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SUMMARY 
 
A core aspect of temporal complexity in the design of non-transport vessels is the uncertainty related to the future 
market and contract opportunities, and the corresponding changeability that should be incorporated into the ship design 
to meet this uncertainty. The development of an appropriate design specification for a new ship represents a core 
strategic decision for ship owners as part of a fleet renewal or expansion programme, with a high financial risk and a 
long time horizon of typically 20-30 years. This type of temporal complexity is one out of several complexity aspects to 
be handled as part of a ship design process. 
 
In this paper we model possible realizations of an uncertain future for a vessel using the Epoch-Era Analysis (EEA) 
method. Here, we use the epochs as the primary instrument for capturing major market developments, such as the 
opening of new offshore areas, new emission regulatory regimes, or the availability of new, disruptive technologies. 
From these, more specific epoch variables are derived, for which specific contract opportunities can be generated. The 
epoch-specific performance of the vessels is found by solving a Ship Design and Deployment Problem (SDDP) of 
concurrently identifying both a preferable ship design and the corresponding path of consecutive contracts that 
maximizes total revenue. 
 
We present a case study related to the design of an Anchor Handling Tug Supply (AHTS) vessel. The study illustrates 
the complexity in striking the correct balance between optimizing the vessel for an initial scenario, while at the same 
time providing addition performance capabilities to be competitive in the context of future market requirements. 
 
 
1. INTRODUCTION 
 
1.1 THE SHIP DESIGN PROBLEM FOR NON-

TRANSPORT VESSELS 
 
The fleet renewal programme is a core strategic process 
for shipowners, for which the determination of the 
appropriate design specification for a new ship is a key 
decision point. This decision is taken in a context 
characterized by a high degree of uncertainty, involving 
both a high financial risk and a long time horizon, 
typically in the range of 20-30 years. 
 
For transport ships, the fleet renewal problem can be 
modelled as an extension of a routing problem with a 
predefined demand for transportation services. This 
problem can be modelled for the design of a single ship, 
Jansson and Shneerson [1], Garrod and Miklius [2], or 
for a fleet of ships determining the optimal mix of 
vessels with different sizes and speeds, Dantzig and 
Fulkerson [3], Bellmore [4], Fagerholt [5]. For non-
transport ships, such as offshore support vessels (OSVs) 
and floating production, storage and off-loading vessels 
(FPSOs), the routing problem approach is less relevant. 
Here, we may instead model the future operating context 
of the vessel as a set of contracts to which the vessel 
might be assigned during its economic life. These 
contracts may vary in their duration, from far-term 
contracts lasting the lifetime of the vessel, to near-term 
contracts lasting for a year, a season, or less. The 
contracts also have different requirements for vessel 

capabilities and capacities. The general tendency is that 
these requirements become more demanding over time. 
 

 
Figure 1: Vessel capabilities are matched with contract 
requirements to form vessel specific contract scenarios 
for which the optimal deployment path can be found 
 
The decision problem associated with this situation can 
be modelled as a Ship Design and Deployment Problem 
(SDDP), Erikstad et al [6]. The SDDP formulation 
supports the concurrent identification of the optimal ship 
design and the corresponding optimal deployment of the 
vessel. This is a key strategic decision problem primarily 
for shipowners, but also for stakeholders such as offshore 
contractors, often entering into far-term leasing contracts 
of 5-10 years, and ship design consultants that 
increasingly take a more active role in the development 
of the outline specification in close collaboration with the 
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customer, Ulstein and Brett [7]. In Andrews [8] this is 
referred to as requirements elucidation, aimed at finding 
a balance between opportunity revenue and vessel 
capability cost. 
 
Thus, the basic trade-off in the development of the 
outline specification for a new vessel is between 
optimizing the vessel for its (likely) first, while investing 
in additional performance capabilities that provide a 
sufficient degree of capability and flexibility to meet a 
range of possible future contract requirements. Figure 1 
illustrates the problem. 
 
1.2  ASPECTS OF COMPLEXITY IN SHIP 

DESIGN  
 
A systematic approach for defining complexity in ship 
design will be based on the ideas introduced by Rhodes 
and Ross ([9],[10]). Here, the complexity of a system is 
captured through five main aspects, namely: 
 
x Structural (structure and relationships) 
x Behavioural (performance) 
x Contextual (circumstances) 
x Temporal (changes in context / uncertainties) 
x Perceptual (stakeholders) 

 
The structural aspect is related to the arrangement and 
interrelationship of the functional and physical objects in 
the ship. This complexity is directly related to the ship as 
a large, self-contained system with a high number of 
highly integrated systems and with many parts. All basic 
systems must be provided by the vessel itself within a 
very limited contained volume, and changes to any part 
of the system tend to interact and influence other systems 
through complex relationships. 
 
The behavioural complexity derives from the form-to-
function mapping. Technical performance analysis, such 
as resistance and propulsion, seakeeping, manoeuvring, 
stability and structural, are both mathematically complex 
and computationally intensive. Those analyses rely to a 
large degree on advanced engineering analysis tools such 
as finite element analysis and computational fluid 
dynamics. Adding to this the economical, risk, safety and 
environmental performances results in a behaviour 
evaluation function that is both complex and inherently 
multi-objective. 
 
The contextual aspect defines external operating 
circumstances to which the system is subjected. It 
consists of the external entities, interfaces and factors 
that affect the behaviour of the system, and should be 
taken into account when designing it. Examples of 
contextual aspects are the market variables (e.g., demand, 
contract, taxes, prices), regulations, rules and 
preferences. Some elements of the ship requirements can 
also be taken into account from the context into the 
system. For instance, the specification of what type of 

mission the ship should perform,  as observed by Hagen 
and Grimstad [11]. 
 
The temporal aspect of complexity refers to changes over 
time during the system lifespan. Shifts and uncertainties 
in the context are also handled in this aspect. For instance 
the uncertainty related to the operational profile of the 
ship, or due to future contract scenarios. One of the 
traditional engineering methods to approach these 
uncertainties is scenario development / planning (Roberts 
et al [12]). 
 
The perceptual aspect relates to how the system is 
interpreted from the perspective of system stakeholders. 
It considers individual stakeholder preferences, and how 
preferences vary across stakeholders. It must answer the 
question How is decision X perceived by stakeholder Y? 
 
Figure 2 presents an overview of the 5 aspects, within the 
traditional ship design boundary, that must be 
incorporated in a complex systems approach. In the rest 
of this paper, we will primarily focus on the temporal 
aspects of complexity in the ship design process. 
 

 
Figure 2: Five aspects of complex system applied to ship 
design 
 
1.3  DESIGN OF NON-TRANSPORT VESSELS – 

SHIP DESIGN AND DEPLOYMENT 
PROBLEM (SDDP) 

 
The SDDP is a binary integer programming model used 
to support the development of the contract specification 
for non-transport vessels. The SDDP model addresses the 
selection of an optimum design configuration for a 
vessel, while at the same time considering future 
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contracts for which the vessel could be deployed 
(Erikstad et al, [6]). 
 
The approach taken here is based on the assumption that 
we are able to create one or several scenarios that capture 
the expectations about the future operating context for 
the vessel(s), as observed in Figure 3. 
 

 
Figure 3: Context uncertainties for the ship design and 
deployment problem 
 
For a given scenario, we have to match the 
corresponding contract’s requirements with that of the 
vessel design capabilities. For each design we can thus 
derive a set of available contracts, for which we can 
generate a vessel- and contract-specific network model as 
is illustrated in Figure 1. The size-related complexity of 
this network will naturally depend on the capability level 
of the vessel, since highly specified vessels are able to 
serve more contracts than lower specified ones. 
 
Each scenario can be described by a set of governing 
parameters. From these, a set of possible contracts can be 
generated, which will form the basis for evaluating a 
specific vessel design within this period of time. Each 
contract will specify a set of requirements for vessel 
capabilities, such as cargo capacity, deck area, bollard 
pull, operating depth, so that only a subset of the 
contracts will be available for the vessel. 
 
Thus, each scenario ܵ will have a set of contracts Ne, 
each one described by the following attributes: 

{ ܶ
ௌ, ,ܦ ܴ, [߮ଵ, ߮ଶ, … , ߮]}, 

 
where ܶ

ௌ is the starting time, ܦ is the duration, and ܴ is 
the revenue of contract ݅. [߮ଵ, ߮ଶ, … , ߮] is contract ݅’s 
set of capability requirements for the vessel to serve the 
contract, where n is the total number of requirements.  
 
In addition, we have a set of vessel types ܸ, each 
described by: 

,௩ܥ} ,௩ଵߴ] ,௩ଶߴ … ,  {[௩ߴ
 
where ܥ௩ is the cost of acquiring vessel ݒ, and 
,௩ଵߴ] ,௩ଶߴ … ,  ௩] is a set of vessel capabilities. A vesselߴ
type ݒ is said to be compatible with contract ݅ if its 
capability ߴ௩ is sufficient to match the corresponding 
contract capability requirement ߮ for all requirements, 
i.e. for ݇ = 1,2, … , ݊. Erikstad et al. ([6]) presents the 
complete formulation of the problem with examples. 
 

Naturally, there is a substantial degree of uncertainty 
related to the definitions of these scenarios. For a short 
term planning horizon, the variables may be based on 
actual contracts available in the market, or specific 
markets or offshore areas expected to become available. 
For scenarios further in future, the contracts may be 
generated randomly from a chosen distribution or via a 
story telling process, thus representing a realistic, though 
not a real, scenario. 
 
In the next section we discuss the Epoch-Era Analysis 
(EEA) as a method to handle the temporal complexity 
aspects related to the shifts and uncertainties in the 
characteristics of future operating contexts. Section 3 
applies the EEA to the SDDP problem, for both a short 
and long run. Section 4 presents a case study, and a 
discussion on the approach is made in Section 5, 
followed by concluding remarks in Section 6. 
 
2. HANDLING FUTURE MARKET 

UNCERTAINTY 
 
2.1 FUTURE MARKET UNCERTAINTY 
 
Uncertainties are things that are not known, or known 
only imprecisely, as defined by McManus and Hastings 
[13]. In order to understand uncertainties, these authors 
develop a framework (Figure 4) connecting the lack of 
knowledge to the risk, then to mitigation/exploitation 
techniques which seek a more robust outcome. 
 

 
Figure 4: Framework for handling uncertainties and their 
effects McManus and Hastings [13] 
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In light of these definitions, we can rephrase the current 
SDDP as, for instance, uncertainties related to the lack of 
knowledge of future scenarios causes a cost/schedule risk 
to the shipowner; it can be handled by refinement of 
design choices, resulting in a more value-robust ship. 
 
2.2 EPOCH-ERA ANALYSIS 
 
The EEA method proposes a useful representation of the 
context, as an interval of time with a static set of 
contextual factors forming an epoch - from the Greek 
epokhé, which means a fixed period in time. Several 
epochs create a dynamic interval of time, a time-ordered 
set of contexts defined as an era. 
 
EEA handles the temporal aspect by dividing the system 
lifespan into a series of epochs. Significant changes in 
contextual factors will trigger the start of a new epoch. 
Changes can include different context parameter values, 
which can be certain or uncertain. In the case of the 
design of non-transport vessels, these parameters are 
related to the following categories: 
 
x Field Development: The opening of a new market 

may require different technology to be on board, 
such as ice class for an oil and gas field in the 
Arctic or ultra deep water equipment for operation 
in the Brazilian pre-salt offshore market. 

x Technology Development: A new technology may 
require a different type of fuel, or strengthened steel 
foundations on the hull and main deck, altering the 
capabilities of a vessel. 

x Policy / Regulations: Future regulations may create 
a new emission control area (ECA), such as 
limitation in SOX or NOX levels (SECA/NECA); or 
new rules related to dynamic positioning or fire-
fighting, or even a mandatory air control method to 
prevent environmentally harmful emissions. 

x Market: Shifts in the market can also trigger a new 
epoch, with alterations in the fuel and freight price, 
high or low demand condition and potential spot 
market options.  

 
The EEA formulation is outlined in Figure 5. Each epoch 
,ଵߝ}  contains a set of scenario parametersܧ ,ଶߝ … ,  ,{ߝ
defined as epoch variables (Ross and Rhodes [14]). The 
future scenarios are represented by the discretization of 
the parameters, from a range that takes into account the 
uncertainties and expectations. The sum of all epochs 
defines an epoch space. 
 
Expectation categories are discretized into a vector of 
epoch variables, or group of uncertainties. The next step 
consists of enumerating the variable, which could include 
selecting a unit for the variable, and its range of 
minimum and maximum values, the number of steps and, 
optionally, weighting factors related to the impact of a 
given epoch variable compared to others. An example of 
the epoch vectors is presented in Table 1. 
 

 
Figure 5: Epoch-Era formulation based on context shifts 
 
 

 
Table 1: Epoch variables example 
 
 
Each epoch variable represents a possible categorical 
change in a contractual scenario, and is instrument in the 
mapping between context parameters and vessel 
performance. For instance, considering the example in 
Table 1, a possible contextual change category can be the 
development of a new offshore area (from one to three 
concurrent fields), or a new starting date for the 
development of a field (possibilities are drawn from 4 
equal steps starting from 2015, i.e., 2015, 2020, 2025 and 
2030). For example, a unique epoch vector with three 
fields can be written as: 
 

ଵܧ = ,1 ݈݀݁݅ܨ} 2015;  ܶ݁ܿℎ݊1 ݕ݈݃, 2015; ,1 ܣܥܧ
2015; ,1 ݊݅ݐ݅݀݊ܥ  2015} 
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and a change in any of the values in the vector means a 
different context and therefore a new epoch. The process 
of epoch characterization as in the Table 1 example is 
illustrated in Figure 6. 
 
 

 
Figure 6: Epoch space characterization process 
 
 
An era ߦ represents the full lifespan of the system, and it 
is constructed by a time-ordered sequence of a given set 
of epochs ߦ{ܧ, … ,  }. This sequencing must obeyܧ
consistency rules in the epoch variables, such as 
continuity constraints in the end of an epoch e and 
beginning of an epoch f, and consistency in the 
progression of epoch variables. For instance, a new oil 
and gas field, which starts operating in 2015, will likely 
not disappear in 2020 and reappear in 2025. However, it 
is possible to have an era during which such a field starts 
in 2015, another in 2020 and a third one in 2025. 
Stakeholder preferences, such as all/no eras must contain 
X can also be incorporated. Figure 7 illustrates the 
process of era construction from Table 1 epochs. 
 
 

 
Figure 7: Era space construction process 
 
 
3. SHORT AND LONG RUN OF SDDP WITH 

EPOCH-ERA FORMULATION 
 
3.1 SHORT AND LONG RUN ANALYSIS 
 
Ross and Rhodes [15] operationalized the economic 
concepts of short run and long run analyses (Pindyck and 
Rubinfeld [16], Goodwin [17]) in the EEA methodology. 
The short run is characterized by a time period during 
which the context parameters are fixed, and do not 
change, that is, an epoch. The long run is characterized 
by the lifetime period across which parameters may 
change, that is, an era. 
 
The ability to incorporate changes in the lifetime of the 
system through the assembling of epochs gives to the era 

a more variable facet. It leads to the long run analysis, 
incorporating the amount of time needed to make all 
production inputs available, which in our case is the 
whole contract/design deployment. 
 
Each of the analyses requires formulation of different 
questions. The short run takes into account the static 
problem, where the objective is to maximize revenue by 
the SDDP longest path problem. 
 
The long run deals with the maximization of profit over 
an extended period of time. In addition to the problem of 
how to assure the correct assembling of an era, with the 
discontinuities and constraints of the given context 
changes, the main problem becomes the era space. Since 
the potential era space grows exponentially with the 
number of epochs, sampling or constraint-based 
strategies should be used to manage the number of 
evaluated eras. The following subsections cover 
approaches using stakeholder preferences as constraints, 
the story telling process and the efficient selection of 
particular eras. 
 
3.2 SHORT RUN OF SDDP – EPOCH ANALYSIS 
 
The short run problem consists of running the SDDP 
presented by Erikstad et al. [6] across the epoch space, 
and in each run transforming each epoch ܧ in a scenario 
ܵ. As a result, it is possible to rank the best designs by 
revenue in each of the epochs, using as utility parameters 
the total revenue of the path. A probability weight can be 
given to each epoch, reflecting the likelihood of its 
occurrence. 
 
For illustrative purposes, let us consider a simple 
example, with few uncertainties. The example consists of 
a non-transport vessel to be designed towards a base 
contract set in the first 8 years, plus the uncertainty of 
whether or not two new fields will be developed in the 
future, with two possible dates to start the development. 
Table 2 translates the context parameters uncertainties 
into epoch variables. 
 
 

 
 
Table 2: Uncertainties translated in epoch variables 
 
 
Each field determines a set of contracts. In the example, 
the set will have a fixed number of 5 contracts per field. 
Each contract has the following parameters: contract 
number ݅, starting date ܶ, duration ܦ, revenue ܴ and 
requirements value ߮ଵ. Table 3 presents the contracts 
generated for each different context. 
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Table 3: Contexts’ contracts 
 
 
Figure 8 translates Table 3 into epochs, based on the 
epoch vectors of Table 2. 
 
 

 
Figure 8: Seven possible epochs for the example 
 
 
For the sake of clarity, the requirements ߮

 in this 
example are converted into a requirement value ߮

ଵ 
ranging from 1 to 5. A vessel with capability value ߴ௩ଵ 
equal to or greater than ߮

ଵ is able to meet to the contract, 
whilst vessels with lesser capability value are unable to 
meet it. The design alternatives are presented in Table 4. 
 

 
Table 4: Design alternatives 
 
 
For each epoch a SDDP run is performed (Figure 1). 
Results of these runs are obtained giving an optimum 
path, with the highest revenue, listed in Table 5. 
 

 
Table 5 – Optimum contract path for each design in each 
epoch 
 
 
The revenue for each vessel in each epoch is obtained by 
solving the optimum contract path problem. Figure 9 
plots the sum of the revenue, for all epochs and 
organized by contract period and field development. 
 
 
3.3 LONG RUN OF SDDP – ERA ANALYSIS 
 
In the long run the epochs are used as modules that can 
be combined to create the full lifetime of the system, that 
is, the eras. It is assumed that the profit for an era can be 
estimated by summating the epoch revenues of that era 
minus the cost of the ship. Assuming addition is a 
simplification, which works well with the assumption 
that the duration of the contracts are always within the 
epoch period. Variation on those assumptions is 
discussed in Section 5. Ideally, we could skip the epoch 
analysis, and just create the eras, applying SDDP in each 
of them. However, the potential era space size grows 
exponentially, and cases such as the ones observed in 
Table 2 can easily be as high as hundreds of thousands of 
cases. When an era space is too large, it should be refined 
by selecting more likely values for the context 
parameters, narrowing down the number of eras to 
include those epochs with a higher likelihood of 
occurrence. 
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(a) 

 
(b) 

 
(c) 

Figure 9: Sum of the revenues for all epochs (a), and 
organized by contract period (b) and field development 
(c) 
 
The construction of an era starts with the definition of the 
epoch transition rules, which imposes continuity 
constraints and variable consistency, as discussed in 
Section 2.2. In this illustrative example, the number of 
eras is reduced. However, in more complex problems, a 
large number of eras may possibly be created. In those 
cases, a set of desired epochs (scenario expectations 
and/or uncertainties to be evaluated) can be selected, 
based on the results of the epoch analysis. 
 
Our example considers all possible eras ߦ (Figure 10) 
given two simple epoch transition rules: All eras must 

include the base contract set; All eras must cover the 
period from 2012-2028. 

 
 

 
Figure 10: All 5 possible eras given the epoch transition 
rules 
 
 
It is possible to calculate the profit per design in each era 
by summing up the revenue of the epochs. The result is 
presented in Table 6. 
 
 

 
Table 6: Profit for each design in each of the eras 
 
A quick evaluation shows that higher capability designs 
(D) were able to make the most profit and were most 
predictable under varying circumstances, but if that some 
situations could eliminate the risk from, and hence make 
optimal, somewhat lower capability ships (C). Although 
this was a toy problem, it illustrates a principle: extra 
capacity may be valuable under high uncertainty, while if 
some uncertainty can be eliminated, a more optimal 
solution may be found. 
 
It is essential to note that this example has a small 
number of uncertain parameters related to only two 
possible field developments, plus a base contract set, 
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which leads to a low number of eras to compute. Larger 
problems deal with an unfeasible number of eras, 
requiring much more attention to the epoch analysis and 
the selection of the epochs in order to construct an 
efficient era space.  
 
 
4. CASE STUDY – ANCHOR HANDLING 

TUG SUPPLY (ATHS) DESIGN 
 
The case study examines an AHTS design for a 24-year 
period, starting in 2012. The ship should be robust 
enough to deal with selected uncertain future scenarios, 
based on figure 5. 
 
The approach intends to capture uncertain future 
scenarios via a story telling process. It relies on 
generating a base contract set that embraces a 
probabilistic distribution of five capability requirements 
that are essential to the AHTS’s design. Different 
scenarios are created when a percentage of the base 
contract set are forced to have a minimum value in one or 
more of the capability requirements ߮

. Given those 
principles, the following assumptions are considered: 
 
x The base contract contains 100 contracts, 

distributed in an 8-year period (2012-2020) 
x The base contract set is generated based on a 

probabilistic distribution of five capability 
requirements: ߮

ଵ = ,ܣܥܧܵ ߮
ଶ = ,ܣܥܧܰ ߮

ଷ =
,ݏݏ݈ܽܥ ݁ܿܫ  ߮

ସ = ,ℎݐ݁ܦ  ߮
ହ =  ݀݁݁ܵ

x The base contract defines an epoch 0 
x Each change in this base contract set triggers a 

new epoch, also covering an 8-year period 
x Changes are added in a given percentage of the 

base contract set, forcing selected capability 
requirements in at least ܺ% of the contracts of 
the set 

x The revenue ܴ of each contract is proportional 
to its duration ܦ and capabilities requirements 
߮

 
x Alternative ship designs are motivated by the 

contracts’ potential requirements 
x A total of 4000 designs are analysed, with 

different capability values ߴ௩ assigned to the 
design variables. 

x The cost ܥ௩ of each vessel is proportional to its 
capabilities ߴ௩ 

 
Figure 11 exemplifies the base contract set generation 
concept, in order to capture diverse future contexts, 
based on the probabilistic distribution of ߮

. 
 
Table 7 lists the capability requirements ߮

 of each 
contract transformed into epoch variables ߝ, including 
the desired percentage value of change in the total of 
base contract set (ߝଵ- percentage of contracts) 
 

 
Figure 11: Base contract set, with 100 contracts capturing 
a probabilistic distribution of the usual capability 
requirements ߮

 in an 8-year period (2012-2020) 
 
 

 
 
Table 7 – Case study epoch variables ߝ 
 
 
The potential epoch space is calculated by multiplying all 
the possible combinations of the epoch variables, plus the 
base contract set (epoch 0). The following epochs 
represent a change in a percentage of the contracts of the 
base set, forcing the epochs through the story telling 
process. It means the possibility of modelling an eventual 
scenario where 25% of the contracts require ice-class, 
due to an Arctic field, or another scenario where 50% of 
the offered contracts will require SECA and anchor 
handling in 3000m depth. For instance, epoch 1: ܧଵ = 
 assures {12 ,1000 ,0 ,݈ܽ݉ݎ݊ ,ܣܥܧܰ ݊/ܣܥܧܵ ݊ ,25}
that at least 25% of the contracts are modified to include: 
no ECA requirements, no change in the revenue, no ice 
class requirement, minimal depth of 1000m and design 
speed of 12 knots. 
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Non-transport ship designs are mainly driven by their 
functional work, rather than just the transportation 
capability (Gaspar et al. [18]). Formulating the AHTS 
design problem by the decomposition of functional 
capabilities (ߴ௩ሻ allows for estimation of the behaviour 
of a design in any scenario covered by the selected 
discretization. The only isoperformance indicator in this 
case is economical: revenue for epochs and profit for 
eras. 
 
Short run analysis calculates the optimum contract path 
regarding maximum revenue for each vessel in each of 
the epochs. It means that all 4000 designs are evaluated 
through the epoch space (2305 epochs), and it is possible 
to obtain outputs similar to the ones in Figure 9 to each 
design in each epoch. For illustrative purposes, Figure 12 
plots the revenue for each design in 3 distinct epochs: 
 
a) ܧ (base contract set) 
b)  ܧଵଵଵ  {high, 1, 1000, 12 ,ܣܥܧܰ + ܣܥܧܵ ,50}=

(50% of the contracts with both ECA, high market, 
ice-class=1, minimum depth and speed, as if for an 
Arctic field) 

c) ܧଵଶହଽ ={75, no SECA/ no ܰܣܥܧ, high, 0, 3000, 
20} (75% of the contracts with no ECA, high 
market, no ice-class, maximum depth and minimal 
speed of 20knots, as if for a Brazilian pre-salt field).  

(a) 

(b) 

(c) 
Figure 12: Revenue for epoch 0 (a); epoch 1117 (b); and 
epoch 1259 (c) 

Turning to the long run, it is necessary to commit to a set 
of preferred scenarios to carry on in the era analysis, 
once the era space is too large to be totally covered. Each 
era covers the period of 2012-2036, and it requires 3 
epochs in its vector: ߦ = ,ܧ} ,ܧ  }. Figure 13ܧ
illustrates this part of the methodology, with the 
construction of 2 eras. 
 
It is of interest to note that the story telling process may 
be helpful. By check-marking epoch variable values in 
the table for a given period (Figure 13), we can observe 
how the scenario changes through time, adapting it to a 
real case. For instance: era 1 (ߦଵ = ,ܧ} ,଼ଷܧ  ({ଵଶହଽܧ
starts the first period with the base contact set, and it is 
expected both ECA and ice class requirements, with high 
market condition, in at least half of all contracts from 
2020-2028, and it becomes at least 75% of the contracts 
in the last period, until 2036; era 2 
ଶߦ) = ,ܧ} ,ଵଵଵܧ  ଵଽଷ}) consists of the initial scenario inܧ
the first period, followed by half of the contracts with no 
ECA or ice-class, but with high market condition, 3000m 
depth and 20-knot minimum speed requirements in half 
of all contracts in the second period, with those 
requirements growing to 75% in the last period. 
 

 
Figure 13: Story telling process for the construction of 2 
eras, with revenue and profit for 5 designs in the Pareto 
frontier. 
 
Given those eras, it is possible to plot profit for all of the 
designs, by summing up the revenue of each epoch that 
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belongs to the era minus the vessel cost. This operation is 
has a low computational cost, once the SDDP is 
calculated for all epochs, and Pareto frontiers can be 
plotted when comparing two eras, as in Figure 13. For 
illustrative purposes, Figure 13 also plots the revenue and 
profit for 5 (A, B, C, D  and E) designs that are in the 
Pareto frontier. 
 
The same type of insight as the one presented in Figure 9 
can be used for evaluating designs within the era space, 
for example creating 10 or 20 likely-to-happen eras and 
evaluating the maximum and minimum of each design in 
it. The refinement of the design space is also a possible 
next step. Since each case requires specific outputs, more 
research in the perceptual aspect (Section 1.2) is required 
in the future. An alternative of developing a more 
elaborated isoperformance value, rather than profit, is 
discussed by De Weck and Jones [19]. 
 
5. SDDP + EEA DISCUSSION 
 
The EEA technique brings an explicit benefit to scenario 
planning problems, such as the SDDP. In these cases, the 
selection of a design in the conceptual phase is driven 
mainly by the correct assessment of the economic return 
of such a choice in an uncertain future. EEA is a tool 
malleable enough to deal not only with non-transport 
ships, but also with the majority of the temporal aspects 
of ship design scenario planning problems.  
 
The EEA approach presented was selected in order to 
exemplify context parameter decomposition and possible 
future estimation. However, the methodology may vary 
according to necessity. One possible change would be to 
decompose even more, breaking the contract sets, 
allowing each contract a separate entity. This extreme 
decomposition would transform each one of the contracts 
into an epoch, and create eras based on probabilistic 
methods - where the era space would be even larger due 
to the higher number of epochs. The SDDP could be 
applied to the era space only. This approach focuses 
more on single scenarios, and is weak in elucidating the 
effect of a single context change on the whole lifetime. 
 
A second possible modification is to put aside the 
short/long run division, by breaking up the problem in 
small pieces of epoch and era combined, and then run 
SDDP during the process. The task would then evaluate 
one group of context parameters per time, creating 
epochs and possible eras on the go. The final result 
would be the design performances in each of the era sub-
spaces, one set for each parameter group. 
 
Another consideration is to realize that the case presented 
is a theoretical study. Shipping involves a high degree of 
risk, and probability distributions of the profit for a case 
with real data and assumptions should contain 
much more information than a single profit plot as Figure 
13. For instance, how most likely to happen epochs 
influence designs’ performances; or, similarly, changes 

in the probability distribution of the contracts should be 
considered. 
 
With additional statistical analysis, this serves as a tool 
for decision makers to better understand the implications 
of different beliefs. For example, invest in an ICE-1 
vessel if you believe that Shotkman Arctic offshore field 
is open with a probability higher than 48% in 2021, or 
79% in 2018. 
 
6. CONCLUDING REMARKS 
 
In this paper we have presented a design method that 
explicitly takes into account the uncertainty related to the 
future operating context of the ship. 
 
The Epoch Era Analysis provides a way to handle the 
complexity of this decision support problem. The EEA 
captures alternative expectations about the future by 
formulating distinct epochs with a fixed operating 
context, for which the performance of each alternative 
design can be analysed. These epochs can then be 
combined into many possible eras, each representing a 
possible lifecycle scenario for the vessel. 
 
The EEA approach represents a divide-and-conquer 
approach for handling temporal complexity. The 
shipowner, facing a 20-30 year uncertain future with 
possible variations in a number of dimensions, can use 
the EEA approach to form manageable chunks in the 
form of epochs. These epochs provide the foundation for 
a quantitative performance evaluation of the alternative 
designs, while, at the same time, they offer a suitable 
means for communicating about future expectations as 
part of a story-telling process. 
 
Within an epoch, the SDDP is used as a means for 
translating the context parameter values into a form 
suitable for performance analysis, the epoch variables, by 
generating a contract scenario for which a given design 
will optimize its revenue. 
 
When combining these epochs into eras, the lifecycle 
performance of a given design can be found by 
aggregating the performance of the epochs it contains. 
 
Thus, our conclusion is that the combination of the 
SDDP and the EEA method presented here is an efficient 
approach to handle temporal complexity problem in early 
ship design, providing a modular approach to handle 
uncertainty both from a computational perspectives as 
well as capturing expectations about the future into 
manageable chunks. 
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