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Purpose  Industrial construction projects are heavily dependent on pre-fabrication of piping components. Unlike 
traditional manufacturing, many pipe spools have a unique design and need to be custom fabricated due to the 
one-of-a-kind characteristic of each industrial project. This is reflected in the fact that fabrication sequences vary 
greatly among pipe spools. Planning these sequences has considerable impact on the fabrication performance. 
However, it is currently mostly done in the form of human manual input. Personal experience and judgment are the 
major grounds on which sequencing decisions are based. Given the enormous number of pipe spools and the fast-
tracking nature of industrial projects, the efficiency and quality of such decisions cannot be guaranteed. Automat-
ing this decision-making process has the potential for overall performance enhancement, but has not yet been 
sufficiently investigated.  Method  We explore two different problem solving techniques, mainly artificial intelli-
gence (AI) planning and dynamic programming (DP). A number of experiments have been conducted to evaluate 
their effectiveness.  Results & Discussion  The results show that AI-planning–a sophisticate planning technique–
has difficulty parsing fabrication logic that is prerequisite for AI-planners to result in a solution. DP, on the other 
hand, shows greater flexibility in incorporating this logic and a higher efficiency of discovering the optimal se-
quence. Future research will be aimed at incorporating the DP-algorithm with a discrete event simulation model so 
that fabrication sequences can be dynamically generated and adjusted to address changing project conditions. 
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INTRODUCTION 
Industrial construction projects refer to a wide range 
of facilities for oil/gas mining and production, power 
plant, food, and pharmaceutical purposes. Many 
industrial projects are mega projects (especially in 
the oil and gas industry), meaning that they are large 
scale, require intensive capital, and involve complex 
technologies. Piping is an indispensable component 
of industrial construction projects which is used to 
connect various processing units and equipment and 
to convey processed gas and fluid. Piping is always 
the largest single job (Kim and Ibbs 1995)1 and a 
critical and costly process in an industrial construc-
tion project (BRT 1982)2. To avoid trade stacking and 
congestion on the construction site, a piping system 
is broken down into pipe spools which are usually 
fabricated in off-site shops. Fabrication shops are 
controlled environments and they normally enjoy 
higher productivity than on-site activities. 
Pipe spool fabrication is critical in the entire piping 
process, since it produces the pipe spools which are 
building blocks for downstream processes (e.g. 
module assembly and site installation). However, in 
reality, it is usually not pipe spool fabrication that 
drives the whole piping process. Due to the fact that 
many industrial construction projects are executed in 
a fast track manner, all piping stages could be more 
or less overlapped, which means pipe spool fabrica-

tion and installation could start even before the de-
sign is complete. It is often the availability of pipe 
spool drawings and site installation that drive the 
pipe spool fabrication. Pipe spool fabrication strives 
to fit its work to the sequence of the site installation 
given the availability of ISO drawings and raw mate-
rials. This leads to a lot of problems later in the shop 
operation. For example, pipe spool fabricators often 
contend with out-of-sequence or late supply of ISO 
drawings. They also suffer from the rush order or 
change order from the site installation. It is not un-
common for pipe spool fabrication shops to experi-
ence productivity loss, missed due dates, and in-
curred extra costs. 
The sequence of pipe spool fabrication has a signifi-
cant impact over the shop performance. Di and Mo-
hamed (2011)3 conduct a simulation experiment to 
test if different fabrication sequences can lead to 
different shop performance. The results show that by 
varying the fabrication sequence for 22 pipe spools, 
the total cycle time can be reduced by 10.09%, and 
the number of handlings (i.e. considered as non-
value-adding activity) can be decreased by 16.88%. 
The capability to identify the optimal fabrication se-
quence for pipe spools is therefore critical for fabri-
cators to maintain their performance in a project 
environment full of uncertainties. 
In reality, the fabrication sequences of pipe spools 
are often decided by shop foremen in a very heuristic 



manner (i.e. primarily based on personal experi-
ence). Given the enormous number of pipe spools 
involved in an industrial project and the fast track 
nature of project execution, it is rather challenging 
for human planners to determine fabrication se-
quence with both efficiency and quality. There is a 
potential for performance improvement if this manual 
decision making process can be automated. 
This paper explores two candidate solutions to au-
tomatically identify optimal fabrication sequence for 
pipe spools. The first solution uses Artificial Intelli-
gence (AI) planning technique, while the second 
adopts the dynamic programming (DP) technique. A 
number of experiments have been done in both solu-
tions and the results show that AI planning is con-
strained by its numerical assignment and calcula-
tions capability and it could require special pre-
processing of the input that could be computationally 
prohibitive for complex pipe spools. DP technique, 
on the other hand, offers a great flexibility of accom-
modating both numerical calculation and logical 
complexity (e.g. various fabrication rules). It displays 
quite satisfactory computation efficiency. In addition, 
DP also guarantees a global optimal solution. A con-
clusion is thus drawn that the DP technique is more 
suitable than AI planning to solve the pipe spool 
fabrication sequencing problem. 
 

Pipe Spool Fabrication  
Pipe spools are fabricated in fabrication shops from 
a group of raw materials, i.e. raw pipes and pipe 
fittings (elbows, flanges, nozzles, and etc.). The 
fabrication process consists of three major steps: (1) 
pipe cutting, (2) fitting (temporary connection), and 
(3) welding (permanent connection). Usually some of 
the pipe spool components are fitted and welded first 
before it is fitted with other components. The back-
and-forth between fitting table and welding stations 
will continue until the all pipe spool components are 
fabricated. 
Two types of fitting and welding are exercised in the 
fabrication shop—roll and position (in Figure 1). The 
selection is made by whether the arm length is long-
er than the clearance limit of rolling machines or not. 
If it is within the clearance limit, roll fitting and weld-
ing can be performed and the main pipe run can be 
rolled by a rolling machine, whereas if it exceeds the 
limit, position fitting and welding is the option and the 
fitter or the welder has to move around the main pipe 
run to accomplish fitting or welding. Since position 
fitting and welding involves much more manual ef-
fort, it usually takes a much longer time than roll 
fitting and welding. One major objective of pipe spool 
fabrication sequencing is to minimize the number of 
position fitting and welding processes. 
The fabrication sequence defines the process of how 
a pipe spool will be fabricated gradually from raw 

materials (e.g. pipes and fittings), to intermediate 
sub-assemblies, and eventually to the final product. 
Usually, a pipe spool can be fabricated through a 
number of alternative sequences. However, in reality, 
sequence is determined by shop foremen in a very 
heuristic manner and these alternative sequences 
seldom have a chance to be compared and evaluat-
ed. As a result, opportunities of productivity im-
provement slip away. 

(a) Roll fitting/welding

Clearance limit

Arm Length

Arm Length =< Clearance limit

(b) Position fitting/welding

Clearance limit

Arm Length

Arm Length > Clearance limit  
Fig. 1 Roll welding vs. position welding (Di and Mo-
hamed 2012)3 
 
Previous Research on Construction Sequencing 
It should be noted that in this paper sequencing is 
more related to logic dependency between process-
es by considering the geometric and technological 
requirements, than the sequencing or prioritizing 
processes (i.e. those that compete for the same type 
of resource) given limited resource availability. A 
review of relevant research reveals two major topics: 
(1) identify underlying construction sequencing ra-
tionales, and (2) develop planning systems to auto-
mate the sequencing process. Inter-relationships 
between building components are often used as 
rationales to derive construction sequence. Re-
searchers (Gray 19864, Kartam and Levitt 19905, 
Navinchandra et al. 19886, Jin et al. 19927) identified 
various inter-component relationships, such as “cov-
ered by,” “weather protected by,” “supported by,” 
“enclosed by,” “connected to,” as well as “damaged 
by.” Echeverry et al (1991)8 enriched the body of 
knowledge and categorized reasons for precedence 
relationship into four groups, namely “physical rela-
tionships among building components,” “trade inter-
action,” “path interference,” and “code regulations.” 
Under each category, they comprehensively enu-
merated more specific sequencing rationales. Other 
researchers have attempted to develop AI planning 
systems that capitalize on the existing construction 
sequencing rationales and automatically generate 
sequential dependencies between construction activ-



ities; for example, CONSTRUCTION-PLANEX (Hen-
drickson19879), GHOST (Navinchandra et al. 19886) 
, and OARPLAN (Darwiche et al. 198910). Aalami et 
al. (1998)11 propose a system named Construction 
Method Modeler, and intend to capture both process-
based features (e.g. GHOST) and component-based 
features (e.g. OARPLAN). Recent work by Koo et al. 
(2007)12 pointed out that much research on domain 
specific AI planning systems is focused more on 
identifying a correct construction sequence, than on 
discovering a number of possible sequence alterna-
tives. They introduced a prototype system named 
"constraint-loaded CPM (CLCPM)", that makes use 
of constraint ontology, and a classification mecha-
nism to automatically assign "role" and "status" to 
relevant activities (i.e. to a target activity that needs 
re-sequencing) in CPM. 
Most research on previous construction sequencing 
is focused on building construction. Most sequencing 
rationales are derived from the physical relationships 
between building components. At the same time, 
many automatic planning systems are domain-
specific which means they can only be applied to 
building construction projects. This makes it difficult 
to apply existing body of knowledge or planning 
systems to industrial construction projects, i.e. where 
the building blocks are pipe spools, equipment, and 
modules which most likely need to be pre-fabricated 
or pre-assembled before the final installation on site. 
The sequence constraints between these compo-
nents are significantly different from those applied in 
building construction. For example, the relationship 
between pipe spool components is being welded (or 
connected). This relationship does not stipulate any 
natural sequence of actions that are applied on the-
se components. For the pipe spool (shown in Exper-
iment 1 in Figure 3), it is possible either to weld 
component1 and 2 first and then weld with compo-
nent 3 or to weld component 2 and 3 first and then 
with component 1. In other words, being welded 
together does not mean there is any specific se-
quence between component 1, 2 and 3. But this is 
not the case between building components. For 
instance, columns have to be installed before beams 
can be constructed. Therefore, actions that are act-
ing on columns have to precede those that are ap-
plied on beams. 
 
Domain-Independent AI planning 
Planning has been one of the major AI research 
areas since 1960s (Newell and Simon 197213). Plan-
ning refers to selecting a sequence of actions that 
leads to a system (i.e. on which actions are applied) 
transforming from its initial state to a specific goal 
state. State is usually expressed in the form of a set 
of propositions. The state of a system is usually de-
picted by the states of all its constituent objects at a 
certain point of time. A number of actions are availa-

ble to choose from and to apply on the system (or 
some of its constituent objects). Each action has its 
own precondition(s). An action is only applicable 
when the current state (of the system or of constitu-
ent objects) matches its entire precondition(s). Each 
action also has an explicit effect, which is the result-
ing state of the system (or the objects) after perform-
ing the action. Based on all this description, a plan-
ner carries out a state-space search or a plan-space 
search and identifies a sequence of actions to 
achieve the goal. If evaluation criteria are provided, 
some AI planning systems are able to identify opti-
mal sequences of actions. This type of planning is 
sometimes also referred to as general-purpose plan-
ning. Planning Domain Description Language 
(PDDL) is one of the domain-independent AI plan-
ning languages (such as STRIPS or ADL). It was first 
developed by Drew McDermott (1998)14. Since then, 
it has evolved and refined through several versions. 
Domain-independent AI planning languages have 
been successfully implemented in many domains 
such as robot navigation, manufacturability of ma-
chined parts, and emergency evacuation (Ghallab et 
al. 200415). 
Darwiche et al. (1989)10 argued that domain-
independent AI planning is not a suitable approach 
to plan and sequence building construction projects. 
The major reason is that domain-independent AI 
planning fails to take advantage of domain 
knowledge (i.e. building construction) to reduce its 
search space and consequently has to carry out an 
extensive search. This leads to a few negative con-
sequences such as computation inefficiency and 
sometimes inability to find an optimal plan. However, 
it should be noted that the context of this argument is 
fully limited to building construction. As mentioned 
before, pipe spool fabrication is a domain that fun-
damentally differs from building construction (i.e. 
building blocks, logic, inter-relationships). In fact, 
pipe spool fabrication has a number of distinguished 
features that make it a good candidate problem to be 
solved by domain-independent AI planning tech-
nique. 
First, pipe spool fabrication does not have to deal 
with a wide range of objects and actions. A pipe 
spool usually comprises a number of pipes and fit-
tings.  However, they all can be viewed as one object 
class—pipe spool component—when it comes to 
welding. What matters is NOT the type of the com-
ponent but rather the minimum and maximum coor-
dinates (i.e. X, Y and Z) of the component. Only two 
actions are available to change the state of a pipe 
spool or pipe spool component—roll-welding or posi-
tion-welding. This differs greatly from building con-
struction where a wide variety of objects (e.g. foot-
ings, columns, beams, walls, doors, windows, etc.) 
are involved and hundreds of actions are required to 
build these components. It is also difficult to enumer-



ate all possible actions available to apply to the 
building components (Darwiche et al. 1989)10. 
Second, in the pipe spool fabrication world, every 
pipe spool component has only two different states—
welded or not welded. The preconditions for welding 
action are quite simple—two pieces of sub-
assemblies (or components) and one unfinished 
welding point (i.e. the welding point connects these 
two sub-assemblies). Its effect is a new sub-
assembly (could also be the final pipe spool). How-
ever, it is difficult to abstract the state of building 
components as well as to define the preconditions 
and effects for building actions (Darwiche, 1989)10. 
 
Application of PDDL to pipe spool fabrication 
sequencing problem 
Using PDDL to solve a planning problem entails a 
modeling process which results in two pieces of 
description. The first one is called domain file and 
provides a general description of the system (i.e. 
pipe spool fabrication system). Basically it describes 
what types of objects are involved in the system, 
what states are possible for each type of object, what 
actions are available, and what the pre-conditions 
and post-conditions are to execute these actions. 
Another description is called problem file which pro-
vides a specific description of a particular problem 
for this system. For example, it includes a number of 
instances of objects, each with a specific initial state 
and a goal state. Figure2 shows example domain 
and problem files that are customized for a pipe 
spool fabrication problem. 

 
Fig.2 Example domain and problem definition files for 
pipe spool fabrication (Di and Mohamed 2012)19 

A number of experiments are conducted to test the 
capability of AI planners to solve the pipe spool fabri-
cation sequencing problem. These experiments are 
designed to be of incremental complexity. Figure3 
shows the configurations of pipe spools used in the-
se experiments. It should be noted that although the 
pipe spool in experiment3 seems to have a simpler 
configuration than the one in experiment 2, experi-
ment 3 involves the major challenge of consideration 
of dimensions of components. The ability to calculate 
and track changes in the dimensions of spool com-
ponents (or sub-assemblies) throughout the fabrica-
tion process is essential to distinguish roll welding 
and position welding. The domain file for pipe spool 
fabrication system is formulated and problem files for 
all pipe spools are also specified. Meanwhile, three 
popular AI planners (domain-independent) are se-
lected: (1) Metric-FF (Hoffmann 200216); (2) LPRPG 
(Coles et al. 200817); (3) LPG (Gerevini and Serina 
200218). These planners are tested in all experiments 
and show a varied level of competence. 
The results of all experiments are discussed in detail 
by Di and Mohamed (2012)19. It is indicated that 
none of the AI planners are fully adequate to solve 
real-life pipe spool fabrication sequencing problems. 
Specifically, Metric-FF has no problem handling all 
kinds of pipe spool fabrication logic but does not well 
support numerical assignments and calculations (i.e. 
in experiment 3). An illogical fabrication sequence is 
returned in experiment 3. LPG, on the other hand, 
contends with conditional effects. In order to release 
the conditions from the effects of actions, a ground-
ing process must be completed. This requires mak-
ing actions more specific and enumerating all possi-
ble situations (i.e. the domain file needs to define 
more specific actions). The result from experiment 3 
shows that after the grounding process, LPG is able 
to return a logical fabrication sequence for the pipe 
spool. However, there is a side effect of the ground-
ing process: the number of actions defined in the 
domain file grows exponentially with the number of 
welds in the pipe spool. For example, a pipe spool 
has N welds and then 2N-1 actions need to be explicit-
ly formulated in the domain file (e.g. a pipe spool 
with 13 welds requires 4096 actions defined). This 
poses a huge challenge (i.e. could be computation 
prohibitive) to solve some extremely complex pipe 
spool problems. This finding led to a search for other 
problem-solving techniques that have the potential to 
tackle the pipe spool fabrication sequencing prob-
lem. Dynamic programming has been found to be a 
good candidate. 
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Fig.3. Pipe spools used in PDDL experiments (Di and 
Mohamed 2012)19  
 

Dynamic Programming  
Dynamic programming (DP) is a generic, efficient 
approach to solve optimization problems that in-
volves a succession of decision making processes. 
More specifically, these problems should possess 
two features. First, the problem can be broken down 
into sub-problems whose solutions will be reused a 
number of times. This is called overlapping sub-
problems. Another feature is that the optimal solution 
of a problem can be constructed from the optimal 
solutions of its sub-problems. This is referred to as 
optimal substructure. Compared to brute force ap-
proaches, DP improves the computation efficiency 
and guarantees a global optimal solution. It should 
be noted that DP differs from many other optimiza-
tion algorithms which contain a universal algorithm 
that applies to every problem. To use DP, every prob-
lem needs to be custom formulated and involves 
innovative thinking. 
 

Analysis of Pipe Spool Fabrication Sequenc-
ing Problem from DP Perspective 
DP solves a problem through recursively decompos-
ing the problem into sub-problems until their solu-
tions are trivial and then constructing the optimal 
solution in a bottom-up manner by continuously se-
lecting the optimal solutions for sub-problems which 
later become the basis for the optimal solution of the 
immediate parent sub-problems. This solution con-
struction process stops when the sub-problem be-
comes the original problem itself. Following this 
same idea, the pipe spool fabrication sequencing 
problem is analyzed. Before going into detailed anal-
ysis, it is assumed that a roll-welding costs 1 while a 
position-welding costs 2. The optimization problem is 
now converted to find the minimum cost sequence to 
fabricate a pipe spool.  
First, the optimal sequence to fabricate a pipe spool 
depends on the optimal sequence to fabricate its 
sub-assemblies. Figure4 shows that the pipe spool 
could be decomposed at each welding point (i.e. 

stage1 level). Each decomposition option results in a 
pair of sub-assemblies (could be pipe spool compo-
nents as well). The cost to fabricate the pipe spool 
can be expressed in following equation: 
Costpipe spool =  
Costsub-assembly1 + Costsub-assembly2 + CostTo weld sub-assembly1 

and sub-assembly2 
To determine which option is superior to fabricate the 
pipe spool, it is necessary to know the minimum cost 
to fabricate all these sub-assemblies, which in turn 
depends on the minimum cost to fabricate their chil-
dren sub-assemblies. The decomposition stage2 in 
Figure 5 shows how sub-assembly 6 and 7 are fur-
ther decomposed. It is noted that all of their children 
sub-assemblies are already atomic components (i.e. 
pipes or fittings). Therefore, it cost nothing to weld 
them. The minimum cost for sub-assembly6 is de-
termined as following. 
Costcomponent1 = Costcomponent2 = 0 
Costsub-assembly6 = Costcomponent1 + Costcomponent2 + CostTo weld 

component1 and component2 

                   = CostTo weld component1 and component2 

It is found that the minimum cost to fabricate the 
sub-assembly6 is equal to the cost to weld compo-
nent 1 and 2, which makes it simple to determine 
whether it is a roll-welding or a position-welding. 
Given that the rolling axis is around the component2, 
the arm length is H2 (0.5m) and less than the rolling 
clearance (1.5m). It is then a roll welding. The mini-
mum cost to fabricate sub-assembly 6 is 1. 
Costsub-assembly6 = CostTo weld component1 and component2 = 1 

The minimum cost for all the other sub-assemblies 
can be determined in a similar way. The process is 
always to decompose the pipe spool (or sub-
assembly) to atomic component level where the 
fabrication cost is easy to determine. 
From this point, the solution can be constructed in a 
bottom-up manner. For example, connecting compo-
nent 1 and 2 is the minimum cost and the only way 
to fabricate the sub-assembly6. The same is for the 
sub-assembly 7. Then if connecting sub-assembly 6 
and 7 is also the minimum cost sequence to fabri-
cate the whole pipe spool (i.e. in fact it is), then the 
optimum sequence is formed. 
Stage1: Component1 + Component2  Sub-
assembly6;  
                  Component3 + Component4  Sub-
assembly7; 
Stage2: Sub-assembly6 + Sub-assembly7  The Pipe 
spool;  
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Fig. 4 Decomposition of an example pipe spool 
(Stage1) 
 

 
Application of DP Algorithm to Pipe Spool 
Fabrication Sequencing Problem 
Based on the foregoing idea, a DP algorithm is de-
signed to solve the pipe spool sequencing problem. 
So far, it has been tested with a number of pipe 
spools. One of pipe spools is considerably complex 
and its configuration is shown in the Figure 6. The 
algorithm solves the problem within one and half 
minutes and returns a fabrication sequence shown in 
Table 1. It should be noted that because there is 
more than one optimal sequence in this case, a dif-
ferent sequence could be returned if the algorithm 
runs several times, but they all incur the same mini-
mum fabrication cost. 
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Fig. 5 Decomposition of an example pipe spool 
(Stage2) 
 

Stage 
No. 

Welding 
Point Resulting Sub-assembly 

1 4 [2, 6] 

2 8 [2, 6, 4] 

3 7 [3, 9] 

3 5 [2, 6, 4, 8] 

3 2 [1, 7] 

4 6 [2, 6, 4, 8, 3, 9] 

4 1 [1, 7, 11] 

4 10 [5, 10] 

5 3 [1, 7, 11, 2, 6, 4, 8, 3, 9] 

5 11 [5, 10, 12] 

6 9 [5, 10, 12, 1, 7, 11, 2, 6, 4, 8, 3, 9] 
Table 1. Fabrication sequence returned from DP algo-
rithm 

 
CONCLUSION 
Fabrication sequence is of significant impact on pipe 
spool fabrication performance. Current industry prac-
tice relies heavily on shop foremen's personal expe-
rience. Previous research on construction sequenc-
ing is mostly focused on building construction and 
therefore not readily applicable to pipe spool prob-
lems. 
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Fig. 6 an example pipe spool solved by Dynamic Pro-
gramming 

 
Gaps exist in the current body of knowledge related 
to automated process sequencing on industrial con-
struction. This paper explores two potential problem 
solving techniques: domain-independent AI planning 
and Dynamic Programming. Observations from a 
number of experiments indicate that a DP-based 
algorithm outperforms AI planners in the capability of 
handling numerical assignment calculations and it 
also displays quite satisfactory solutions and compu-
tation efficiency. This leads to a conclusion that DP is 
more suitable for solving the pipe spool sequencing 
problem than AI planning. Future work will be di-
rected to experiment more pipe spools and use 
simulation to quantify the performance improvement 
gained by using the DP algorithm. Another direction 
is to incorporate the DP algorithm with a simulation 
model so that fabrication sequences can be dynami-
cally generated. 
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