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Abstract 
Feature models are now widely accepted in design and manufacturing, but still hardly used in assembly. We do use 
assembly features, and show how this can profitably be done in assembly sequence planning. Assembly sequence 
planning is highly dependent on several other planning tools, e.g. grasp planning, motion planning and stability 
analysis, to find precedence relations between components. For these planning tools the effectiveness of using 
features is also shown. 
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1 INTRODUCTION 

Especially in flexible assembly, where a relatively small number of products must be assembled in a limited period 
of time, computer support is needed in all kinds of planning. A special kind of planning is assembly sequence 
planning, special in the sense that it is highly dependent on other planning modules, e.g. grasp planning, motion 
planning and stability analysis (figure 1). 

Often assembly sequence planning is reduced to only investigating a precedence relation graph, to find the 
optimal assembly sequence. The creation of the precedence relation graph is then left out of consideration. It is 
a combinatorial problem to find an assembly sequence from the precedence relations, and although the solving 
technique is not that easy, one can usc a common search technique to find a solution. 

However, to find the precedence relations, information relevant to manufacturing and assembly is needed. This 
information is mostly not, or only to a limited extent, present in the product model. The designer can only store 
some general information in the product model, i.e. the geometry and topology of the product, the position and 
orientation of the different parts, and sometimes simple relations between these parts. Relevant information known 
to the designer is lost during modelling, because it could not be stored in the product model. Analysis programs 
then have to be executed to retrieve similar information from the product model needed for grasp planning, motion 
planning, stability analysis, etc., and this can be very difficult. It is much easier to store the information in the 
product model during the design phase (Wilson and Pratt 1988). 
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Figure 1 Assembly sequence planning and its relation with some other planning tools 

This problem can be solved for a great deal by using feature models (Bronsvoort and Jansen 1993). All relevant 
information can be stored within a feature model, and can be used by several analysis and planning tools. An 
additional benefit of using feature models, instead of geometric models, is that these are on a higher abstraction 
level closer to the way of thinking of designers and engineers. 

A new approach in assembly modelling and planning is thus to make use of feature models. Although design and 
manufacturing features can be used to retrieve some information used in assembly, these features only give inform
ation on single parts. We, therefore, extend the feature concept, and store assembly-specific information in so-called 
assembly features. We distinguish two types: handling and connection features, storing respectively information 
specific for handling a component and on connections between components (van Holland and Bronsvoort 1995). 
In this paper, we show how these assembly features can be profitably used in assembly sequence planning. 

In section 2, a brief overview will be given on known assembly sequence planning methods. Section 3 will describe 
assembly features. Section 4 shows how assembly features can be used within assembly sequence planning. In 
section 5, some conclusions are drawn. 

2 ASSEMBLY SEQUENCE PLANNING 

In this paper, often the terms parts and components are used. To avoid confusion, the differences between both are 
explained. A part is the smallest entity in a product; it cannot be subdivided into smaller entities. A component is a 
set of parts that is stable, i.e. it does not fall into pieces during assembly. Because a part is always stable, it is also 
a component. 

Assembly sequence planning is often reduced to find the optimal, or a semi-optimal, assembly sequence out of 
all feasible assembly sequences. Feasible assembly sequences are those assembly sequences for the components in 
a product that can create the complete product in practice. The optimal or semi-optimal sequence (called optimal 
sequence for short in this paper), is the sequence with the optimum or a semi-optimum for total assembly time, 
used resources, or combinations of these properties. 
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However, the whole process of assembly sequence planning is more comprehensive, and can be subdivided into 
three main steps, of which sometimes the first two steps are taken together: 

I. generate precedence relations between the components in the product, 
2. generate all feasible assembly sequences, 
3. find the optimal assembly sequence from the feasible sequences. 

As was stated in the introduction, to find the precedence relations between components, information relevant 
to manufacturing and assembly is needed that is usually not available in the product model. Sometimes this is 
gathered by interrogating a human assembly planner, but mostly computer tools are used. These tools take as input 
a geometric description of the product, with sometimes simple relations between components. The simple relations 
are restricted to whether components mate with each other, and whether these matings are fixed or not. Sometimes, 
the simple relations are combined for use in reasoning applications, but there the same precedence relations must 
be computed. A recent overview of techniques in assembly sequence planning is given by Gottschlich et al. ( 1994 ). 

The precedence relations are used to generate all feasible sequences, which can be stored in an AND/OR graph 
(Homem de Mello and Sanderson 1991) or in an Assembly State Transition Diagram, called ASTD (Waarts et 
al. 1992). Mostly the AND/OR graph or ASTD is built simultaneously with investigating the precedence relations. 
The latter is done by finding feasible disassembly sequences for the product, and reversing them to get the feasible 
assembly sequences. Every component in the product is investigated in turn whether it can be disassembled from 
the product. This is done by using precedence relations of the component and the other components in the product. 
How these precedences can be found is described in the next subsection. If the component can be disassembled, it 
is removed from the product, and the procedure is repeated on the components left, until all components have been 
taken out. Finding disassembly sequences is easier than finding assembly sequences, because every step in disas
sembling a product leads to a smaller product that can always be disassembled, whereas every step in assembling 
a product leads to a bigger product with increasing chance on obstruction for components still to assemble. The 
latter can result in checking many infeasible sequences. Figure 2 shows an example product (a) with its relation 
graph (b) and resulting AND/OR graph (c). 

Out of the set of feasible assembly sequences, the optimal sequence must be selected. This can be done by applying 
some kind of cost function to every feasible sequence, and to take the one with the optimum. An example of such an 
optimum sequence is shown in figure 2c; it is represented by the thicker lines. Because of a combinatorial explosion, 
there are many sequences to investigate, and heuristic search methods are used to get the optimal sequence. 

Sometimes some of the steps can be done off line, i.e. before the actual assembly process, e.g. to find an optimal 
assembly sequence for a product that must be assembled on a specific machine. In flexible assembly, however, and 
especially when parallel assembly with shared resources is considered, on-line planning must be used. A sequence 
generated on line can be better than a sequence generated off line, because the availability of resources can be taken 
into account. 

Finding precedence relations 

How the precedence relations between components can be found is described by giving some examples of used 
tools, in particular grasp planning, motion planning, and stability analysis. Notice that in assembly sequence plan
ning, these tools are only used to find precedence relations, and not to find all information needed for the assembly 
process. For example, in grasp planning it is sufficient to determine that a grip can be found, whereas later the exact 
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(a) simple product 

(b) re lations between components (c ) feasible assembly sequences 

Figure 2 Example of feasible sequences for a simple product 

grip can be determined. The latter will take more computation time. 

Grasp planning is used to find specific grip positions for a gripper to g rasp the component. To find these grip 
positions, first p ossible grip areas on a component are determined u sing the geometry of the component. Contact 
areas between component on the one hand and fixtures, feeder or the already assembled components, called partial 
assembly, on the other hand, are removed from these possible grip areas. A gripper finger cannot be positioned on 
these areas. These possible grip areas are used to find actual positions for the gripper fingers, giving a stable grip 
on the component. If such a stable grip cannot be found, there is some precedence relation between component and 
other components in the partial assembly, because the component cannot be disassembled from the partial a ssembly. 

In motion planning, two steps are considered, g ross motion and fine motion planning. 
In gross motion planning, a collision free path is searched f or a specific component, towards the partial assembly. 

Mostly a gross motion planner computes a path for a component from the feeding position t o the insertion position, 
a p osition near the final assembled p osition where there is still no contact between component and partial assembly. 
The geometry from component and partial assembly is taken, and an obstacle-free path is calculated in 3D space. 

Fine motion planning is used to find a path from the insertion position to the final position. Here the contact areas 
between component and partial assembly are used to find possible motion directions. Specific connections, e.g. 
pin-hole, face-face, threaded, etc., often have their own specific fine motion strategies. To select the right strategy, 
the type o f c onnection must be retrieved from the geometry, which is sometimes very hard, o r even impossible. 

If no gross motion or fine motion path can be found for a component with respect t o a partial assembly, then there 
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is again some precedence relation between the component and other components in the partial assembly, because 
the component cannot be disassembled from the partial assembly. 

Stability analysis is used to find whether the new partial assembly, created after a component has been assembled 
on it, remains stable. In stability analysis, not only the geometry of the components is needed, but also the relations 
between components must be taken into account. The latter is often a problem, because very little information on 
that is stored in product models. The contact areas are needed to find possible motion directions, which in turn 
are used to check for gravitational stability. In disassembly planning, this means that every time a component is 
taken from the partial assembly, the new partial assembly must be checked for stability. If it is unstable, then the 
component cannot be disassembled, and thus there exists some precedence relation between the component and 
other components in the partial assembly. 

Although not all required planning tools have been described above, it does give some notion about which kind of 
information has to be retrieved from product models. Notice again that this information is mostly already known 
to the designer or engineer. The main conclusions here are that in the planning tools, information is retrieved from 
a low-level product model, and that how this information must be retrieved is programmed within the tools. 

3 ASSEMBLY FEATURES 

Information retrieval using feature models is quite different. There is less need for applications that know how 
to retrieve specific high-level information out of general low-level information, because much specific high-level 
information is already present in the product model, stored within features. 

Feature modelling 

Feature modelling is now widely accepted in design and manufacturing processes, see Bronsvoort and Jansen 
(1993) for an overview. Before feature models were used in manufacturing, all kinds of applications were developed 
using low-level geometric models, to find how the product could be manufactured. Storing manufacturing-specific 
information within standardised form elements in the product model, significantly improved the planning process. 

The information that can be stored in features is of course not restricted to manufacturing information, it can also 
be design-specific or assembly-specific information. We therefore define a feature as a physical part of an object 
mappable to a generic shape and having functional significance. 

Feature models can be created by recognising features in the geometric model, called feature recognition, or by 
defining the product with features, called design by features. At Delft University of Technology, we are developing 
a multi-disciplinary feature modeller, called SPIFF (Bronsvoort et al. 1996, de Kraker et al. 1996), using the 
design-by-features and feature-conversion concepts, to be used in a concurrent-engineering environment. 

In assembly, the concept of features has been used only by a few researchers (Shah and Rogers 1993, De Fazio 
et al. 1993). We enhance the already known feature concept with assembly features, defined as features with 
significance for assembly processes. We distinguish two types of assembly features: handling and connection 
features. Handling features contain information on how to handle a component, and connection features contain 
assembly-specific information on a connection between components. 
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Handling features 

Independently of where a component is positioned and oriented in the final product, some assembly-specific 
information can be stored for the component. For that purpose we use the handling feature; every generic component 
has such a handling feature. A generic component is a feature model of a component, independently of the actual 
place in the product. Within the handling feature, information on grippers that can be used to grasp the component 
is stored. For every specific gripper, different grip areas can be stored. Fixtures used to feed or fixture a component, 
and the number of components on a fixture, can also be specified in the handling feature. 

Connection features 

Feature models used to model single parts, show that some of the (design) features only exists for establishing 
a connection with a feature on another part, e.g. a pin on one part and a hole on the other. Usually, both parts 
are modelled independently, and by doing so no direct relation between the two features exists. It is better to 
simultaneously model the parts, in such a way that relations between features can be directly established. These 
relations between features can contain assembly-specific information. 

We offer the designer the opportunity to place specific connections, or connection features, between components. 
These connection features contain specific characteristics about the features on the components involved in the 
connection, and also additional assembly-specific information. The latter can, for example, be the insertion point, 
insertion path and final position of the connection. The insertion point gives the end position of the gross motion 
planning, the final position is the end position of the fine motion planning, and the insertion path is the trajectory 
between both positions. Also tolerances and characteristics on contact areas are known by the connection, and these 
can be used to find the internal freedom of motion, i.e. the set of motions that can separate the components. 

In figure 3, an example is given of a product model with connection features. Dashed boxes represent connection 
features, and arrows give the components involved in the connection features. In the example, a compound 
connection feature is given; a compound connection feature can be subdivided into simpler connection features. 

Some components in a product are specific in the sense that they are only needed to establish certain connections. 
For example, a bolt fastening two plates, is only present in the product because the plates must have some rigid 
connection. These specific components are called agents. Connection features contain information on which agents, 
if any, are involved in the connection. Removing the connection, will also result in removing the agents. In figure 3b 
there are two connections with agents: both threaded connections have a bolt as agent. 

The connection features can also be used to represent clustering information within the product model. A cluster 
is a set of, possibly similar, components that share some assembly-specific characteristic, e.g. the same gripper or 
assembly direction (Boneschanscher and Heemskerk 1989). In a cluster, there is one of two opposite situations 
with respect to the assembly sequence in the cluster: either the assembly sequence is completely fixed, or it does 
not matter which sequence is taken. Take, for example, a large pin through a set of disks of increasing diameter, 
a so-called stack cluster. The disks do have a fixed assembly sequence, from large to small. On the other hand, 
a couple of bolts to fasten a plate, can also be seen as a cluster, a so-called sort cluster. Here no fixed assembly 
sequence to assemble the bolts is preferable. In figure 3b, an example of a cluster is given by the pattern threaded 
connection. 

All information that is generic for a certain connection, can be stored within a connection feature. In this way, 
assembly-specific information about the connections is stored within the product model. The model can then be 
interrogated to retrieve this information. 
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base (a) 

(a) example product (b) connection features 

Figure 3 Example of a feature model for assembly 

4 USING FEATURES IN SEQUENCE PLANNING 

The planning tools of section 2 can profitably use the information stored in the features of section 3. The basic idea of 
the planning tools can be the same, but the way assembly-specific information is retrieved is very different. Feature 
models can significantly decrease the complexity and the time used to retrieve this information. A consequence 
might be that the designer or engineer needs more modelling time, because he must add assembly-specific features 
to the model. However, this might be not that bad, because modelling will fit more to his way of thinking. 

We will now show how features can be used in assembly sequence planning, using the concept of disassembly 
planning. 
Each time we select a component as a candidate to be disassembled from the partial assembly. Using feature 
models, this is not done by trial and error, i.e. trying every component, but by using the connection features in 
the partial assembly, reducing the combinatorial explosion. Connection features can often give information on the 
precedences of the components involved in the connection, resulting in a priority for the selection of a component. 

Connection features with agents, can quickly give the component to select first, because they 'know' something 
about the disassembly sequence. It is useless to try to disassemble a plate when it is still connected by a bolt, so the 
connection feature will present the bolt first, and after that the plate connected by the bolt. 

A connection feature representing a cluster can directly give the predefined disassembly sequence for the 
components in the cluster (stack cluster), or can indicate that it does not matter in which order to disassemble the 
components (sort cluster). 

As an example, the selection of the disassembled components in the product of figure 3a is given here. In 
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figure 4a, the AND/OR graph is created without using features; some infeasible sequences investigated during the 
creation of the graph are also shown (these are marked with a cross). In figure 4b, the AND/OR graph is created 
using feature information (both agents and clusters), resulting in a much smaller graph. 

abed 

abed 

1\ 
A?\ 
a b e d 

a b e d 

(a) without feature information (b) with feature information 

Figure 4 Creation of an AND/OR graph without and with feature information 

Thus, by using agent and cluster feature information, the AND/OR graph can shrink significantly, resulting in a 
smaller number of precedences that must be checked. During precedence checking, other feature information can 
be used to further reduce computation time. This will be shown by some examples of the use of the planning tools 
described in section 2. 

Finding other precedence relations 

Connection features and handling features can directly generate contact areas on a generic component where a 
gripper cannot be positioned, because the areas are involved in contacts with the partial assembly, fixture or feeder. 
To find the possible grip areas on the remaining areas, the design features are used. Every design feature has a 
generic shape, so it can give the areas where a gripper finger can or cannot be positioned dependent on parameters 
of the finger. Gripper information can be found from the handling feature. However, using only design features for 
finding grip areas is not enough. Some low-level geometric computations are still needed, because design features 
can only give local grasping information, i.e. only information concerning the shape of the feature itself, independ
ently of other features that can have influence. Although low-level geometric computations are still needed, using 
features results in better grip areas, and gives them faster, than using only these low-level computations. Details 
about this method are given by van Holland and Bronsvoort ( 1996). 

In motion planning, especially in fine motion planning, features can be very useful. The connection features contain 
all information needed in fine motion planning: insertion position, final position, internal freedom of motion and 
knowledge about the best trajectory to assemble the component from insertion position to final position. Low-level 
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geometric calculations are not needed anymore to find the type of connection and, for example, the insertion 
position. 

An additional benefit in fine motion planning is that, for some connections, a fine motion path is directly available 
that could not even be found using geometric computations. Take, for example, a snap-fit connection. It is impossible 
to find an obstacle-free path from insertion position to final position, because the snap-fit connection depends on 
components that form obstacles, which are, however, not rigid, but deform during assembly. This assembly-specific 
information can easily be stored in a connection feature. 

In stability analysis, the type of connection and the set of possible motions for a component are used. The con
nection feature can give information on the rigidness of the connection. If a connection is very loose, the internal 
freedom of motion can be checked for translational stability. If there is motion possible in the direction of the gravita
tional force, then the component is unstable. Details of this method are given by van Holland and Bronsvoort (1995). 

All outcomes of the described tools using features, give precedence relations between the components in a product. 
These are used to prune the AND/OR graph as far as possible during its creation, resulting in a much smaller set 
of feasible sequences to investigate for the optimal candidate. 

5 CONCLUSIONS 

We presented a feature concept useful in assembly planning. Handling features contain information on how to 
handle a component, and connection features contain assembly-specific information on the connection between 
components. A designer or engineer can in this way store information about the assembly characteristics, which he 
already knows, in the product model. 

This information can profitably be used during assembly sequence planning to reduce the number of assembly 
sequences to be checked. The information about agents and clustering, stored in connection features, can be used 
as a first step in the reduction. The next step is to use other assembly-specific information to determine precedence 
relations between components. 

Some of the planning modules presented in this paper have already been implemented, giving successful results. 
On other modules, in particular the main sequence planning module, still some implementation work has to be done. 
Based on our experiences until now, we are convinced that this will show once more that features can profitably be 
used in assembly planning. 
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