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Abstract: This thesis discusses a set of information/intelligence patterns that 
impact  the  resilience  and  sustainability  of  systems.  These  patterns  are 
organized  into  the  form  of  design  patterns  for  later  reuse  during  design 
processes. The information dynamics of some typical examples of product-
service  systems  are  modeled.  This  model  provides  a  context  for  further 
discussions  on  the  application  of  those  information  design  patterns.  The 
combination of the information dynamics model, together with the set of the 
behavioral and structural information design patterns, are intended to provide 
a playground for innovation in designing resilient and sustainable systems. 
Better knowledge capture and communication, uniformity in the approach to 
both products and services, and modular extensibility are also considered to 
be amongst the benefits of such an approach. The discussions and ontological 
models of those patterns and their impact on resiliency of systems are based 
on the elements of information theory from Shannon and Kolmogorov and the 
resilience  theory  from Holling.  Sustainability  is  considered  as  the  holistic 
extent  of  resiliency,  especially  in  the  course  of  product-service  systems 
design.  The  discussion  has  been  supported  by  some  simple  mathematical 
models, and in one case by the simulation of an agent-based model. Examples 
have been drawn from different disciplines to provide additional clarity and to  
demonstrate the versatility and generality of those design patterns.
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1 Introduction

Designing  a  product  or  service  together  with  the  associated  delivering 
process are somehow similar to the work of evolution in the living nature; 
they try to push their products to fitness space. For the first one, the fitness 
depends  on  qualifications  in  the  requirement  space  of  stakeholders  and 
market, which would result in achieving the chance of value exchange and 
fulfilling the requirements of production continuity or introduction of the 
next generation of the product. For the latter one, the fitness is qualifications 
in  the  environment,  which  would  result  in  being  able  to  maintain  the 
structure and flow of material and energy for a while and getting the chance 
of  reproduction.  This  similarity  is  despite  the  fact  that  human design  is 
usually a supervised one, but evolution is considered to be an unsupervised 
method.

In  the  above  mentioned  context  of  similarity,  the  analogy  between  our 
design goals and living nature's evolution goals, can reach a crescendo when 
both parties try to produce resilient and sustainable products. Evolution has 
a  very long history of  success in  creating species,  which are resilient  to 
different environmental situations, while do not disturb the sustainability of 
their ecosystems (of course regardless of cyanobacteries and homo-sapiens). 
Actually the mathematics of evolution enforces  excellence of resiliency and 
sustainability in the living systems. This resiliency and sustainability has 
resulted in the very long continuous history of life on the earth. 

At human side, reaching resiliency is an important endeavor. To be more 
focused,  amongst  different  types  of  demands  for  resiliency  in  different 
aspects,  we  can  notice  the  need  for  resiliency  in  organizations  and  the 
functionality of products and services, while the organizations can also be 
classified  as  a  special  type  of  product-service  with  some  sort  of 
functionality. In this sense, designing resilient products and services, is a 
highly demanded quality, and have considerable gains. Resiliency ensures 
the  continuity  of  value  existence  and  delivery,  specially  when  the 
replacement is not an option, it disrupts value-delivery in mission critical 
systems  or  it  is  considerably  costly.  Resilient  products  or  services  have 
higher price performance as their value delivery spreads a longer breadth of 
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time with a  fixed amount  of resources;  they are the core instruments  of 
safety;  and  they  are  enablers  for  planning  and  management.  Also,  real 
resilient products include sustainability as an essential part, as they are not 
supposed  to  undermine  their  own  functionality  and  added-value  by 
disturbing the fundamental value-providing contexts of the users, such as 
their ecological environment and its essential value-generating services. 

Evolution  has  reached  a  set  of  patterns  in  creating  its  products.  These 
patterns  might  be more generic  in the top taxonomic ranks of biological 
classifications,  while  be  more  specific  in  lower  ranks.  For  example,  the 
living systems on the earth, are usually organized in one or more numbers of 
cells  (viruses  are  exceptions).  There are  central  information maps of  the 
system, distributed very redundantly, in the forms of RNA and DNA in each 
cell. There are two ways of reproduction where in one of them two different 
genders get involved and in the another it is only a self reproduction.  The 
last  few mentioned  patterns  can  be  considered  as  those  generic  patterns 
which evolution applies in most of its products. In contrast, some patterns 
are specific to lower ranks of the classification. For example mammals have 
expanded the geographical and seasonal breadth of their  activity through 
maintaining  a  constant  internal  temperature,  making  the  external 
temperature  less  important.  Also  they  have  more  sophisticated  neural 
systems which expands the learning capacities of their system beyond slow 
learning system of genetic evolution.  These patterns are less generic and 
more specific to a subcategory of evolution designs.

Many of  the  living  systems'  patterns  have  already  heavily  impacted  our 
design  thinking.  Some  of  them  have  counterparts  in  our  cognitive 
approaches  (such  as  consideration  of  two  opposite  genders  in  lingual 
modeling of the world around in many languages) and some of them have 
been inspirational in science and technology. Even some disciplines, such as 
Cybernetics or Biomimicry, were historically based on finding or discussing 
around those patterns.

These analogies between evolution and our design methods should not be a 
matter of surprise, as the same-similar fractal characteristics of the nature 
might have broader range of instances rather than mere physical structures. 
Actually  whatever  we  design  as  human  designers  are  ultimately  a 
subcategory  of  evolution  designs.   But  the  important  point  is  that  the 
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resonance of these similarities might be of greater degrees if the goals are 
similar, as in our case, i.e. the goal of designing/producing a more resilient 
and sustainable product.

This is beyond the scope of this master thesis essay to discuss about the 
relation of resiliency and sustainability in evolution products from one side 
with  the  patterns  we can  recognize  in  the  design  of  those  products  (i.e. 
living systems) in the other side. But intuitively and in an inspiring way, we 
may state that there might be a correlation between the characteristics of a 
system and the recurring patterns within its structures and processes.

With this background we might think of being inspired by the patterns in the 
living systems to design resilient and sustainability products. Actually as it 
was mentioned, we already got deeply influenced by living systems design 
patterns both in our cognition and formal design methods, so why not to 
think of  mimicking specifically  for  the matter  of  designing resilient  and 
sustainable products. 

From the other  hand, why we should limit  ourselves to  think about  this 
learning in a top to bottom order. Even within the sphere of human design 
methods, lots of similarities in design patterns can lead to valuable inter-
learnings between different and non-adjacent disciplines. Here again we can 
refer back to the same-similar fractal nature of the patterns in nature, where 
while  we  might  not  have  any  evidence  or  solid  rationale  that  the 
characteristics of being same-similar and fractal in patterns can be also find 
in the human sphere of design patterns, but at least this metaphor can inspire 
us for further pursuit.

Inspiration or mimicry without enough insight can be quit limited, soon-to-
die or even misleading. To have effective and regenerative inspiration or 
mimicry, we need a paradigm to analyze and contextualize the patterns and 
examples  in  the  source side.  In  a  typical  paradigm we may observe the 
design  patterns  of  living  systems  in  the  form  of  physical  structures,  in 
another  one we might  observe them as flows of  material  and energy,  in 
another  one we might  pay attention  to  underlying control  and command 
systems,  and  finally  we  might  consider  the  patterns  of  information 
structures, flows and processes. 
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We actually have some good reasons to think that the observation of patterns 
of information structures, flows and processes might be a good paradigm for 
inspiration  and  mimicry.  This  is  not  a  new  idea  and  as  a  sample, 
Cybernetics, which by definition is a way of looking into and learning from 
the living nature  (Wiener  and von Neumann 1949), is  actually  based on 
information concept and utilization of information theories (Heylighen and 
Joslyn 2003).  Beside the past  history of similar  approaches for  applying 
information  concept,  we  have  movements  in  the  underlying  layers  of 
science.  For  example  there  exists  discussions  within  the  physicists' 
community for a shift in the current physicists' frame of view to adjust it 
with  the  concept  of  information  in  the  center  (Wheeler  1994).  If  this 
becomes a trend, then even in the upper layers of science and observation, it 
would get more convenient to talk about information alongside/instead of 
material and energy in the production literature. 

Beside the above mentioned fundamental approach to information, in many 
of  production  disciplines,  such  as  software  products,  it  is  actually  the 
information,  but not material  and energy which is  the dominant building 
block  of  the  product.  Intrinsically,  the  product term  communicates  both 
physically  tangible  and  not-tangible  value  incarnations,  but  also  many 
disciplines which are characterized as delivering service or product-service  
are  essentially  dealing  with  information  concept.  Also  many  of  the 
sophisticated  physical  products  are  consisted  of  high  percentage  of 
information (or software) content. In a non-traditional way of view, even a 
trivial  product  can  be  considered  as  a  package  of  information  which  is 

4

Figure 1: Metaphor of Self-Similarity and Fractal Nature of Design  
Patterns



embedded as a form and organization in a physical career. And as a typical 
brand  of  cases,  enterprises  and  organizations,  which  are  products  of 
management activity,  are  deeply  and  tightly  related  with  knowledge 
management issues,  which  is  of  course  a  case  of  managing  information 
structures, flows and processes. 

Regarding  all  the  above  mentioned  reasons,  in  the  seek  of  designing 
resilient  and sustainable products  and services2,  we already have enough 
sources of motivations to look for information patterns amongst different 
disciplines and of course upward in the living systems.

2 We soon move to use product-service term, which is more focused for our purpose
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2 Research Design

Now we can get focused on the research topic, that we want to accomplish 
in the scope of this master thesis project. It is important to note, that the 
width and breadth of the topics we have explored in the introduction chapter 
already -and would go to explore in the literature view chapter- are much 
larger than our focus channel. We need this extent of view as a positioning 
prerequisite before getting focused on the focal point of this master thesis. 
Also this wide angle of view exploration reveals possible future research 
extensions.

To limit  our  discourse  in  the  scope boundaries,  instead  of  talking  about 
product as a generic term, we would focus on product-service term which 
would essentially embed service as a building block. This would also ease 
our  encounter  with  the  information  concept,  as  this  encounter  would  be 
more like traditional  perceive of the information concept  and makes our 
discussions easier to grasp. Of course for a more inclusive discussion we 
would rely on our fundamental definitions.

Also we would not fully establish a channel of pattern acquisition between 
living systems source or any other pattern source and our collection. This 
needs a  lot  greater  extent  of effort  to  come with a  sound,  inclusive and 
comprehensive  list  of  patterns;  instead  we would  try  to  demonstrate  the 
concept by some examples. This self-limiting would be also applied for the 
basic discussions that make the ground for discussion about patterns; we 
cannot explore and cover all those discussions, even for all those which are 
in our sight; instead we would try to provide the grounds that are essential to 
our examples of patterns.

2.1 Research Questions

In  the  introduction,  beyond  our  intuitive  understanding  of  the  need  for 
resiliency,  we discussed a  little  bit  more  on the values  we gain  through 
reaching resiliency. We also discussed about patterns and design patterns, 
their  inter-disciplinary  value  and  how  they  can  help  us  to  capture  and 
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communicate our knowledge of design. We also discussed why information 
can be a good candidate to shape our exploration for resiliency around it. 
Now  regarding  our  need  for  resilient  product-services,  we  are  on  the 
position to ask ourselves if we can find patterns of information in different 
systems and disciplines which contribute to the resiliency of that system. 
And if yes, then how we can organize it for future reuse in our designs. With 
all above motivations, here we come to our two research questions:

1. What are (is there any) intelligence and information patterns inside a 
product-service system which can provide or improve the resilience 
and sustainability of that product-service system?

2. How can we communicate patterns of information and intelligence 
which resulted in sustainability and resilience in a product-service 
system, through design patterns?

2.2 Method

Based on  Design Research Methodology book  (Blessing and Chakrabarti 
2009) categorizations, this master thesis would go through these steps:

• Review-based research clarification

• Comprehensive descriptive study

• Initial prescriptive study

In this sense, this master thesis would be mainly a qualitative research based 
on available case-studies and past studies. The validation of the result (i.e. 
the set of the design patterns) would be by finding their instantiations in 
available  cases,  while  for  some  of  the  fundamental  patterns  we  would 
develop simple mathematical models. Further works can suggest ways of 
evaluating the validity of those design patterns in a specific case which is set 
up for this purpose.

For the first part,  i.e. the review-based research clarification, we have the 
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introduction  chapter  plus  the  literature  review  chapter.  In  the  literature 
review we would explore our needed foundations in the resilience theory 
from  Holling  and  its  extension  in  sustainability  science,  Shannon's 
information theory and Kolmogorov complexity theory would be our base, 
and  for theories about information. For inspiration, we would also explore 
Beer's  viable  systems  model,  Teece's  dynamic  capability  model,  Miller 
living  systems  theory,  design  patterns  in  software  and  architecture,  and 
product-service systems general discussion.

For the comprehensive descriptive study, we would do it in two levels. At 
the first level we would focus on a set of fundamental patterns which would 
provide us the ground for the specific patterns. These fundamental patterns 
might have the character of a behavioral or structural model and schema, or 
some form of equation or inequation. 

For  the  comprehensive  descriptive  study,  we  would  use  logical 
argumentation, armed with simple mathematical models and illustrations, to 
substantiate  our   claims  for  both  fundamental  and  specific  patterns. 
Examples from different disciplines would help us also in this regard As a 
sample, in the case of a specific pattern we would use computer simulations 
to demonstrate the impact of the pattern.
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3 Literature Review and Basic 
Discussions

The idea of this master thesis relays in the intersect of different areas of 
literature  such  as  resilience  and  sustainability  science,  intelligence  and 
information science, systems science, and design or production science. In 
this  regard,  we  would  go  to  explore  these  areas  as  much  as  needed  to 
provide the required ground for our idea. Inevitably, sometimes we need to 
discuss independently from the available literature, but the major focus of 
this chapter would be literature review.

3.1 Product Service Systems

Product and service both are entries in our common sense concepts lexicon. 
While  the  product term covers both tangible and intangible (i.e. service) 
value offerings,  but  the  product-service or  product-service system coined 
terms,  can  help  us  to  concentrate  on  function  oriented  business  models 
(Tukker 2004), which embed both tangible product and intangible service 
value offerings, integrated and in the same frame  (Tischner, Verkuijl, and 
Tukker 2002).

Here in this thesis essay, we have an inclusive approach to the definition of 
product-service system term. This means that we do not impose any extra 
characteristics and properties - such as being ecologically sustainable- to the 
product-service  systems  definition.  Amongst  common  definitions  for 
product-service systems,  those which  are well  inclusive  and at  the same 
time minimal enough  (refer Wong 2004) would be our point of reference. 
With this base we come to the next step which is recognizing the boundaries 
of a product-service system.

3.1.1Extended View of Product-Service Systems in 
the Context of Sustainability and Resilience

Traditionally we consider a very rigid physical boundary for a product, as a 
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physical object. Adding service to a product might blur the boundaries but 
still  we need to  extend our  view.  To have a  more  efficient  vision  when 
dealing with a product-service system we might also consider the following 
extensions.

Any product-service system is the output of a production-line. This product-
line includes different resources and assets that the enterprise has gained 
through creation or acquisition and made it  capable of implementing the 
product-service system. The product-line is also a subset of an enterprise 
were its existence is a subset of that enterprise life cycle.  The enterprise 
itself resides within a communication/interaction/exchange context with the 
customers/users  and  its  survival  and  performance  is  dependent  on  the 
survival and performance of this context.

It is usually not very easy to find a distinctive line separating a product-
service  system  and  its  associated  product-line.  For  example,  the  design 
documents and other similar knowledge assets of a product-service system 
are usually considered a part  of the product-line.  We usually reuse these 
assets for other product-service systems in the same or different product-
line.  When  talking  about  the  resilience  and  sustainability  of  a  product-
service system, we cannot ignore the resilience and sustainability aspects of 
the  mother  product-line.  A sustainable  product-service  system  of  course 
should also have a sustainable product-service system. Also when talking 
about  the  resilience  of  a  product-service  system,  we  should  take  into 
consideration the investment  by users,  specially  in  the  form of  learning, 
selection of other compatible and matching products-service systems, and 
including the product in the plans and decisions. These investments have 
broader  context  than  mere  a  specific  product-service  system  and  ripple 
outside its traditional boundaries. 

The same story is true for the enterprise and the communication, interaction 
or exchange context. For example the survival of the enterprise in most of 
the time is  the key for survival of the product-service system (of course 
except the time the product-line is taken by a third-party enterprise in an 
acquisition  process).  The  communication/interaction/exchange  context  is 
also the wider boundary. One cannot imagine how a service can be delivered 
efficiently without any communication device, with sever lingual barriers or 
without any financial infrastructure for value exchanges. All these suggests 
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us that when talking about the resilience and sustainability of a product-
service system, we should go beyond traditional views and instead apply for 
an extended view which includes some proportions of the product-line, the 
enterprise and the communication/interaction/exchange context. 

3.2 Resilient and Sustainable Systems

We might use  resilience term in our daily life, but in the context of this 
essay we need a well-defined and more clear definition. Our reference to the 
resilience concept is backed by Holling's theories on resilience, including 
the later works with Walker (2004) and Gunderson (2009). In this sense the 
resilience of a system is defined as the ability of the system to tolerate and 
bypass  the  disturbances  while  being  able  to  maintain  the  functionality, 
structure  and  the  character  of  itself.  This  maintenance  can  happen  both 
statically or through changes and reorganizations (B. Walker et al. 2004).

In this regard the resilience of a product-service system can be defined as 
the  ability  of  the  product-service  system  to  deliver  the  supposed 
functionality  and value while  tolerating disturbances  in  the  environment, 
internal conditions and inputs. This resilience can be both passive (designed 
to  be resilient)  or  active  (being able  to  change to  be  resilient).  We will 
explore this matter in more details later.

3.2.1Resilience Aspects and Related Attributes

There are four aspects to resilience:

• Latitude

• Resistance

• Precariousness

• Panarchy

The fist three aspects can be demonstrated and metaphorized as in Figure 2. 
A 3-dimensional  version  of  this  metaphoric  illustration  is  usually  called 
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stability landscape.

Figure 2: The Three Aspects (Latitude, Resistance, Precariousness) of  
Resilience in Systems

The latitude is the extend within which the system can change, while being 
able  to  maintain  its  characteristics  and return  back to  the  original  state. 
Pushing the system beyond the latitude extremes would move the system to 
another regime and stability basin, such as the right hand basin in Figure 2. 
Resistance describes the resistance of the system to changes. As in Figure 2, 
it  can  be  depicted  as  the  depth  of  the  basin,  where  actually  it  is  the 
proportion of the latitude to the depth. Precariousness is about the distance 
of the system to an extreme of latitude. It shows how much the system is far 
away from the point of regime change. 

The  last  aspect  of  resilience  is  panarchy.  Panarchy  is  a  term coined  by 
Gunderson (L.H. Gunderson and Holling 2002) (Gunderson 2011) in system 
theory discipline. Before going to explain panarchy it might be better to talk 
about adaptive cycles.
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Figure 3: Panarchy Cycles

Beside the resilience, there are two attributes that complement it, and they 
are adaptability and transformability (B. Walker et al. 2004). Adaptability is 
the  ability  of  the  system  to  influence  its  own  resilience.  The  same  as 
resilience,  adaptability has the same four aspects,  i.e.  latitude,  resistance, 
precariousness, panarchy, but all the four are in terms of the ability of the 
system to influence its resilience in that specific aspect. Transformability is 
the capacity of the system to create a new system when disturbances go 
beyond the limits of resilience and adaptability (B. Walker et al. 2004).

Research Extension Point 1
12 system leverage points  of  Dana Meadows,  can describe  in  more 
details  the  conditions  of  change  in  the  system  state  or  stability 
landscape. We can combine this with the resilience theory and get a 
more detailed ground when discussing about the impact of information 
patterns on resiliency
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3.2.2Sustainability and Resilience

Sustainability  of  a  product-service  system  can  also  be  framed  within 
resilience  theories.  In  this  sense,  internal  sustainability  of  the  system is 
considered the same as resilience, while the sustainability of the system in 
its outer context is considered not to contribute as a disturbance factor to the 
resilience of the context (environment). 

3.2.3Intelligence vs. Resilience, Adaptability, and 
Transformability

Here we should pay attention to how resilience and its aspects can relate to 
the concept of  intelligence. While the literal definition of intelligence has 
high  degree  of  similarity  with  literal  definitions  of  sustainability  and 
resilience,  one  may  want  to  refer  to  more  academic  resources.  As  an 
example, Sternberg in his triarchic theory of human intelligence (Sternberg 
1984) denotes adaptation to environment, then shaping the environment and 
then selection of a new environment as general steps of intelligent behavior 
in  its  contextual  aspect.  This  exhibits  a  high  degree  of  correlation  with 
adaptability and transformability aspects of Holling's resilience theory. 

This correlation might provide the ground to think about intelligent product-
service systems as resilient one. But at the same time it should be noted that 
the  term  “intelligent  products”  does  not  usually  address  intelligence  in 
maintaining functionality, value delivery or structure of a product or service, 
but usually denotes its ability to deliver value with minimal input from user 
side and with extended coverage and prediction of time or cases.  However, 
in this essay our refer to intelligent systems would be about intelligence in 
maintaining existence, structure and functionality, which of course exhibit a 
high degree of correlation with adaptability and tranformability concepts in 
resilience.

3.3 Resilient Systems' Models

There exists a set of literature that discuss models of the systems that are 
resilient and sustainable (at least internally). Note that the term resilient is 
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not explicitly used in most of them, but the conceptual framework that they 
define for their studies shows a high degree of resemblance with resilience, 
or they are referring to systems which have shown to be resilient (such as 
the living systems).

These  models  can  be  great  sources  of  patterns,  and  of  course 
information/intelligence  patterns,  that  endow us  the  opportunity  to  study 
their structures and processes, and come to different patterns of resiliency 
and sustainability.

3.3.1Teece's Dynamic Capabilities Model

Teece's Dynamic Capability model is one of the above mentioned models. 
This  model  is  based on Kirznerian,  Schumpeterian theories  of  economic 
changes  (Teece  2004).  This  model  is  basically  about  organizational 
performances but the concepts have generic forms that makes it possible to 
apply  them  for  a  wide  range  of  systems,  including  but  not  limited  to 
product-service  systems  (and  their  designing/producing  system)  in  the 
extended view.

Dynamic  Capabilities  model  of  Teece  involves  three  processes  sensing, 
seizing and  transforming/managing threats, where each is based on some 
foundations  and  micro-foundations  (Teece  2004).  For  example  sensing  
involves analytical systems inside the enterprise. These systems (including 
individual capacities also) can sense the opportunities, learn, filter and shape 
them.

While Teece's model is discussing about making value out of opportunities 
(i.e. innovation),  but  the  nature  of  the  discussion  can  be  suitable  for 
sustainability (in its internal aspect) and resiliency. Actually the paper we 
have  referred  here  (Teece  2004) embeds  “Sustainable  Enterprise 
Performance”  in  its  subject.  In  this  sense,  talking  about  product-service 
systems'  resiliency  in  the  extended  view  and  from  the  information 
perspective, we may consider that resiliency against disturbances includes, 
as  the  essential  parts,  the  ability  of  the  system  for  sensing 
opportunities/threats and applying the required changes in the sake of best 
fitness.
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3.3.2Viable Systems Model

Cybernetics  is  considered  to  be  about  organization  in  complex  systems 
(Heylighen and Joslyn 2003).The term, at least in its early definitions in 20th 

century,  collocates  living systems and electromechanical  machines  in  the 
perspective  of  control  and  communication  (Wiener  and  von  Neumann 
1949). In another definition given by A.N. Kolmogrov, it is defined to be 
about study of systems (including living systems) that can receive, store and 
process  information  for  purpose  of  control  (Melnik  2009).  Although 
Cybernetics is not a fashionable term these days, but it had its impact on 
existing related disciplines.

Viable System Model is a model in cybernetics and an abstract model of a 
viable system (note being viable almost means being resilient), which was 
introduced by Stafford Beer (1981). Five systems in this model exist, where 
the first system does the operations, the second provides communication, 
the third sets the rules, the fourth looks into future in terms of goals and 
direction, and the fifth system makes a balance between the first three and 
the forth one (Beer 1981). 

This model  has the potential  to inspire some of the information patterns 
(specially  structural  ones)  that  contribute  to  the  resiliency  in  a  product-
service system. For example the viable system model has a recursive nature 
where each subsystems of the system is a viable system itself and has the 
five mentioned subsystems within. We will discuss how this recursion can 
help a product-service system to be organized easier and more robust.

3.3.3Living System Theory

In another example, we can consider the living system theory of Miller (or 
Millers later) (Miller and Miller 1990). In his theory, Miller has categorized 
systems into  eight  levels  that  begins  from a  cell  and  goes  up  to  super-
national systems and of course organizations have their special position in 
this ladder. Miller has identified 20 core functionalities for all these systems, 
which are similar in concept within all levels. Of these 20 functions, 9 of 
them  are  dedicated  to  how  systems  process  information  (Bailey  2006). 
These functionalities are input transducer, internal transducer, channel and 
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net,  timer,  decoder,  associator,  memory,  decider,  encoder,  and  output 
transducer (Miller and Miller 1990). 

None  of  the  above  mentioned  functions  suggests  resiliency  directly,  but 
considering the vast of inclusion in this theory gives us the ability to look in 
the  same  manner  at  many  different  organizations  of  product-service 
systems.  The  product-service  systems  which  lack  some  of  these  basic 
functionalities  are  entitled  to  lack  some of  the  characteristics  that  living 
systems enjoy. For example a product-service system which does not have a 
memory function in the value delivery phase and in the contact with the end 
user, cannot enjoy the fitness level similar to living systems. As a sample for 
this, many of the commodities delivered by third parties to customers cannot 
remember the customer and instead ask the customer to contact back the 
producer somehow if it is needed. This of course eliminates a considerable 
number  of  services  which  could  accompany the  good and make a  more 
valuable and competitive product-service system.

3.4 Information and Entropy

Information  concept  is  the  building  block  in  many  different  disciplines. 
Information systems experts, of course, talk about information where they 
share  the  same  sense  with  the people  of  communication  technologies. 
Linguists  talk  about  information  and  semiotics.  Economists  talk  about 
information theory in contract theories  (Bolton and Dewatripont 2005, 2). 
And  biologists  talk  about  information  theory  in  the  same  sense  as 
communication technology expert in molecular biology (Smith 2000). More 
than all these, there are discourses in physic to candidate information as the 
most fundamental cornerstone of the physics (Wheeler 1994). 

Such a concept with so vast of usage can be also a good candidate when 
one  wants  to  renew  the  approach  to  the  concepts  of  resilience  and 
sustainability. Actually this has been done, in some specific dimensions, at 
least in a set of papers (Cabezas et al. 2005), (Fath, Cabezas, and Pawlowski 
2003).

While the ontology of information might be a matter of argument, but there 
are a few information theories that try to demonstrate a universal exhibit of 
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the  information  and  its  associated  measurements.  Statistical 
thermodynamics theories are the historical bases for some of them (specially 
Boltzmann, Gibbs, and Maxwell works) (Muller 2007). Information theory 
as it was depicted in Claude E. Shannon's seminal paper, “A Mathematical  
Theory of Communication”  (2001) is  one the most referenced ones. This 
theory  reproduces  similar  findings  as  Boltzmann  and  Gibbs  in  their 
definition of entropy  (Csiszár 2008). Algorithmic information theory is a 
subset of Shannon's information theory, where the Turing machine concept 
has been also employed to give a new exhibit of the information theory.

In this essay, we mainly apply Shannon's theory of information, while we 
consider  its  fundamental  relations  with  entropy  definition  in 
thermodynamics. This application would be in a minimal form so we can 
keep with the scope and aim of this thesis essay. We sometime dare to go 
further and recruit the algorithmic approach when it can better demonstrate 
an information/intelligence design pattern.

Intelligence is the concept that we have applied it for our design patterns 
beside  the  information  concept.  As  intelligence  essentially  incorporates 
information concept, this might look somehow redundant. But it should be 
noted that there might be patterns, with quit complicated form of handling 
information, where we cannot perceive its details or the reader can get much 
easier connection if they get rebranded as intelligence design patterns. 

3.4.1Shannon Information Theory

Shannon theory of information talks about information measurements being 
calculated  on a  statistical  base.  There  is  a  context  model  in  this  theory, 
which is of course relevant to the communication technology context, where 
a message is  going to be send from a source and to be received by the 
recipient  through  a  carrier  channel.  In  this  theory,  the  content  of  that 
message is not addressed directly, but the measurements are based on the 
probability in recipient side in guessing the content, what ever it would be.

The basic formula in this theory is about the information value of an event 
(message):
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I (x)=log(
1

p (x )
) (1)

This formula simply tells that when the probability of guessing an event or 
the content of a message is lower, then that event or message has a higher 
information value. Please note that the probability of things are always less 
or equal to 1, so the value inside the logarithm function goes down when the 
probability goes up and vice versa.

There are some more comments on this formula. First of all if we know 
something,  i.e. we can guess the content of the message or guess almost 
surly the happening of the event, then the probability would be 1. It means 
the output of the logarithm function would be 0.  Which quite intuitively 
means there is no information value in that message for us as we already 
know it. Also as another point, the base of the logarithm can be anything, 
but in systems that are based on two state switch,  i.e. on and off, such the 
information technology today, then we may prefer to chose number 2 as the 
base  to  reflect  the  minimum  number  of  bits  a  message  requires  to  be 
transferred.

Another  important  equation  in  this  theory  is  about  information  entropy, 
which is characterized as:

H (x )=∑i=1

n
p( xi) I ( x i)=∑i=1

n
p (x i) log(

1
p( x i)

) (2)

Please note that the entropy is associated with the source of the message. It 
means if there are  n  different signals  x i  which are associated with a 
message source and there is a probability of p (x i) associated with each of 
them, then the sum of the information value of each signal, weighted by its 
probability, would constitute the entropy of the message source, which is the 
amount  of  information  we miss  when  we do not  have  that  information. 
Looking at the formula and also in an intuitive way, a coin has less entropy 
than a dice, and a dice has less entropy than a set of playing card.

'Entropy vs. Information' Confusion

A simple whole-phrase search in Google search engine (at 10 May 2012) for 
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two phrases, “information is entropy” with 27800 results and “information 
is  not  entropy  ”  with  22900  results,  shows  that  there  is  a  considerable 
amount of misunderstandings at least in one of the two sides. This confusion 
has been also reflected in related literature which has caused controversy 
(Schneider 2012). 

Entropy of a source or object is the amount of information that we need to 
fully know the state of that object. This is also consistent (but with different 
units)  with  the  thermodynamics  definition  of  entropy,  as  in  Boltzmann 
equation:

S=K∑ log W (3)

Where  K  is  a constant and  W  is  the number of micro-states of the 
system.  This  means  an  object  of  higher  entropy  level  needs  more 
information to be fully described (for example in terms of the number of 
bits), but it does not mean that an object of higher entropy level gives us or 
contain more information. It is only the frozen version of that object, which 
is one state of all possible states, that gives us that amount of information, 
which the average information value (let's say information capacity) in some 
units  equals  to  the entropy level  of  the object.   From the other  hand,  a 
completely  frozen  version  of  the  object  has  only  one  state,  and  as 
log(1)=0  its entropy level is zero. 

In this sense, a computer CD has less entropy level of a computer DVD, 
because  both  in  CD  and  DVD  each  location  on  the  disc  has  the  same 
possibility to be 1 or 0 (which maximized the Shannon entropy formula), 
while CD has less number of population of micro-states than DVD. Also a 
half-written  (semi-frozen)  CD/DVD  has  less  entropy  and  information 
capacity than a raw CD/DVD. And a fully written CD/DVD has no entropy 
(from our perspective not the physical one), as it is all information. In all 
above sentences we might also use uncertainty instead of entropy.

Learning and Processing as Entropy Decreasing Processes

Learning or processing are processes through which we gain information 
and at the same time decrease the information entropy of something. This 
something is actually the entropy of the image of that subject or object in 
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our mind but not the subject or object itself. To put it in other words, if we 
have  a  very  minimum  information  about  an  object  then  there  is  a 
counterpart for that object in our mind which has a level of entropy, as it can 
be like a black-box with many different possible things inside, or let's say it 
has high degree of freedom or many possible micro-states. When we begin 
to learn/process about that object the image in our mind would be less and 
less free to be anything in our mind. In the case of fully understanding that 
object (which is possibly impossible) then there would be a very exact and 
fixed image of the object in our mind with zero level of entropy. It is also 
clear that the more complex (in the sense of size and diversity but not hard 
for  solving)  the  learning/processing  process  involves  more  decrease  in 
entropy level and of course more information gain. This has been depicted 
in Figure 4.

Figure 4: Changes in the Information Entropy of Objects through 
Learning/Processing

'Entropy as Disorder' Confusion

It is common to represent entropy, in literature of both thermodynamics or 
information theory, as disorder. This is not essentially true (Lambert 2002) 
(Muller  2007,  14).  The  mentioned  formula  of  entropy  does  not  suggest 
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disorder concept essentially. Actually it might be better to think of entropy 
as  degree of  freedom (Muller  2007, 14) or  as  energy dispersal  (Lambert 
2002) in thermodynamics. The approach of defining entropy as the degree 
of  freedom would  be  instrumental  for  easier  understanding  through  our 
further discussions.

Different Forms of Learning and Processing

In  systems  that  have  a  processing  component  as  the  brain,  such  as  a 
mammal, a computer embedded device, or a product-service system (which 
human  play  roles  in  the  service  section  or  the  designer  improves  the 
system), the learning happens in that specific brain part ,i.e. the mammals 
brain,  the embedded computer or the team members behind the product-
service system. This learning involves information value increase in  that 
brain component. But in other systems, the learning might be in the form of 
changes, formations and new structures or dynamism all across the system. 
For example a DNA changes in cycles of mutation and fitness test,  or a 
physical products improves its structure and form in cycles of design and 
feedback. Actually there might be not much fundamental difference in the 
brain centric form of learning and the brainless ones, but the brain centric 
learning has the advantage of being fast, low cost, high capacity, and being 
able  of  dealing  with  higher  degrees  of  complexity  in  handling  of 
information in the brain component, while in brainless systems it is slow, 
high  cost,  low  capacity  and  is  not  able  to  deal  with  high  degrees  of 
complexity  in  handling  information  embedded  as  forms  in  the  non-
expertised parts.

3.4.2Algorithmic Information Theory and 
Kolmogorov-Chaitin Complexity

Algorithmic information theory is a combination of Shannon's information 
theory and computation theories (such as Turing machines)  (Hutter 2007). 
In easy terms, it discusses what would be the size of the smallest possible 
algorithm/program/description  which  can  generate  a  specific  output, 
information  or  system.  This  of  course  requires  the  language's context 
specification, while the theory also discusses about a universal computation 
reference  system  (Hutter  2007).  Actually  this  definition  might  be  more 
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easier  to  grasp  and  intuitive  than  the  Shannon's  information  theory,  in 
evaluating  the  information  characteristics  of  a  system.  Especially  when 
considering the language factor it can incorporate more easily the content 
and meanings in the information rather than being content neutral.

The  second  important  insight  in  this  theory  is  about  distinction  in 
information,  systems  or  outputs  which  are  smaller  or  larger  than  the 
minimum  size  of  the  program,  algorithm,  or  information  that  generates 
them. Larger size of the generative program means larger information and 
when this exceeds the size of the system itself (in a unified size unit with the 
program) then it would give meaning to a new class of complex objects.

Discussing about information patterns, we can use the above insights inside 
a  product-service  system.  As  an  example  one  can  consider  the  situation 
where  learning the  instruction  of  doing something takes  more  time than 
randomly guessing how that part of a product-service system works.

3.5 Design Patterns

Design patterns encapsulate and capture a body of knowledge on designing, 
in a specific context and for a specific purpose. Different disciplines have 
used this method of knowledge communication, where software engineers 
have used it extensively and successfully since 1990s (refer Gamma 1995) 
and  they  were  also  inspired  by  design  pattern  concept  in  the  art  of 
architecture  (Alexander  1999).  As mentioned earlier,  design  patterns  can 
help to make designs more aligned with some characteristic (resilient and 
sustainable in our case), get more insight into the existing designs, better 
communicate  design  knowledge,  use the  same set  of  design  patterns  for 
product or service and the associated processes in product service systems, 
suggest  one's  own  patterns  building  upon  these  patterns  and  be  more 
innovative through different compositions of those patterns.

3.5.1Information/Intelligence Patterns

In this essay, information pattern refers to patterns of structure, process or 
flow of information in the system.  Our refer to  intelligence pattern is a 
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vertical build up on information pattern, where those patterns result in more 
flexibility or capacity for survival of the system. Intelligence patterns might 
be  more  instrumental  keyword  specially  when  talking  about  complex 
adaptive systems. 

3.5.2Design Pattern Format

Regarding the provided context, we may come to the following structure for 
documenting and communicating our design patterns:

• Name

• Description

• Base design patterns

• Impacts on the resilience trajectories and sustainability

• Example(s)
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4 Information Dynamics Models of 
Product-Service Systems

In this chapter, we would provide a context for our discussion, by modeling 
a product-service system from the information dynamics'  perspective.  On 
this context, we may apply different design patterns that we are going to 
discuss; although many (if not all) of those patterns have their own merits 
and can be applied in many other information related contexts.

4.1 Modeling Product-Service Systems as 
Purposeful Systems

Talking about product-service systems, we need to dissect and map it into 
components  and  aspects,  where  we  can  focus  on  each  part  or  on  the 
relations  in  between,  therefore  we  can study the  information/intelligence 
patterns or apply them in each part. This mapping to a model shows us the 
generic organs of product-service systems and prevents us being exposed to 
lots of details.

Product-service systems are being created to fulfill a purpose. Actually they 
are value creation and delivery systems. They are supposed to fulfill  the 
requirements of users and other stakeholders which in an extended version 
includes the enterprise, society plus its governing bodies, and of course the 
environment. In this sense, product-service systems can be categorized as 
purposeful systems. 

The idea of purposeful systems has been explicitly explored in operational 
research literature at least since 1970s  (Ackoff et al. 1972). In purposeful 
systems, there is an ultimate state or a set of states, which are the purpose of 
the system, and in a reasonable period of time, the system should reach to 
this state, and stay there for a reasonable period, within a range of possible 
acceptable deviations. This view on purposeful systems automatically leads 
us to use state diagram as a way of modeling and describing product-service 
systems. This type of diagram has been suggested for describing purposeful 
systems already (Rolland 2007).
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4.2 The Customized (Dynamic) State Diagrams

There are some limitations associated with state diagram (or statecharts). 
State  diagrams  are  visual  forms  to  represent  finite  state  machines.  This 
means that state diagrams can only visualize systems which have a finite 
number of discrete states, where no quantity is associated with the relation 
between  the  states  (nodes).  But  for  a  precise  modeling  of  a  purposeful 
system we might need to cover the infinite number and continuous states, 
where  some of  the  states  are  hidden  to  the  observer,  and  the  transition 
between states is characterized with a time-variant variable, which the value 
is determined (or influenced) by the activities of the system at each state. 

Although there exist  a rich set  of models and literature about finite state 
machines, including its extensions and some related topics such as control 
theory,  Markov chain  model  and its  extensions,  ….,  but  the  author  was 
unable to find any, to fulfill the above mentioned requirements all in one. 
While  this  failure  in  finding  an  appropriate  model  might  be  due  to  the 
author's lack of knowledge in some of the related disciplines, but anyway to 
make it simple, here we use a customized version of state diagram.

In this customized form there exists a set of states at any given time, which 
might be referred as equilibrium states. There is a path of transition between 
these states, where a quantity is associated with each transition. We call this 
quantity as the distance between each state or how close or similar the two 
states are to each other. This variable can be also a probability distribution 
or  be  totally  unknown.  This  quantity  might  change  at  any  time  due  to 
internal  activities,  external  conditions  and of  course the  previous  values. 
Each equilibrium state in this diagram is associated with a set of information 
that fully describe the state, where our knowledge about that information 
might be also incomplete, hence it can be shown as probability distribution. 
Also the current state of the system is depicted in a different color and is 
similar to other equilibrium in other characteristics. From now on, we call 
this customized state diagram as dynamic state diagram.
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Research Extension Point 2

Using  a  customized  version  state  diagram,  with  above  mentioned 
capacities, might support a more descriptive and comprehensive model 
of view of a product-service system. This  might be a topic of further 
research.

4.3 The Dynamic State Diagram of Product-
Service Systems

Now we are ready to model a product-service system in our dynamic state 
diagram. This effort is shown in Figure 5. In this diagram we can recognize 
five  different  categories  of  states.  Please  also  note  that,  this  as  a  non-
discrete  state  diagram.  This  additive  style  was the result  of  the  need to 
differentiate between product-service systems based on distances  between 
these states. Also as we usually do not have this knowledge that in what 
exact state our system resides, then it becomes important to consider a state 
as the current real  state,  regardless of our assumptions about the current 
situation and state of the product-service system.

Figure 5: Purposeful Product-Service Systems Dynamic State Diagram

In this depiction of a purposeful system -here a product-service system- we 
have these states:

• The current  real  state  is  the  state  and  situation  that  our  product-
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service system resides at the moment. This state continuously moves 
close or far from risk states and fitness states, while we want it to get 
it closer to fitness states and make it get far from risk states. One 
should pay attention that usually we do not have a complete and 
thorough  understanding  of  this  state  and  its  distance  from  other 
states.  For example it  is  usually  very complex to know the exact 
condition of an organization, a business, a service being delivered to 
a customer and a complex product such as a car. Usually in our first 
steps toward any change in  our product-service system, which of 
course includes change toward a more resilient and sustainable one, 
we need to increase our understanding of these distances.

• The design  state  is  the  state  where  the  product-service  system is 
supposed to be in, regarding its design. We usually know this state 
better than the other states because it is documented in the design 
documents. For many products, their current state overlays roughly 
with their design state when they are delivered to the customers. We 
usually want that the design state has a very good overlap with one 
of requirement (or new meaning) states. 

• The  requirement  states  are  a  group  of  states  that  match  the 
requirements  by  users,  the  enterprise,  the  society  and  its  proxy 
bodies, and the environment. The requirement states are not unique 
as there might be different states where may find the overlap but:

◦ Each of the above stakeholders might require a different set of 
qualities,  so  we  have  different  combinations  (in  choosing  the 
qualities and the degree of satisfaction for each one). 

◦ Usually the requirements of each of these stakeholders change 
along the time. As a product-service system designer, we need to 
choose for which state we want to design the system.

• New meaning states  are  new states  of  fitness  in  the  stakeholders 
space,  where  this  fitness  is  not  still  required  or  sensed  by  those 
stakeholders.  Design-driven  innovations  are  amongst  this  type  of 
fitness.
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• Risks states are the states where the product-service system becomes 
non-functional (partially or totally). This can be the general entropic 
degradation  or  any  other  risk  associated  with  the  product-service 
system.

4.4 The Information Value of Product-Service 
Systems During Its Life Cycle

A typical product-service system has a journey of forward and backward 
movements between the fitness space and risk space through its life cycle. 
To understand the nature of these movements, it might be instrumental to 
look at this journey from the perspective of the information value or entropy 
of  the  system  from  different  stakeholders  stands.  Actually  this  way  of 
looking at those dynamics would be instrumental, when we want to find the 
information/intelligence  patterns  that  occur  in  resilient  and  sustainable 
product-service  systems.  From  the  other  hand,  this  approach  would  be 
helpful when we want to use and apply those patterns.

As it is depicted in  Figure 6, any product-service system initiates its life 
cycle from an idea and then reaches to some level of utility; but like any 
other system the general entropy law applies to the system and it degrades 
till the point that it is retired or disposed. The rest of the product-service 
system life would be in the waste form, while the soft parts, i.e. the idea and 
the design, would have a longer life but eventually even those parts will 
degrade to disappear totally.

There  are  three  curves  in  this  figure,  where  the  first  one  represent 
information  value  or  entropy  from  the  enterprise  (and  design  team) 
perspective. The two other curves are about the imposed information value 
by the product-service to the biosphere.

In ideation step,  the idea as the most minimal formation of the product-
service  system forms  around  the  most  essential  signals.  The  innovation 
process is responsible to form this signal out of the white noise of scattered 
thoughts. This idea whether being expressed in a lingual form or even some 
electrical spike in a neural network, gains some information value and loose 
some entropy, which means it is no more a 100% unpredictable message.
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Through different steps of design process, the idea grows to a set of related 
design documents. In real life, there is a fluctuation in information value 
gain through design process, in this sense that like the evolution process we 
bring new ideas and throw out the others to keep the most fitted one. This 
fluctuation is depicted in  Figure 6 as a small glitch in the curve between 
node: initial idea and node: blue-print. 

In our simplified scenario, the blue-print is the last soft incarnation of the 
product-service  system  and  after  this  the  physical  and/or  operational 
implementation of the product-service system would come to the scene. But 
it  should  be  noted  that  there  is  no  explicit  distinction  between  the  soft 
incarnation (i.e. design blue-prints) and the hard incarnation. Actually in a 
sample  such  as  a  software  application  it  is  easier  to  sense  this  blurred 
boundary  between  the  design  and  the  product-service  system.  From the 
other hand there are many products in the world, such as some handicrafts, 
which  are  blue-print-free.  Actually  in  these  products,  the  design  is 
interwoven in the physical form of the product,  and the real form of the 
product plays the same role as the CAD for an industrial physical product.

Also note that in Figure 6, there is distance between the 'software level' line 
and the blue-print node. This distance is because we are going to gain more 
information till the end of the product-service system life cycle which would 
be maintained in the maintenance and experience documents. Actually the 
software level line is intended to be the rest line when there is no physical or 
operational incarnation of the product-service system at the end of its life 
cycle.  Hence  this  line  should  represent  a  greater  amount  of  information 
value than the initial blue-print.

The prototype, test release, and first release (mass production) stages come 
next. Here at the first release node, the biosphere perspective curve have 
been forked into two curves. Each curve demonstrates the information value 
from a different perspective. These perspectives are mentioned in the figure 
legends. We forked the curves here as it is considered the first physical or 
operational  show  of  the  product-service  system.  The  first  curve 
demonstrates the information value of a typical product-service system from 
the producer point of view and the second and the third ones, measure the 
information value from the perspective of the biosphere, one of them for 
-let's say- good wastes, and the other one for -let's say- bad wastes.  The 
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Figure 6: Information Value of a Typical Product-Service System through its  
Life Cycle



second curve demonstrates biosphere perspective of information value for 
product-service systems that incorporate physical components which are not 
degradable to biosphere and at the same time they disseminate in biosphere. 
We can call them as bad wastes, both as they cannot degrade and as they 
disseminate  their  pollution.  Being  non-degradable  means  that  the  object 
(here  some  component's  of  the  product-service  system)  maintains  its 
information value (being  something in the environment rather than being 
part  of  it).  But  disseminating  in  the  biosphere  means  to  increase  the 
information value.

Understanding this information increase in biosphere is a little bit tricky but 
it makes sense. Actually by disseminating non-degradable pollution in the 
biosphere we have decreased the degree of freedom and number of possible 
states  of  biosphere.  As  an  example,  toxins  reduce  the  number  of  cubic 
meters where life can exist there. We can ignore where the information gain 
has happened during this entropy reduction, but anyway the entropy for life 
has decreased. In a clear way product-service systems that impact biosphere 
in terms of degradation also have the same impact.

The third curve denotes the good wastes from the biosphere perspective. 
Those are the wastes which would be degraded in a reasonable time while 
they do not disseminate in the environment. It is clear now that this type of 
wastes does not change the entropy level of the biosphere at least in the long 
time.

At  the  next  stage  our  main  curve  goes  through a  series  of  fluctuations. 
Fluctuations mean, when we some part of the product-service system needs 
repair, while this repair might increase our information about the system but 
it also increase the entropy. The entropy increases because in repair mode 
the system have more freedom to be something rather than a functional one. 
In a disruptive event, the team lose some key persons and we can see an 
almost high degree of rise in entropy (or decrease in information value). 
This disruptive event can be a physical disaster with the same effect.

Algorithmic  information  theory  and  Kolmogorov-Chaitin  complexity 
theories, which were discussed before, might give more insights about the 
fluctuations. Actually during the repairs we usually miss some operational 
parts  but  gain  some  design  experience.  From  the  stand  of  algorithmic 
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information theory that experience might be of more information value, as it 
is much harder to be generated, comparing with the regeneration of a part.

And ultimately we reach back to the initial entropy level, where every thing 
is forgotten and lost. Of course, probably long time before, the system has 
been retired or disposed.
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5 Information or Intelligence Patterns 
of Resilience and Sustainability

We want to find information/intelligence patterns which contribute to the 
resilience and sustainability of product-service systems, but this needs us to 
provide grounds in different aspects. At the end of this section we hope that 
we have made these grounds, which will be used in the rest of discussion. 

It is important to note that we would use pattern and design pattern terms 
interchangeably, because in most of the cases, the observation of a pattern 
directly suggests the associated design pattern.

Patterns, in this chapter, has categorized as one of the fundamental, tactical 
and structural categories. Fundamental patterns are the patterns that provide 
the ground for other patterns. Some of these patterns are so basic, axiomatic, 
and already well-recognized that makes it hard to for us to decide whether to 
categories them as the basic concepts or alongside the other patterns. But as 
there is a smooth connected path from these fundamental patterns to other 
tactical or structural patterns, hence they have been also labeled as pattern. 
From the other hand, discussing about these patterns from the information 
theory  perspective  might  give  us  new  insights  and  provide  us  with  the 
ability  of  quantification  or  at  least  closer  examine  and  more  precise 
observation.

5.1 Processing and Learning

Our first encounter of information/intelligence patterns, of course should be 
dealing  with  the  fundamental  information  handling  mechanisms,  i.e. 
learning  and  processing.  In  the  literature  review,  in  Section  (3.4.1),  we 
talked about  learning or  processing as the entropy decreasing mechanisms 
in systems that can learn. We also discussed that learning or processing does 
not necessarily involve a brain component,  but any form of structural or 
non-structural  change,  which  improves  or  maintains  the  system  fitness, 
could be considered as a type of learning or processing.
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The two terms of learning and processing, while looking very similar, can 
be actually a little bit different, at least in the context of this thesis essay. 
Here learning refers to precautious learning (or other types of provisions for 
future,  in  form of  changes  in  internal  structures  or  dynamism)  that  we 
accomplish  to  be  prepared  for  future  possible  needed  information 
processings.  But  processing refers  to  the  types  of  learning  that  we  are 
already exposed to the situation and should anyway process the information 
(decrease the uncertainty). 

In the probability mathematical language, learning is used for information 
sources when there is a probability less than 1, that we will get connected to 
that  information  resource;  but  processing  is  used  to  show,  that  we have 
already got connected to the information source. This means processing is 
associated with entropy formula in its typical form, but learning is actually 
about decreasing the joint entropy (like joint probability) of the information 
sources. The joint entropy is formulated as follows (Cover et al. 1991):

H ( X , Y )=−∑x ∑y
p( x , y) log [ p (x , y )] (4)

Where it also implies that:

H ( X , Y )learning⩾max[H ( X occurrence) , H (Y processing)] (5)

Which means, also in an intuitive manner, that learning for a possible in-
future  event  or  any  source  of  information,  deals  with  more  amount  of 
entropy than processing an already existing information source.

Another apparent insight into the processing is that a fast processor, and a 
learned one both have advantages in decreasing the amount of entropy or 
uncertainty. This has been depicted in Figure 7.

Both the above insights make a ground for exploring more about the best 
balance between our investment in learning, paying for processing, or 
accepting the uncertainty and entropy challenges.
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5.2 Learning, Future Uncertainty, and Reaction 
Time Performance

Although we learn from the past, but learning is for predicting the future. If 
learning cannot increase our ability for better predictions, then it would be 
useless or at most can be only evaluated from the aesthetic point of view. An 
example might make this claim more clear: If we have never experienced 
gravity  we  have  no  idea  what  happens  if  we  drop  an  apple.  If  have 
experienced it mere as a normal observer, then we can predict the direction 
of movement for the apple.  If we know the Newton's formulation of the 
gravity then we can very precisely predict distance, speed, and acceleration 
of  the  apple at  any given time.  The same is  of  course true  for  learning 
technical, social, managerial materials.

We have tried to show this in Figure 8. The kind of learning which helps us 
to predict better the future, decreases the information value of events in the 
future and there is less uncertainty for the future. This has been shown in 
Figure 8 as  two curves,  one  for  learned situation  and one for  unlearned 
situation.

We can have some basic assumptions about the shape of the curves. First, 
these  are  increasing  curves  as  the  uncertainty  of  future  increases  by the 
factor of depth of time. Second, basically they have an exponential nature; 
each state in any given time can give birth to several possible states in the 
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next step of time. But third, many of those new generation of states might be 
actually identical; this might alleviate and control the exponential growth. 
And fourth, for a closed system there is a maximum entropy level; we can 
also  guess  that  these  curves  slow  down  when  they  get  close  to  that 
maximum. All above mentioned properties,  which shows a high degree of 
likelihood with population growth equations, suggests sigmoid functions as 
a good candidate.

Figure 8: Learning and Uncertainty

For  this  sigmoid  function,  we  have  an  interesting  suggestion  from 
psychometrics discipline. In this discipline there are theories about behavior 
of  contestants'  results  in  a  test.  These  theories  are  expressed  in  Rasch 
measurement model and item response theory.  In the item response theory, 
the probability of a correct response to an item has been modeled as follows 
(Baker 2001):

p i(θ)=ci+
1−c i

1+e−ai (θ−bi)
(6)

Where  θ  denotes the ability of the contestant,  c i  denotes the guessing 
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factor which we can consider it zero (actually very small) here, a i  denotes 
discrimination factor which we can consider it a constant (1 for a typical 
one)  for  our  case,  and  b i  which denotes  item difficulty  (normal  is 0). 
These would result in:

p i(θ)=
1

1+ebi−θ (7)

Regarding the fact that the possibility of a correct guess is one out of all 
possible options, and the information entropy is also proportional to possible 
options,  then  the  information  entropy  is  inversely  proportional  to  the 
possibility  of  right  answer  (no  more  a  pure  guess).  This  is  actually  the 
entropy reducing effect of learning. So we can rewrite this formula as:

E entropy∝eb−θ (8)

There is no time factor in this formula, but we can assume that both the 
difficulty and the ability of learners are functions of time, therefore:

Eentropy∝eb(t+Δ t )−θ(t+Δ t) (9)

This means that the information entropy of a situation (in future if we use 
delta t) is proportional to the exponential of the balance between difficulty 
of the situation and the learners' ability, or vice versa. Please note that b  in 
this formula was only interpreted as difficulty, also it can be a function of 
the information entropy of the case. 

This formula tells us that for a given information entropy curve, such as 
unlearned curve in  Figure 8, with changing the learning factor  θ we can 
bend down the curve (such as the learned curve). At the same time, keeping 
the  learning ability  fixed,  and decreasing  the  information  entropy of  the 
context  would  essentially  decrease  the  difficulty  of  finding  the  right 
answers.  At  the  same  time  with  the  assumption  that  the  difficulty  of 
situation would increase if we want to forecast a longer time ahead, then 
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lower  Δ t  values, means encountering lower degrees of entropy. Please 
note, this is the reaction lag that determines Δ t , and we will discuss it in 
the next paragraph.

These two curves then should be considered with the two other parameters. 
The first  parameter is the  reaction lag (mean time).  This is  the time lag 
between sensing a  signal  and then generating the required reaction.  This 
reaction generally can happen through these processes:

• Transmit  of  signals  to  decision  making  components.  This  can  be 
typical  as  transmit  of  visual  signals  from  eye  to  brain  (and  all 
preprocessings  in  between)  or  it  can  be  non-typical  such  as  the 
sensing the temperature by a thermostat triggers in a boiler.

• Processing of the information and making the decision

• Propagating the command signal to target components

• Applying the command requested change in the those components

This might be important to note that the reaction time should be represented 
as a distribution, but anyway this does not change our argumentation. 

The  reaction  lag  causes  two  different  consequences  in  the  learned  and 
unlearned  situations.  As  one  might  observe  in  the  figure,  the  reaction 
process should deal with less uncertainty in the learned case and vice versa 
in the unlearned case. We also show that in Formula (9), where the reaction 
time was represented as Δ t .

This  of  course  can  be  comprehended  intuitively,  but  if  we  assign  a 
distribution curve of safety, readiness, resilience, or sustainability alongside 
the vertical dimension, i.e. uncertainty, then we might want to assign a break 
line  (or  several  break  lines)  which  dissect(s)  that  safety,  readiness, 
resilience,  or  sustainability  distribution  into  two  or  more  levels.  In  our 
symbolic figure, the learned case is in safe region (B point) at the reaction 
time, while the unlearned case (A point) is out of that. Also note that longer 
reaction lag, pushes both A and B up to less safe regions.
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5.2.1Pattern:LSR Triad (Learning, Simplicity, Reaction 
Lag)

Regarding the above discussion, a product-service system can maintain its 
resilience or  improve it,  if  it  can  maintain  the  uncertainty/entropy of  its 
operating environment below a safe line, for a certain depth of time. The 
safe line is determined by the distribution of the risk alongside the entropy 
scale, and the depth of time depends on the maximum reaction time lag. 
This condition can be expressed by the following inequation:

E environment (t i+max {T reaction lag }) ≤ (1−smaxsafe {Rrisk(e j)})∗Emax entropy

for: t i∈{0,. .. , t vision} , e j∈{0,. .. , Emax entropy}
(10)

Where:

• E environment denotes the entropy of the operational environment as a 
function of time.

• [t i] denotes the given time of interest.

• [T reaction lag ] denotes  the  distribution  of  reaction  time  lags  of  the 
product-service system to the signals around.

• Rrisk (e j) denotes the distribution of risk along the entropy scale, 
where the risk is a function of entropy.

• [Rrisk (e j)] denotes the distribution of risk along the entropy scale, 
where the risk is a function of entropy (in scale of 0 to 1).

• smax safe denotes the function that selects the maximum member of 
the set, where it is equal or below a percentage (for example 80%) of 
the absolute maximum in the set.

• Emax entropy denotes a large enough scoping constant entropy level for 
the operational environment.
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The satisfaction of this condition can be reached by:

1. (L)-Learning for the future, hence decreasing its entropy. We may 
call this bend down effect.

2. (S)-Simplicity in the future, i.e. lower entropy

3. Decreasing (R)-Reaction time lags (also means faster processing)

The first letters of these three ways of satisfying the condition, suggest us to 
call this pattern LSR Triad.

As an explanation through example for the second term of satisfaction, i.e. 
simpler or less entropic future, using new technologies with high levels of 
uncertainty can impose higher degrees of uncertainty/entropy to the system. 
Large  and  mission-critical  organizations  such  as  NASA3 have  devised 
methods to  assess  the maturity  of  technologies  (Mankins  1995).  Usually 
mature  components,  devices,  and  technologies  are  better  studied,  less 
uncertainty exists about their behavior, and have lower levels of entropy in 
comparison with their newer counterparts. The same logic can be applied for 
simpler  technologies,  where  less  components  (usually  mature  ones)  can 
create less technology risks.

Information/Intelligence Design Pattern (1)

Name LSR Triad

Categories Fundamental

Description The  product-service  system  should  satisfy  this 
inequation:

Eenvironment (t i+max [T reaction lag ])

≤
(1−smax safe [ Rrisk (e j)])∗Emax entropy

3  National Aeronautics and Space Administration
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Information/Intelligence Design Pattern (1)

Where:

• E environment  denotes  the  entropy  of  the 
operational environment as a function of time.

• [t i]  denotes the given time of interest.

• [T reaction lag ]  denotes the distribution of reaction 
time lags  of the product-service system to the 
signals around.

• Rrisk (e j)  denotes the distribution of risk along 
the entropy scale, where the risk is a function of 
entropy.

• [Rrisk(e j)]  denotes  the  distribution  of  risk 
along  the  entropy  scale,  where  the  risk  is  a 
function of entropy (in scale of 0 to 1).

• smax safe  denotes the function that selects the 
maximum member of the set, where it is equal 
or below a percentage (for example 80%) of the 
absolute maximum in the set.

• Emax entropy  denotes  a  large  enough  constant 
entropy level for the operational environment.

The satisfaction of this condition can be reached by:

1. (L)-learning for the future, hence decreasing its 
entropy

2. (S)-Simplicity  in  future,  i.e. lower  entropy 
(through using simpler  or  mature  components, 
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Information/Intelligence Design Pattern (1)

processes, technologies, or operating contexts)

3. Decreasing (R)-Reaction time lags (also means 
faster processing)

Base Patterns None

Impacts on 
Resilience 
Trajectories or 
Sustainability

• (L)-Learning  &  (S)-Simplicity  increase  the 
latitude of the resilience basin, by reducing the 
number  of  drop-out  doors  in  a  less  entropic 
environment.

• Faster  (R)-Reaction  times  would  decrease  the 
possibility of getting catch in a risky path. This 
can  be  consider  increasing  the  resistance of 
resilience.

The  above  mentioned  way  of  connecting  safety,  readiness,  resilience  or 
sustainability levels with reaction lag and learned/unlearned curves, might 
suggest  a  quantitative and effective way for  measuring safety,  readiness, 
resilience, or sustainability based on the current learning level.

Research Extension Point 3
There is a possibility to combine Formula (9) with Formula (10). This 
might  give  us  a  more  quantified  way  of  measuring  the  impact  of 
learning on risk levels.

5.3 Pattern: Future Learning Cost vs. 
Processing Cost

Looking at Figure 8, we may also come to another conclusion. The learning 
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bending effect, that we talk before, does not always bend the entropy curve 
to make a considerable amount of compact. Here the other parameter should 
be paid attention is called the maximum reach of readiness in Figure 8.

The explanation is that if we have a kind of resource to mitigate the risks or 
seize the opportunities in the uncertainties;  this resource is probably in the 
form of processing power. And if the need for this resource is in proportion 
with  the  amount  of  uncertainty/entropy,  then  a  certain  amount  of  the 
resource can cover a shorter depth of time in unlearned case while it can 
cover a longer depth of time in learned case (α < β in depth of time scale). 
But this can be more important if the reaction lag is in between α and β 
points.  That means in the above curve:

α<A

Here the system is not equipped to encounter with uncertainties and entropy 
in future. But in the below curve: 

β⩾B

Here the system is equipped to encounter with uncertainties and entropy in 
future.

Here we have two ways to fix the problem with the upper curve. The first 
one  is  mentioned  in  the  LSR Triad  pattern,  where  the  learning  bending 
effect would bend down the curve. But the other solution is to increase or 
vertically  move  up  the  maximum reach  of  readiness,  i.e.  the  processing 
power. This would result in moving the two points on the upper curve close 
to each other, or to maximize ∣(α−A)∣  value.

Deciding between bend down and move up, strategies might be a complex or 
even impossible task, but at least what we learned until now can give insight 
or  improve  the  possibility  of  developing  rough-cut  estimations  or 
comparisons.

Information/Intelligence Design Pattern (2)

Name Learning Processing Balance
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Information/Intelligence Design Pattern (2)

Categories Fundamental

Description Helps deciding the right trade-off point between future 
learning  investment  and  investing  in  more  powerful 
processing units .

Base Patterns none

Impacts on 
Resilience 
Trajectories or 
Sustainability

Increases the  latitude of the product service system in 
the  resilience  and  sustainability  basin,  by  better 
provision  against  entropy  with  a  fixed  amount  of 
resources

Example #1 Managers decide to educate the team for possible future 
cases or recruit higher performance (smarter) people

Example #2 Game console or  more powerful  PC? Game consoles 
have less  powerful  CPUs (specially  in  terms of CPU 
cycles  per  second),  but  their  processing  system  is 
optimized  for  game  calculations  (they  use  vector 
processors).  This  customization  can  be  considered  as 
limiting  the  entropy  of  future  (i.e.  less  possible 
applications) but being more powerful in those cases. 
The impact of this strategy on future entropy is similar 
to learning on future entropy (actually they have learned 
vector calculations). This learning has some costs that 
can be compared with the cost of higher end PC.

Example #3 Our  body  immune  system  is  an  adaptive  immune 
system. The interesting thing about the immune system 
is  that  a  category  of  solutions  (B Cells)  are  actually 
being  created  before  encountering  any  problem.  This 
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Information/Intelligence Design Pattern (2)

random  creation  of  enormous  number  of  pre-built 
solutions  is  actually  a  kind  of  future  learning  (pre-
learning).

Also antibodies, or the solutions which were successful 
in  one  case  of  pathogen  detection  (processing  the 
problem),  get  the  chance  to  replicate  and increase  in 
number (post learning). This increase in population is 
actually  an  increase  in  the  power  of  processing  (per 
cubic  millimetre  of  blood)  when  the  same  problem 
arises. 

As each cell consumes a certain amount of body vital 
resources, the balance between the numbers of instances 
in  replicated  and  non-replicated  B  cells  can  be  a 
measure  of  balance  between  future  learning  and 
processing power.

Research Extension Point 4

The  above  section,  specially  the  quantitative  way  of  measuring  or 
dissecting into bands the safety/readiness/resilience/sustainability based 
on the current learning level, and the balancing  between the learning 
resources and the resources needed for mitigation of risk and seize of 
opportunities , might be a topic of further research.

5.4 Avoiding Processing Saturation: The Limits 
to Processing and its Impact on the 
System's Resilience

There  are  limits  to  the  processing  power  in  the  unit  of  time  for  any 
information processing system. This fact while can be asserted intuitively, 
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but  also  there  different  literature  in  different  discipline,  specially  in 
psychology, confirm it  (Halford, Wilson, and Phillips 1998),  (Marois and 
Ivanoff 2005). This limitation can be due to different things but one of the 
most simple and fundamental ones might be the channel capacity limit that 
exists between different sub-processing units.

Here in this  thesis, we might take a simple approach to these limits and 
consider those limitations as follows: Any information system can process 
information in a specific time period (create the relevant information output, 
or required change) without  a major  loss in  quality,  up to a  limit  in  the 
amount  of  information.  We  can  call  this  limit  as  the  limit  of  linear  
information  processing.  After  this  limit  we  might  have  two  boundary 
scenarios:

• Sustaining  capacity:  The  system still  can  gradually  decreases  the 
proportion of processing output to information input up to a level 
where it maintains a maximum capacity.

• Deteriorating capacity: The system still can gradually decrease the 
proportion of processing output to information input up to a level but 
after that the system cannot produce the same level of output but the 
output  decreases  in  amount  or  quality.  In  psychology  we  have 
intuitive  experience  of  this  when  one  feels  get  lost  or  confused 
because of too much information. 

The limits to processing can play a major role in the resilience of a system. 
While this can be easily understood for a system such as a human, where the 
inefficiency in information processing can be lead to inability to maintain 
stability, but in other systems it might be that much apparent. For this reason 
lets consider the case of a boiler thermostat trigger. This thermostat trigger 
is supposed to sense the temperature (hence input information), process it 
(through expansion of the metal component) and react in a way (turning off 
the switch). If we have a situation that the fluctuation rate of temperature in 
the boiler is  faster  than reaction of the expansion metal component,  that 
simply means the boiler cannot process the input information and hence is 
not  going to  react  efficiently.  This  means  that  the  boiler  might  explode 
(moving out of its resilience basin). As you see in this example inefficiency 
in processing the input information can lead to situations which are not in 
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required resilient basin or at least it can lead to event space where there is 
high levels of uncertainty.

5.5 Information Resources Replacement and 
Their Life-Cycle

Any product-service system is dependent on a series of resources in terms of 
technologies,  devices, components and skills,  where for each of these an 
information value is associated. But there also exists a life cycle for each of 
those  essential  parts  in  terms  of  their  information  value.  Note  that,  this 
information value here means, how much we know about them, or from the 
other side, what is their entropy level.

The information life cycle state of resources of a product-service system 
(i.e. technologies,  devices,  components  and  skills)  during  design, 
production, and maintenance can be crucial in any of those stages. An easy 
example of such importance, that can be well understood, is when a key 
designer  leaves  the  team  while  the  team  tries  substitute  his/her 
competencies.
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Any product-service system designer or manager, should consider the life 
cycle  of  resources  from  information  perspective;  ownership  does  not 
guarantee utility and effectiveness. Designers and managers should make 
sure that the substitute of the information would be there and established, 
before the leaving information is out of reach. This should also happen in a 
timely manner and should decide the time that impose the least  costs  in 
trade-offs.

Figure 10: Optimum Information Replacement

We can see a depiction of this constraints in Figure 10. As it is depicted, one 
should pay attention to two curves in the figure. The first one is the life 
cycle of information about a resource (or in form of a resource itself), and 
the second one is the total information level of the product-service system. 
We have visited this total information level in Figure 6, where the curve can 
be  roughly  dissected  into  three  sections  where  in  the  first  section  the 
information value is generally in an increase, in the second part it almost 
maintains some level and then there is a course of decline. But in Figure 10 
we are focused on increasing period, while the logic can be applied to any 
section.

In  Figure 10 there is  a  collapse line,  which determines  the rest  of other 
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milestones.  Collapse  happens  when  the  amount  of  information  for  a 
particular mission-critical resource (i.e. technology, component, device, or 
skill) comes below a minimum level required, while the replacement has not 
been considered or has not been effective till that time.

If one wants to avoid this collapse line in a product-service system, three 
things should be taken into consideration:

• The  statues  of  decline  and  decline  rate's  predictions  should  be 
perceived.

• The natural and particular change lag of that product-service system 
should be also taken into consideration. Note that this change lag 
would  be  very  different  in  different  stages  of  the  product-service 
system  life  cycle.  Changes  during  initial  phase  are  much  easier, 
faster, and safer than changes in operational phases. Changes in a 
running product-service system can be like changing the engine of 
an airplane while flying in the sky. We have shown this change lag 
as  the  period  between  mandatory  switch  and collapse  times,  in 
Figure 10.

• Even  beyond  this  change  lag,  the  replacement  candidate  should 
reach a level of maturity and this takes time. Some product-services 
systems might require a high degree of maturity in the resources they 
employ. Some organizations, such as NASA, require a technology 
readiness assessment for any technologies being used in the product 
(Mankins 1995), this of course adds a considerable amount of time 
beyond change lag. In Figure 10, this is depicted as the replacement 
information  reaches  its  maturity  before  encountering  mandatory 
switch  time.  Also note  that,  this  maturity  can be in  the  universal 
context or in the internal context, or as discussed in section (3.1.1) in 
the extended version of product-service system.

We may consider two general approaches for this renewal, anticipative and 
non-anticipative.  In  the  anticipative  model  we  sense  and  plan  for 
replacement, where the new replacement might be something similar and of 
the same nature or it might be something new but of course available. In 
non-anticipative model, we rely more on of innovation flow and innovative 
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cases. Probably we cannot rely only on non-anticipative model and it should 
somehow be backed by an anticipative one; but anyway the innovate non-
anticipative model  might  introduce replacements  which are less  complex 
and  less  entropic  (i.e. easier  to  learn  and  work  with)  themselves.  This 
reduces  the  cost  of  replacement,  while  avoids  unnecessary  increase  of 
system complexity. 

Research Extension Point 5
Beyond determining the life cycle of a particular information inside an 
organization or a design team, how can we apply the same idea within 
smart products? For example a software, which is consisted of many 
different  components  and libraries,  is  usually  aware  of  the  different 
versions of the components and services that lives inside. In many of 
software  systems,  which  have  a  component  management  backbone, 
there  are  different  discovery  and catalog  mechanisms to  ensure that 
components  can  communicate  with  each  other,  know  the  common 
language  of  communication  and  know what  is  expected  out  of  this 
communication.  Still  many  of  these  considerations  are  duties  of 
software designers and the software product itself does not take care of 
that.  How about  other  products?  Is  it  possible  that  a  car  signals  its 
owner about possible need for change, not because of a problem in the 
functionality  or  expiration,  but  because  it  is  becoming  obsolete for 
other  parts  to  communicate  .For  example  if  new  safety  regulations 
require a new generation of electrical  power system in your car,  the 
system suggests you to change other related electrical components in an 
appropriate  time manner,  before the new regulations  take effect  and 
before you change the electrical power system.

Information/Intelligence Design Pattern (3)

Name Information Ecdysis4

Categories Fundamental

4 The process of moulting and shedding in some animals to change the outer skeleton 
and skin
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Information/Intelligence Design Pattern (3)

Description The product-service  system perceives  the  information 
life-cycles  and  react  to  replace  them  in  appropriate 
time,  considering  when  that  particular  information 
declines below the threshold, the length of change time 
and length of new replacement to reach maturity. It also 
postpones too much soon replacements, in the seek of 
efficiency

Base Patterns None

Impacts on 
Resilience 
Trajectories or 
Sustainability

Decreases  the  precariousness status  of  the  product 
service system in the resilience and sustainability basin, 
by going back deep into the basin when we the system 
is close to thresholds and brinks.

Example #1 Replacing the outdated device, when few people know 
how it works and it is also hard to find and recruit such 
people.  This  specially  happens  much  in  software 
industry,  when  codes  are  in  older  programming 
language, not well-refactored, not well-documented, or 
any situation where the processing of that information 
takes more energy than regenerating a new one.

Example #2 The  Y chromosome  in  mammalians  determines  sex, 
while  this  chromosome  looks  to  be  in  a  very  fast 
degenerative  course,  which  might  end  up  in  total 
extinction in the next 10 million years  (Graves 2004). 
There are different theories in this  regard,  but one of 
them suggests that other sex determination mechanisms 
embedded  in  other  chromosomes  would  replace  the 
current  mechanism  (Graves  2006).  Actually  in  some 
rodents  (such as vole and lemming) this  is  how their 
systems work right now (Marchal et al. 2003).
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5.6 Refactoring

Refactoring in software literature means changing the structure of the code 
of a program without changing its functionality and behavior  (Fowler and 
Beck 1999). The purpose of refactoring is to create a code which is easier to 
maintain, clearer to understand, and ready for future extensions.

Actually  from the  information  theory  perspective,  while  adding  features 
adds  to  the  entropy  of  the  system  (from  designer  perspective  and  not 
essentially  the  user's  perspective),  in  contrast,  refactoring  decreases  the 
entropy by removing non-needed complexities.

In this sense, refactoring impose less load on the processing units and avoids 
reaching saturation mode, as was described in Section (5.4). This of course 
provides more space for extensions while avoiding the saturation threshold.

Standardization sometimes helps to the refactoring process. If a standard is 
being  widely  used,  then  probably  there  is  less  complexity  and need  for 
learning associated with that. 

Information/Intelligence Design Pattern (4)

Name Refactoring

Categories (Mostly) Tactical

Description The product-service system got refactored and straight 
forward.  Easier  to  handle  processes,  devices, 
components, and technologies are being employed. 

Base Patterns Processing Saturation Avoidance (a the base concept)

Impacts on 
Resilience 
Trajectories or 
Sustainability

Increasing the latitude of the product service system in 
the resilience and sustainability basin, by allowing more 
capacity to accommodate entropy and complexity.
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Information/Intelligence Design Pattern (4)

Increasing the  resistance status of the product service 
system  in  the  resilience  and  sustainability  basin,  by 
making it less prone to malfunction or failure when it 
gets augmented or extended.

Research Extension Point 6

There exists several refactoring methods in software coding discipline 
(Fowler and Beck 1999). I guess most of them can be describe in terms 
of decreasing entropy in the code. 

5.7 Encapsulation and Componentization

A very common way of dealing with excesses of information is to divide it, 
assign it to others (other parts, other components, or other team members in 
design and service) for processing, hide the details and complexities behind 
well-defined  interfaces,  and  create  a  hierarchy  to  manage  as  much 
complexity as possible.

All  the  above  steps  are  represented  in  Figure  11.  Please  note  that  the 
hierarchy would not be perfect and there is always an amount of leakage and 
uncertainty propagation, which accumulates up in multi-level hierarchies.
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Figure 11: Increase of Information Value during Design and the Impact  
of Encapsulation Methods on that

Information/Intelligence Design Pattern (5)

Name Encapsulation and Componentization

Categories Tactical

Description The product-service system divides into components or 
sub-processes  and  assigns  them  to  different  people 
across the hierarchy

Base Patterns Avoiding Processing Saturation 

Impacts on 
Resilience 
Trajectories or 
Sustainability

Increases the latitude of the resilience and sustainability 
basin, by providing more space for complexity without 
being prone to processing saturation.

5.8 Smart Redundancy and Diversity

Redundancy  is  a  very  intuitive  and  basic  technique  for  increasing  the 
resilience  and stability  of  a  system.  Redundant  resources  substitute  each 
other when one of them fails in availability or functioning. For the many of 
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modern systems (such as computing systems) there have been developed 
different  specific  and optimized redundancy  methods  (Randell,  Lee,  and 
Treleaven 1978), these methods are usually beyond raw redundancy method.

Ecosystems enjoy a specific type of redundancy that involves diversity. In a 
resilient ecosystem, we may find that the important functionalities of the 
system are being covered by a diversity of species  (Brian Walker 2002). 
From  the  opposite side,  ensuring  the  resilience  of  an  ecosystem  can 
conserve biodiversity in that ecosystem (Brian Walker 2002). This is a form 
of  redundancy  that  has  evolved  as  diversity,  so  the  ecosystem can  still 
continue to exist and function when some species are endangered and might 
extinct in that specific ecosystem because other different can replace their 
functionality in the ecosystem.

From  information  point  of  view,  pure  redundancy  does  not  add  to  the 
entropy (or information value in the receiver perspective). Of course in real 
cases, redundancy needs more maintenance and the natural degradation of 
the  system probably  increases  entropy  more  in  system with  redundancy 
within.  But redundancy through diversity,  of course increases the system 
entropy by definition  (more  micro-states,  hence  more  bits  are  needed to 
describe the system).

Increase in entropy through diversity is one of those non-frequent cases that 
entropy can actually help us. There can be an interesting description, where 
by increasing our entropy we make it  harder for the hostile  and adverse 
environment to devise attack on our vital parts. From this perspective, of 
course any operational environment is considered to be hostile, and adverse 
while  there  might  be  different  degrees.  This  perspective  is  true  for 
intelligent  and  non-intelligent  hostile  or  adverse  environment,  where  an 
intelligent  environment  (the  environment  which  has  some  hostile  active 
agents) is  busy in plotting several failing scenarios,  and the unintelligent 
environment needs more time to increase the possibility of introducing and 
adverse situation. Even for redundancy which does not increase the entropy 
level, if the hostile environment is non-smart or unaware of the redundant 
part,  then  it  needs  the  same  amount  of  time  by  average  to  make  the 
redundant part to fail.

The  draw  back  to  redundancy  is  the  overload  of  resource  consumption 
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needed  to  create  the  redundant  counterparts.  In  an  energy  conservative 
regime,  it  is  not  always easy  to  think  of  redundant  parts.  Designing  a 
product-service system which has pairs  of everything would fail  soon in 
competition with rivals. In the living systems, this has been addressed with 
different redundancy models. In body level, a member of mammalians, have 
one of two of most organs; but trees, fishes and other species generously and 
massively  redundantly  spread  and  communicate  their  reproductive  cells. 
Reproductive  cells  are  actually  those  maps  of  the  future  redundant 
counterparts, which contain lots of information value of the ultimate system, 
but  do  not  required  that  amount  of  material  and  energy.  Similarly  in  a 
product-service system, which typically consists of services being run by 
human, a regenerative map (i.e. instruction manual) with provision of some 
initial  materials  can  be  enough  to  create  a  low-  energy-consuming 
redundancy.

Information/Intelligence Design Pattern (6)

Name Smart Redundancy and Diversity

Categories Fundamental

Description The product-service system creates redundant parts for 
its  critical  mission parts.  Relies on diverse instead of 
carbon-copy  redundancy.  This  product-service  system 
tries to get this redundancy in a smart way which does 
not  increase  resource  consumption  overload,  for 
example  using  regenerative  maps  and  provision  of 
multi-purpose basic elements.

Base Patterns None

Impacts on 
Resilience 
Trajectories or 
Sustainability

Increases the latitude of the resilience and sustainability 
basin,  by  providing  local  alternative  resiliency  and 
sustainability basins, without going out of the general 
resilience and sustainability basin.
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5.9 Redundancy, Restore Points and 
Regenerative Maps 

Think of a product-service system which is hit by a disaster and has lost 
some of its vital parts; for example a skilled employee lives the team, or a 
major part of a complex product gets defunct. The system begins a free fall 
in the information value (or a surge in entropy). But this is not necessarily 
the only  scenario.  Many of  systems might  have  a  finite  or  even infinite 
number of stable states between their functional state and the full entropy 
state. If we can manage to memorize some of those stable states, we might  
be able to begin the recovery, not from scratch, but from one of those states.

This described situation is a form of redundancy, but it is actually a kind of 
full redundancy, where we make redundant copies of all the product-service 
system at specific times. Actually most of us have already has done this by 
saving backups of our data in computers.

One important thing about this full redundancy is that we really do not need 
to have an identical redundant backup. Actually redundant backups can be 
very expensive if we are in short of capacities and resources (for example 
we cannot  have  a  full  customer  service  team as  redundant  and  backup, 
except that we have a very critical mission product-service).

The solution to this case is based on the algorithmic (Kolmogorov-Chaitin) 
information theory (see Section 3.4.2). In this sense our redundant backups, 
or  restore  points  are  descriptions,  algorithms,  or  programs  which  can 
regenerate  the lost  state.  In  this  regard,  we also try to  find  the  smallest 
possible restore point.

Like  other  cases  in  algorithmic  information  theory,  there  should  exist  a 
machine (which can be the designers team or the service team in a product-
service  system)  that  executes  this  description,  algorithm,  or  program to 
regenerate the desired state of the product-service system.

It  should  be  also  noted  that  there  exist  two  types  of  restore  points  or 
regenerative maps, stateful and stateless. Stateless types are actually design 
blue-prints. They are forward programs and usually do not specify the exact 
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state of the future because it is not important, only the main functionalities 
are required to be restored.  But sometimes we need stateful regenerative 
maps (we may prefer to call them restore points for this purpose). In this 
case we not only require the design blue-print (which is time forwarded), 
but  we  need  a  snapshot  of  the  last  configuration  and  state  of  that 
implemented version of the blue-print. This is like the future sends signal 
(backward) to specify the exact path of regeneration.

As an example, DNA is one of the most compact (but not the ultimate one) 
regeneration  maps.  It  is  stateless  and  forward  and  does  not  contain  any 
information from the future state. Also reproduction in living systems is by 
some sense the internal redundancy and regenerative maps for components 
of the life system (in its large scale biospheric level). From the opposite side 
the human brain system is a forward and stateful system. In our brain the 
short term memory state of mind is being stored in long term memory (of 
course with probably lots of loss) but when it got erased (which happens 
naturally) the system can retain the old state by extracting it back from the 
long term memory.

5.10 Information Traffic Congestion 
Shaping and Control

In Section (5.4), we talked about the limits of processing and its impact on 
resilience of the product-service system. There are a number of solutions 
where  at  least  some  of  them try  to  shape  the  traffic  congestion  of  the 
information alongside the time to avoid saturation modes in processing. In 
the next section we are going to talk about some of them.

5.11 Stem Cell Pattern

Stem cells are types of cells that generate other cells. The mechanism, which 
is used in growth of embryo begins when the first stem cell divides into two 
cells. Generally stem cells are not expert cells, but they can do many things 
in smaller details of functionality. A multi-functional stem cell divides into 
two cells which are still regenerative (stem cell), but more expert in some 
aspect and less expert in all other aspects. Through this process, the embryo 

59



evolves from an almost generic embryo to a very sophisticated body, where 
the  last  generation(s)  have  lost  their  regenerative  capacity  (not  for  all 
species and limbs) and got the most specialized one. This process keeps the 
information level in each cell, in the meantime, under a threshold, avoiding 
saturation in processes.

Quite similarly,  when a service intensive product-service involves lots of 
human-based-roles, instead of initializing all roles at the same time (which 
has high possibility of collapse), it is good to begin with less specialized but 
multi-functional  roles  where each person through several  cycles,  in each 
cycle  teaches  a  new team member  and  also  gets  more  expert  in  his/her 
ultimate role.

Information/Intelligence Design Pattern (7)

Name Stem Cell

Categories Tactical

Description Things  begin  from  a  small  core  team  (in  service  or 
design) which are capable of doing many things, then 
this team divides and recruits new members. In this new 
generation the old members educate new members and 
both of them educate themselves to be more specilized 
in some field.

Base Patterns Traffic Congestion Control

Impacts on 
Resilience 
Trajectories or 
Sustainability

Decreases  the  precariousness in  the  resilience  and 
sustainability  basin,  by  shaping  information  traffic 
processing along the times

60



5.12 Cyclic Divergence and Convergence in 
Innovative Processes

In this pattern, instead of maintaining a specific level of entropy during the 
process, we allow for cycles of expand in the extend of entropy (divergence) 
and then shrinking it  (convergence).  There are  two important parameters 
here:

• The  maximum  linear  capacities  of  the  processing  unit,  which 
determines the maximum width of this divergence (vertical limits).

• The time scope plus entropy expansion/shrinkage rates (how wild 
creative we can be and how fast we can prioritize and eliminate the 
rest  to a  small  set),  which determines  the minimum width of  the 
shrink.

We can show that this method is actually a divide and conquer method to 
encounter  the  entropy  of  something  (i.e.  by  early  eliminating  branches 
which are less probable to be the answer). If we expand to m  branches in 
each full cycle and shrink to only 1, then for frequency of  f  cycles per 
unit of time and for a time Δ t  we have:

E impacted=min {[(
E reference

m f Δ t ) , 1]} (10)

For example, for a system which tries to be innovative and is going into a 
series of diverging and converging cycles, this means that more time and 
more iterations of divergence and convergence then more we can decrease 
the entropy of innovation space, hence more probable to come with a good 
new  idea  and  innovation.  Of  course  we  have  ignored  (fixed)  all  other 
impacts here, especially considering the degree of possibility of choosing 
right branch in each cycle.
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Information/Intelligence Design Pattern (8)

Name Cyclic Divergence and Convergence

Categories Tactical

Description We let the ideas to expand but reaching the maximums 
of processing capacity limits (or time constraints), we 
try  to  shrink  and  eliminate  most  of  them.  Higher 
frequencies in a fixed maximum of processing capacity 
means better searching and sorting the ideas

Base Patterns Traffic Congestion Control

Impacts on 
Resilience 
Trajectories or 
Sustainability

Decreases  the  precariousness in  the  resilience  and 
sustainability  basin,  by  shaping  information  traffic 
processing alongside the times

5.13 Multi-Level Fitness (Requirements) 
Analysis and Sustainability

A product-service system basically strives for fulfillment of requirements in 
two scopes: fitness in user's satisfaction space and fitness in the producing 
enterprise satisfaction space.  There are probably dimensions to these two 
fitness space, but here as for simplicity, we may want to represent them in 
an aggregated scalar indicator.

The scalar variable of this fitness indicator takes different value during the 
life-time of the product-service system. Generally we assume that we want 
to increase this variable through the life-time of the product-service system, 
while we accept that there is always rises and falls and of course a final 
retirement.  We  have  tried  to  depict  these  changes  in  Figure  12,  in 
metaphoric but still informative curves.

At  the  same  time,  we  know  that  this  indicator  is  dependent  to  other 
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indicators, where for the fitness indicator those are the users'  satisfaction 
indicators  and  the  enterprise's  satisfaction.  For  the  purpose  of  clarity  it 
should  be  noted  that  the  enterprise  satisfaction  of  course  includes  the 
revenues and return of investment generated by this product-service system, 
its impact on the working environment conditions, and other similar factors.

The  above  mentioned  dependency  works  like  this  that  the  dependent 
indicator is a lagging indicator, reflecting the changes in the base indicator 
with a lag.  In this  sense,  the base indicator can be considered a  leading 
indicator  for  the  dependent  indicator.  Also  in  some  situations  we  might 
encounter cases where both indicators are in coincidence relationship. This 
relation  of  lagging-leading  (or  coincidence)  between  indicators  can  be 
extended deeper, as we have done this in Figure 12.

As it is shown in Figure 12, for a generic product-service system, this chain 
of  dependencies  would  end  in  the  availability  and  performance  of  
environmental services. Also this chain passes through the path of economic 
and social  sustainability  indicators.  This chain formation is  based on the 
mainstream thoughts on sustainability which were originally inspired by the 
United Nations' report, known as Brundtland  (1987). This chain can be a 
valid argumentation of why parameters of ecological sustainability  should 
be included in our designs and design strategies of product-service systems.

Based on the above argumentation, even for the purpose of the interests of 
the producer/implementers of a product-service system, we need to include 
the ecological sustainability considerations. Here we need to be more detail 
about the inclusion calculations. Actually regarding the following facts all 
signals from the downside stream, up to the product-service system's fitness 
indicator,  are  subjected to the following considerations in calculating the 
impact factor:

• The propagation lag of each of impact sources. In other words the 
lag of sensing the reflects of each of leading indicators.

• The time scope for which we design the product-service system.

• The accumulated impact values of each of impact factors through 
their path up to the product-service system fitness indicator. It should 
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be noted that there might be differential equation relation between 
the indicators in different levels, so talking about the accumulated 
impact factor should be justified by considering the curves and the 
slops of the changes.

• The current precautious changes that has been accomplished. These 
precautious changes might be in form of learning or other form of 
changes. Any of these changes decreases the information value of 
the ultimate needed changes. 

• The uncertainty (entropy) curve of each of impact sources alongside 
the time.
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Figure 12: Multi-Level Dependencies of Requirements and Impact  
Sources

(please zoom-in, if you are reading a PDF version of this thesis essay)

5.13.1 The Most Important Terms in Harmonic 
Analysis of Multi-Level Requirement Indicators

Taking  into  account  the  curve  of  the  requirement  indicators  in  different 
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dependent  levels,  in  a  metaphoric  way,  we  may  consider  each  indicator 
curve as a signal which there are uncertainties in its exact shape (as most 
part of that happens in the future) but we may have already some of the key 
frequencies that shape it. With this approach one might ask what are those 
key  terms  in  the  mathematical  expansion  series  of  that  curve,  which 
contribute most in shaping the curve.

First  of  all  there  is  a  problem with our  expansion series  metaphor  here, 
because the indicator curves (such as the environment services availability 
and performance) are actually aggregated indicators which we have chosen 
to weight the input factors based on assumptions, and this would affect the 
reverse process of finding the most key terms in the expansion series. But 
still we might suggest a method or we might even suggest an answer.

As for the method we can the one suggested by Meadows in her article 
about the intervention leverage points in systems (Meadows 1999). In this 
article it is stated that there are 12 points in a generic system where small 
shifts  in  each  would  impact  the  overall  behavior  of  the  system.  In  this 
article,  these  leverage  points  are  also  sorted  in  order  of  effectiveness. 
Considering this insight one might consider to study the models behind each 
of our mentioned indicators to find the most influential key terms in shaping 
the indicator curve.

Research Extension Point 7
The above section, i.e. the expansion series metaphor and also using the 
12 leverage intervention points can be a starting point to explore how 
we can extract  the most  important  signals  of  changes  and trends in 
multi-level requirements.

We have also already at  least  one candidate  as for the answer.  The four 
system  conditions  of  sustainability  (Robèrt  et  al.  1997) represent  four 
conditions  to  sustainability.  These  sustainability  conditions  roughly 
correspond to ecological and social aspects and they might map to leading 
indicators 5 and 6 in  Figure 12. These system conditions suggest us that 
systematic increase/decrease in four aggregated indicators, i.e. concentration 
of mined substances from crust in biosphere, concentrations  of substances 
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produced by society, degree of physical depredations in the environment, 
and conditions of undermining the capacities of society member to meet 
their needs (Ny 2006).

Research Extension Point 8
There  are  at  least  a  bunch  of  other  information/intelligence  design 
patterns in the sight for research. Some of those might be as follows:

• Deliberative periodical returns to the closest stable restore point

• Recursion

• Minimizing  the  result  of  multiplication  of  the  availability  of 
components  indicator  in  the  indicator  of  the  severity  of 
functionality  of  the  product-service  system  (keep  important 
things available and simple)

• Keeping  information  value  of  components  less  than  the 
functionality of the system (no to too much technology!)

• Keeping the entropy of design and real situation in a minimum 
level (intended simplicity)

• More insight on what is pollution and what is solution, based on 
their  impact on the entropy of the receiving system

• More insight on feedback and control
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6 Discussion: Application and 
Simulation

Out of patterns mentioned above, due to this thesis time scope, we have only 
the opportunity to test one of them in the agent based model simulation. 
Stem Cell  pattern  is  chosen  for  this  purpose,  and  a  minimal  simulation 
context and model was defined to test it. 

The Stem Cell pattern can be useful in information increasing courses of the 
life cycle of a product-service system, as it was described in Section (5.11) 
and Figure 6. The results of this test can be specially useful for the initial 
steps of running a product-service, which involves lots of roles, and is prone 
to early failures due to the initial set-up complexities and uncertainties.

In this simulation a set of nodes are connected to each other in a simple grid 
form, where each node is connected or not connected to its neighbor nodes 
in a unidirectional or bidirectional mode, all determined by some random 
number  generator.  This  grid  should  represent  a  product-service  system 
where each node (which can be the people or components of a system) both 
communicate to other nodes and process information themselves. Each node 
in this simulation contains a variable amount of uncertainty (unprocessed 
information,  i.e. entropy) which tries to digest and process in each cycle. 
There is a limit to the amount of processing in each node in each cycle. The 
important characteristics of the system relies on defuse and propagation of 
this uncertainty or entropy. This means that as in a typical product-service 
system,  people  or  components  are  relying  on  each  other  information 
outputs, therefore a failure in processing the uncertainties would result in 
lending a  proportion  of  that  uncertainty  to  other  nodes  (i.e. neighboring 
nodes) which rely on the original node. This propagation to other nodes is 
measured by a percentage number, to be applied on the original uncertainty, 
which is called diffusion rate. 

Nodes in this simulation are exposed to two inputs of uncertainties, the first 
one  is  the  initial  uncertainty  and  the  second  one  is  the  operational 
uncertainty,  which  each  node  gets  some  amount  in  each  cycle  (and 
apparently  should  be  below the  processing  capacities  of  the  node).  The 
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system reaches failure situation when one or more nodes have amounts of 
uncertainty  which  is  beyond critical  threshold.  Also please  note  that  the 
amount of uncertainties can increase due to the closed loops in the system.

The simulation works in two modes, where in the first one (simple one), all 
the nodes are presented and each begin with an initial amount of uncertainty. 
In the second one which uses stem cell pattern, half of the nodes are off in 
the initial phase of the simulation and get active when the first generation of 
nodes were able to handle and alleviate the uncertainties.

There  exists  diffusion  rate,  initial  uncertainty,  operational  uncertainty, 
processing  power,  the  simulation  mode,  system  size,  safe  uncertainty 
threshold, and critical uncertainty threshold as configuration variables. 

 

Figure 13: Stem Cell Pattern Agent Model Simulation
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We ran the simulation in the two different modes (Figure 13),  fixing all 
variables except the initial  uncertainty variable.  The system in its simple 
mode reaches fail situation with a certain amount of initial uncertainty (it is 
actually a cumulative distribution, but 0.9 could be considered as the turning 
point  in  our  specific  configuration).  But  the  system,  with  the  same 
configuration,  can  tolerate  initial  uncertainty  up  to  1.4,  which  shows  a 
considerable  amount  of  improvement  in  resiliency of  the  system against 
surges of uncertainty (entropy) in the initial steps.

Research Extension Point 9
For all previously mentioned design patterns a suiting simulation might 
be suggested and run.
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7 Conclusion

Based on our discussions in previous chapters: 

We showed a model of information dynamics in a typical purposeful system, 
such as product-service system, and a set of information/intelligence design 
patterns  which  can  be  applied  during  the  design  of  systems,  especially 
product-service  systems,  to  increase  the  factors  of  resiliency  and 
sustainability.

The patterns are is as follows:

• LSR Triad: The basic needed conditions between learning, entropy 
(opposite to simplicity here), and reaction lag 

• Process  Saturation  Avoidance:  Avoiding  saturation  mode  in 
processing 

• Learning  Processing  Balance:  Trade-off  between  future  learning 
investment and investing in more powerful processing units . 

• Information  Ecdysis:  Replacement/maintenance  of  information 
(objects/levels) in a timely manner 

• Refactoring: Getting rid of extra information by restructuring

• Encapsulation  and  Componentization:  Hiding  information  and 
complexities in hierarchies 

• Smart  Redundancy  and  Diversity:  Getting  less  prone  to  failure 
situation by being more entropic , in an efficient way 

• Regeneration: Redundancy along the time 

• Restore Points: Avoiding free falls,  and regenerating from a point 
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(redundancy in the past!)

• Stem  Cell:  Information/Entropy  traffic  congestion  shaping  and 
control along the time 

• Cyclic  Divergence  and  Convergence:  Dividing  and  conquering 
entropy.  entropy  traffic  congestion  shaping  and  control  along  the 
time 

• Multi-Level  Fitness:  Shaping  the  information  entropy  space  by 
integration  of  elements,  their  importance  and  impact  propagation 
delays 
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9 Appendices

9.1 Initial Study Map

The initial study map before starting this master thesis (please zoom in if 
needed in PDF files). References follow the figure

Figure 14: Initial Study Map
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9.3 Stem Cell Simulation Code

;;

;This code has been developed upon the following two cited works (available under the Creative 
Commons  Attribution-NonCommercial-ShareAlike  3.0  License)  in  terms  of  adding,  reuse,  and 
change by Shahryar Eivazzadeh,  2012,  Blekinge Institute of Technology,  Sweden; for educational 
purpose. 

;This work itself might be offered under the same license terms.

;-(1)  Stonedahl,  F.  and  Wilensky,  U.  (2008).  NetLogo Diffusion  on  a  Directed  Network  model.  
http://ccl.northwestern.edu/netlogo/models/DiffusiononaDirectedNetwork.  Center  for  Connected 
Learning and Computer-Based Modeling, Northwestern University, Evanston, IL.

;-(2)  Wilensky,  U.  (1999).  NetLogo.  http://ccl.northwestern.edu/netlogo/.  Center  for  Connected 
Learning and Computer-Based Modeling, Northwestern University, Evanston, IL.

;;

;;

directed-link-breed [active_links active_link]

directed-link-breed [inactive_links inactive_link]

turtles-own [ value new_value transfer_value is_active] 

links-own [ current_flow ]  ; the amount of quantity that has passed through a link

                            ; in a given step

globals [

;Interface globals

;link_chance 50% 
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;grid_size 10 

;diffusion_rate 10% 

operational_uncertainity_or_information 0.4 

;processing_power 0.5 

;safe_threshold 1.3 

;critical_threshold 2.3 

;max value 100 

;initial_uncertainty_or_information 0.9 

;max_uncertainty_or_information 100 

;stemcell_mode off 

;percentage_of_initial_nodes 50% 

  total_value                 ; total quantity in the system

  max_value                   ; maximum quantity held by a single node in the system

  max_flow                  ; maximum quantity that has passed through a link in the system

  mean_flow                 ; average quantity that is passing through an arbitrary

                            ; link in the system

                            

  number_of_reds_seen

  number_of_yellows_seen

]
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to setup

  clear-all

  set-default-shape turtles "circle"

  set-default-shape links "small-arrow-link"

  ; create the grid of nodes

  ask patches with [abs pxcor < (grid_size / 2) and abs pycor < (grid_size / 2)]

    [ sprout 1 [ set color blue ] ]

  ; create a directed network such that each node has a LINK_CHANCE percent chance of

  ; having a link established from a given node to one of its neighbors

  ask turtles [set is_active false]  

  if (stemcell_mode) 

  [ask n-of ((grid_size ^ 2) * percentage_of_initial_nodes / 100) turtles[set is_active true]]

  

  ask turtles [

    ;set values

    ifelse (stemcell_mode and is_active)

    [set value 0]

    [set value initial_uncertainty_or_information

      set transfer_value value

    ]
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    let neighbor_nodes turtle-set [turtles-here] of neighbors4

    create-active_links-to neighbor_nodes

    [

      set current_flow 0

      if random-float 100 > link_chance

      [

        set breed inactive_links

        hide-link

      ]

    ]

  ]

  ; spread the nodes out

  ask turtles [

    setxy (xcor * (max-pxcor - 1) / (grid_size / 2 - 0.5))

          (ycor * (max-pycor - 1) / (grid_size / 2 - 0.5))

  ]

  update_globals

  update_visuals

  reset-ticks

end

to go
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  ask turtles [ 

    set new_value operational_uncertainity_or_information

    ]

  ask turtles [

    let recipients out-active_link-neighbors

    ifelse any? recipients [

      ; we keep some amount of our value from one turn to the next

      set new_value new_value + transfer_value  

      ; What we don't keep for ourselves, we divide evenly among our out_link_neighbors.

      let value_increment ((transfer_value  * (diffusion_rate / 100)) / count recipients)

      ask recipients [

        set new_value new_value + value_increment

        ask in-active_link-from myself [ set current_flow value_increment ]

      ]

    ] [

      set new_value new_value + value

    ]

  ]

  ask turtles [ 

    set value new_value 

    set value min list max_uncertainty_or_information value

    set value max list 0 (value - processing_power) 
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    set transfer_value value

    if(stemcell_mode)[

      if (not is_active)

      [set value 0]

      ]

    

    ]

  if (max_value < 1 and total_value / ((grid_size ^ 2) * percentage_of_initial_nodes / 100) < 0.5)

[set stemcell_mode false]

  update_globals

  update_visuals

  tick

end

to rewire_a_link

  if any? active_links [

    ask one-of active_links [

      set breed inactive_links

      hide-link

    ]

    ask one-of inactive_links [

      set breed active_links

88



      show-link

    ]

  ]

end

to update_globals

  set total_value sum [ value ] of turtles

  set max_value max [ value ] of turtles

  if any? active_links [

    set max_flow max [current_flow] of active_links

    set mean_flow mean [current_flow] of active_links

  ]

end

to update_visuals

  ask turtles [ update_node_appearance ]

  ask active_links [ update_link_appearance ]

end

to update_node_appearance ; node procedure

  ; scale the size to be between 0.1 and 5.0
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  ifelse (total_value = 0) 

  [set size 0.1]

  [set size 0.1 + 5 * sqrt (value / max_uncertainty_or_information )]

  

  ifelse (size < safe_threshold) 

   [set color blue]

   [ifelse (size < critical_threshold) 

     [set color yellow

       set number_of_yellows_seen number_of_yellows_seen + 1

       ]

     [set color red

      set number_of_reds_seen number_of_reds_seen + 1

       ]

   ]

end

to update_link_appearance ; link procedure

  ; scale color to be brighter when more value is flowing through it

  set color scale-color gray (current_flow / (2 * mean_flow + 0.00001)) -0.4 1

end
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