible organizations partially ordered with the 
least connected at the bottom and the maximally con-
nected at the top. By moving up in the lattice accuracy 
is usually improved (and resilience) while moving down 
on the lattice improves timeliness. The theory has been 
extended to address cultural dimensions and their effect 
on organization design, to the design of adaptive archi-
tectures, and more recently to the design of organiza-
tions that are resilient to cyber exploits.  

Figure 25: Active Links for the Normal Mode of Oper-
ations (Mode 0 

Figure 26: Active Links for Mode 1.3 



Figure 27: Active Links for Mode 2.3 
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