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Abstract 
The classical comprehension theories study 

relations between extensions, intensions, and names. 

Originally developed in linguistics and mathematics, 

these theories are applicable to program 

comprehension as well.  While extensions are present 

in the program, the intensions are usually missing,   

and evolution and maintenance programmers have to 

recover them as the program cannot be successfully 

comprehended and changed without them. 

There are six fundamental processes of 

comprehension and they have several attributes that 

generate a large set of comprehension processes. One 

of these processes is concept location, which is a 

practical and theoretically interesting problem of 

program comprehension.  

Despite the current divergence among program 

comprehension processes, there is still a possibility 

that a universal program comprehension process will 

emerge sometime in the future.  

 

 

1. Introduction 
 

Software development presents numerous 

challenges. The lesser among them are the accidental 

difficulties that are tied to the specific technologies and 

processes that software engineers employ in their 

project. Examples of such accidental difficulties are 

compiler bugs, quirks in the programming languages, 

technology gaps that make certain tasks more difficult 

than they should be, ill thought-out processes that 

require unnecessary steps and ignore necessary tasks, 

and so forth. The accidental difficulties share a 

common trait: they are limited to a specific project’s 

circumstances and they are usually resolved in a due 

time.  

A different situation arises when dealing with 

essential difficulties. They are a subset of the essential 

properties of software and as long as software exists 

they will cause problems. The essential properties were 

studied by Fred Brooks [3], who identified four 

essential difficulties: invisibility, complexity, 

conformity, and changeability.  All four, each in its 

own peculiar way, complicate program comprehension. 

Invisibility means that the role of the senses in 

program comprehension is limited. Since we often use 

our senses in comprehension, this makes the 

comprehension hard. This difficulty can be alleviated 

by various visualizations and sonifications, but in order 

for these approaches to be practical, considerable work 

is still required [21]. 

Complexity is another essential software difficulty. 

Programs nowadays consist of millions of lines of code 

and hence their complexity is comparable to the other 

complex systems created by humans, like large cities. 

Our short-term memory can accommodate only about 7 

concepts at any given time [12]. In consequence, we 

have to employ various aids and strategies. 

Changeability means that programs are easy to 

change; note that changing programs correctly may be 

much harder. Nevertheless, as a consequence of easy 

changeability, programs change frequently and 

yesterday’s comprehension may be obsolete today.  

Conformity means that programs interact with and 

hold together large systems that include hardware, 

users, and domains. These systems are reflected in the 

programs in various ways. For example Point of Sale 

program must reflect the hardware it runs on, users 

(store clerks) and their capabilities, the domain 

including intricacies of the credit card payment, and so 

forth. This of course adds even more complexity.  

Program comprehension is a programmers’ struggle 

with these essential difficulties and ICPC proceedings 

chronicle the successes and setbacks of the program 

comprehension efforts. On the positive note, the 

progress of program comprehension is the progress on 

perhaps the most important software engineering front, 

the fight against essential software difficulties, and 
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every important result represents a lasting progress for 

this field.  

The rest of the paper is organized in the following 

way: Section 2 surveys the classical comprehension, 

section 3 discusses the attributes of program 

comprehension processes, section 4 presents concept 

location as an example of a comprehension process, 

and section 5 contains conclusions and future work.  

 

2. Classical comprehension 
 

Software engineers are not the first people who had 

to cope with a comprehension problem; before them, at 

the turn of the 19
th

 and 20
th

 century, mathematicians 

and linguists faced a similar problem. Both 

mathematics and linguistics also had to deal with some 

of the same essential difficulties: complexity and 

invisibility are present in both of them. Conformity is 

an issue in both applied mathematics and linguistics; 

however, pure mathematics decided not to deal with it 

and limits its attention to abstract systems only. 

Changeability exists in both mathematics and 

linguistics (new notations, definitions, and theorems are 

introduced, the languages under investigation change), 

but is much slower; therefore, the classical 

comprehension theories do not address this essential 

difficulty.   

Since these fields share some of the software 

essential difficulties, their comprehension problem is 

related to program comprehension. Their 

comprehension questions can be summarized as “What 

does this sentence mean?” or “What does this 

mathematical formula mean?” 

In linguistics,  De Saussure (1857 – 1913) [7] 

introduced the following notions that comprise 

comprehension:  There is the signifier, which is the 

sound or string of letters that the person recognizes.  

There is the signified, which is the idea or the concept 

that the signifier denotes. There is the referent, which 

is the actual thing or object that the signifier refers to. 

In mathematics, Gottlob Frege (1848 – 1925) [8]  

introduced the following notions: formula is a sequence 

of symbols, intension is a complete set of meanings or 

properties, extension is a set of all things intension 

applies to. 

In the field of artificial intelligence, several projects, 

roughly from 1972 [22] through 1992 [9],  attempted to 

aid program comprehension. “Program understander”  

[23] of Figure 1 summarizes a shared, but never fully 

attained, goal of these projects. It analyzes source code 

and creates an internal program representation. There is 

a plan library and each of the plans corresponds to an 

implementation of a concept. Recognizer matches these 

plans against the program representation, producing 

recognized concepts that aid program comprehension.   

 

 

 
Figure 1. Goal of past artificial intelligence 

projects: Program understander. 
 

Different terminologies by different authors can 

create confusion and are summarized in Table 1. The 

columns belong to the specific authors or fields. The 

terms in each row are in this paper considered 

synonyms; the differences in their meaning are minor. 

In order to make reading easier, each row of Table 1 

has one term highlighted in bold and the rest of the 

paper uses this term as a substitute for the remaining 

terms in their respective rows. Moreover the paper will 

deviate from the common usage of term “concept”, 

using it in a broader sense of a label for the whole 

triple of name, intension, and extension.   

 

Table 1. Terminology of comprehension. 

De Saussure Frege AI ICPC 

signifier formula label name 

signified intension concept 
concept ⊃ 

feature 

referent extension plan implementation 

 

As an example of a concept, consider concept name 

“dog”, or “pes” in Czech, or “Hund” in German. The 

corresponding intension is “A hairy animal with four 

legs and teeth” (this intension is obviously incomplete 

and needs additional work). The corresponding 

extensions are real dogs like Fido or Lajka, pictures of 

dogs in books, magazines, movies, cartoons, and also 

Buck of Jack London’s book “Call of the Wild” who 

may have existed only in Jack London’s imagination 

and later in the book. 
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2.1. Concept triangle  
 

Classical comprehension can be summarized by the 

concept triangle of Figure 2; the whole triangle 

represents a “concept” and has vertices “name”, 

“intension”,  and “extension”. Comprehension of a 

concept means that the comprehending person is able 

to move among all three vertices of the triangle.  

 

 

 
 

Figure 2. Classical concept  triangle. 
 

There are six fundamental comprehension 

processes. Naming gives a name to an intension. The 

opposite process is definition that for a given name 

finds the corresponding intension. The relation between 

names and intensions is many-to-many and, therefore, 

we have homonyms and synonyms that the naming and 

definition processes have to deal with. There may be 

additional difficulties with definition process that were 

pointed out in [17, 26].  

Recognition recognizes in an extension a 

corresponding intension. The opposite of recognition is 

location that finds for a given intension a 

corresponding extension.  Concept location is an 

important part of software change [2, 25]. Before the 

program change is attempted, the appropriate extension 

must be found.  Concept location is practiced by 

programmers on daily basis and goes hand-in-hand 

with the change request. 

Finally, there is annotation that recognizes an 

extension and gives it a name. The opposite is 

traceability that for a given name finds corresponding 

extensions.  Already mentioned program understander 

of Figure 1 was a tool that was supposed to do 

annotations automatically, by recognizing extensions 

and giving them names. The opposite process, 

traceability, is frequently used in books, where a book 

index allows the reader to move from a concept name 

to pages where the concept extensions are discussed.   

 

3. Attributes of program comprehension 
 

The classical comprehension and its six fundamental 

processes provide a solid foundation for the program 

comprehension. However, program comprehension has 

developed additional insights that clarify attributes of 

the six basic comprehension processes.  

 

 
 

Figure 3. As-needed comprehension. 
 

3.1. The scale  
 

The first such attribute is the scale of the 

comprehension. Classical approaches tacitly assumed 

whole-scale comprehension where the whole system 

must be comprehended. However, this whole-scale 

comprehension is unrealistic and the as-needed 

approach is necessary [10]. In such situation, the 

programmers attempt to comprehend only a part of the 

system (fragment, niche) and the rest of the system 

remains unknown.  

In as-needed comprehension, the programmers must 

perform various searches through the unknown part of 

the system, looking for the desired concept; in large 

systems, the process can be like the proverbial search 

for the needle in a haystack, see Figure 3.  

Programmers  are interested in the fragment of the 

current interest, but often they are also interested in 

fragments that were comprehended during previous 

tasks and this past comprehension is either remembered 

or preserved in the documentation [18]; this variant of 

the comprehension process is called opportunistic 

comprehension.  

Because of the frequent searches, as-needed 

comprehension, deals with the whole system rather 

than isolated concepts. The name is treated as a part of 

Needed for the 

task 

Unknown 

Actually 

comprehended 

(fragment, niche) 

Remembered 

fragments 

(opportunistic 

comprehension) 

Search 
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vocabulary, intension as a part of ontology, and 

extension as a part of program or a larger system that 

the program interacts with. Vocabulary, ontology, and 

program/system constitute the new vertices of the 

comprehension triangle. They are comprehended only 

partially and, hence, have known and unknown parts; 

comprehension processes in the known parts are 

different from comprehension processes in the 

unknown parts. The modified comprehension triangle 

is in Figure 4.   

 

 
Figure 4. Comprehension triangle for 

opportunistic comprehension. 
 

3.2. The speed  
 

Another attribute of the comprehension processes is 

the speed. Classical comprehension does not address 

this attribute but tacitly assumes a swift and 

instantaneous process.  However the processes of 

comprehension, particularly in the unknown part of the 

system, may be slow, consisting of many steps, and 

may involve searches and backtracks. More recent 

cognitive theories of program comprehension 

recognized this arduous nature of program 

comprehension [5, 13, 20, 24]. 

One of the factors contributing to this slowness is 

the many-to-may nature of the relations in the classical 

comprehension triangle. For example, as mentioned 

earlier, the conformity of the programs means that the 

programs interact with the problem domain, users, 

hardware, other programs, and so forth; as the result, 

the extensions of a specific concept can be often found 

in several parts of the system, as illustrated in Figure 5. 

The programmer may search for all these parts or only 

some of them; it may not be immediately apparent 

which parts are essential when trying to comprehend 

the concept. Moreover, the program itself often 

consists of several tiers: there can be a processing tier, 

a data tier, and a graphic user interface, and the 

extensions of the same concept can appear in one or 

several of these tiers.  

 
Figure 5. Many extensions in the system. 

 

For another example, suppose there is the following 

statement in the code: 

ix *= 1.06 

The value 1.06 can mean many different things. The 

intension can be, for example, the Michigan sales tax, 

as Michigan levies 6% sales tax on all non-food 

purchases. In this case, the variable ix stores the 

amount to pay.  The intension could be also the factor 

by which gas consumption increases when driving fast 

and, in this case, variable ix stores the amount of gas 

necessary for a trip. It can also mean a number of other 

things and there is no way to tell the corresponding 

intension from this isolated statement. This problem of 

mapping extensions to the appropriate intensions is one 

of the reasons why the goals of the program 

understander were never fully attained. 

In a well written code the identifiers, comments, and 

documentation play an indispensable role: they 

preserve the concept intensions or concept names and 

hence make the extensions comprehensible. When 

searches are performed for the comprehension of a 

software system, the information stored in the 

identifiers, comments, and documentation is often used 

in queries. However, even in this case inaccuracies, 

omissions, homonyms, and synonyms can lead to a 

situation where the exact query may not lead to any 

results, and programmers would know only 

retroactively whether they found what they were 

looking for. The same situation can happen when 

looking for a name in the vocabulary, or for an 

intension in the ontology. The searches done during 

comprehension follow the style outlined in [11] and are 

represented by the activity diagram in Figure 6.  

 

 Intension 
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System 

Program 

Vocabulary 

 Name 
Extension 1 

 Extension 2 

Comprehended 

Not comprehended 

Processing 

 

Intension 

 Users 

   Hardware Interacting 

programs 

Problem domain 

Program 

System 

 GUI Data 
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Figure 6. Searches during comprehension. 
 

 

3.3. The levels of automation  
 

In classical comprehension, all the processes are 

performed by humans. Artificial intelligence projects 

opt for the opposite extreme: everything is attempted to 

be done by the computer. Current approaches lie 

somewhere in between, i.e., some tasks are done by 

humans, other are assumed by the computer.  

The philosophy of this approach was named by 

Brooks “intelligent assistance” [4] and calls for the 

computer to take responsibility for the algorithmic 

tasks that it does the best, and the humans to assume 

the tasks that require informal judgment that they do 

the best. Figure 7 contains an example of an interactive 

comprehension process; it contains a UML activity 

diagram [1] with two “swimlanes”, one for the 

computer and one for the human programmer. The 

control passes between both swimlanes. The specific 

process in Figure 7 is concept location by dependency 

search, discussed in more details in section 4.  

 

3.4. Other attributes 
 

Besides the three attributes of scale, speed, and 

automation, there are additional important attributes of 

program comprehension processes. There is a level of 

detail in comprehension, where the actors may gloss 

over things that they deem unimportant and concentrate 

only on a simplified set of issues.  This attribute is 

addressed in the discussions of models and modeling 

[19].  

Another attribute is related to the properties of the 

system. The processes are different if the system 

contains clues like identifiers, comments, or 

documentation, or if the system does not give these 

clues. Programmers also have to deal with both existing 

systems and systems that are under construction.   

The properties of the extensions also influence 

comprehension. Some extensions can be explicit in the 

code, i.e., it is possible to point to program statements 

and fields that constitute these extensions. Other 

concepts are implicit, i.e., there is only an indirect 

indication of their presence [16]; they are implied by 

the code, but not explicitly expressed.  For example, in 

basic word processors an implicit concept would be the 

authorization to open files; any user is authorized to 

access any word processor file. This authorization 

cannot be directly located since it is not explicitly 

implemented in the code, it is present as an assumption 

that underlies in certain parts of the code. Determining 

the location of such implicit concepts represents a 

special challenge.  

Another property is the evolution of the system, 

ontology, and vocabulary over the time. This evolution 

occurs due to the volatility of the programs and 

systems, and also due to  a programmer learning, which 

causes the evolution of both the ontology and the 

vocabulary [27]. The volatility of all three vertices of 

the comprehension triangle favors as-needed 

comprehension and results in slow processes.  

In summary, there are six classical processes of 

comprehension, each with several attributes, where 

each of these attributes can assume a number of 

different characteristics. This results in a huge number 

of various comprehension processes and offers the 

ICPC community numerous interesting topics to 

explore for many years to come.  

 

4. Concept location as an example 
 

Concept location is the first activity of software 

change. During concept location the programmers find 

the location of the code that the software change will 

modify. In terms of fundamental comprehension 
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processes, concept location starts with an intension and 

finds the corresponding extension. In a well 

documented code with good identifier names, concept 

location often takes a detour, first from concept 

intension to concept name and then from name to 

concept extension.  

The process of concept location has the following 

attributes: It is an as-needed process; it does not try to 

create whole-scale comprehension, but rather tries to 

find and comprehend a part of code containing concept 

extension. It is also a slow process, with many steps 

and possible backtracks. It is currently practiced as an 

interactive process where the tool analyzes the program 

and programmer makes the relevant decisions. 

The modeling techniques have not been found 

useful during concept location; perhaps, the reason is 

that current insights do not allow to separate important 

and unimportant aspects of the system, so the 

programmers opt to deal with the system as-is, rather 

than loosing details that may turn up to be decisive. 

Many concept location techniques depend on the 

existence of the clues in the code, including identifiers 

and comments. Locating concepts in the code that does 

not contain such clues is a very different problem that 

has been explored much less. 

Programmer learning during concept location was 

documented in [14]; as the programmers search 

through the code for the appropriate concept extension, 

they learn more about the related concepts and the 

code, and leverage this increased knowledge in the 

search.  

 

4.1. Naming: From concept intension to 

concept name 
 

The programmers identify the concept intensions 

that are at the core of the change request. In many 

instances, these intensions use the relevant concept 

names directly; in that case, the concept name appears 

in the change request as a noun, a verb, or a clause. The 

change request can have many such nouns, verbs, or 

clauses and the programmers must extract the 

significant concepts, i.e., the ones that will lead to the 

correct location in the code where the change will be 

implemented.  

If there are several concepts that can be gleaned 

from the change request, the programmers must asses 

Computer Programmer

Find set of starting components

[Yes] 

[No] 

[Yes] 

[No] 

Find set of child components

Find set of backtrack components

Select one component

Is the concept implemented

in the component?

Is the concept implemented 

in composite functionality?

[Stop the search] 

Figure 7. Activity diagram of concept location by dependency search. 
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which one is the most significant one and most likely to 

be found in the code and which ones are crucial for the 

change. One way how to find significant concepts is to 

follow the following process: 

- analyze the change request; 

- extract the set of concepts used in the change 

request; 

- delete the concepts that are intended for the 

communication with the programmer and do 

not deal with the new functionality; 

- delete the concepts that are unlikely to be 

implemented in the code, like concepts related 

to the things that are outside of the scope of the 

program; 

- organize the remaining concepts by the 

likelihood of being easy to located in the code.  

As an example, suppose that the programmers deal 

with Point of Sale system and the change request is 

“Implement a credit card payment”. In this change 

request, we can identify the following concepts: 

“implement” “credit card”, and “payment”. 

Concept “implement”, although a part of change 

request, is not the significant concept, because it is a 

generic term that commands the programmer and is 

unrelated to the new functionality; there is no specific 

location in the code that would deal with it and 

therefore it can be excluded.  

Concept “credit card” describes a functionality that 

is not in the old code but must be introduced in the 

future; therefore, it is not a significant concept that 

could guide to the location in the code. 

The only remaining concept at this point is 

“payment”; “payment” is the significant concept that 

has to be located in the code before the change can 

start. Payment is very likely to be implemented 

somewhere in the code, most probably as a variable. 

The programmers must find this variable in order to 

start the change.  

Once the extension of this concept is located, it can 

be expanded by the software change into the full 

payment functionality that also allows the payment by 

credit card.  

 

4.2. Concept location by dependency search 
 

There are many concept location techniques 

available to the programmers; for example, a recent 

survey can be found in [15]. In this paper, we briefly 

survey two techniques: Concept location by 

dependency search, and “grep” technique. 

Concept location by dependency search [6] is 

represented by the activity diagram of Figure 7. The 

search is based on the following observations: Each 

program component contains certain concept 

extensions, for example, there is a class Register that 

contains extension of concept “payment”. All concepts 

that are located in the class Register are called local 

functionality of Register. The purpose of the 

dependency search for concept “payment” is to find the 

component that contains extension of “payment” in its 

local functionality. 

The search is guided by another kind of 

functionality called composite functionality. Composite 

functionality goes beyond the local functionality and it 

is the functionality that the class delivers to its clients. 

It includes not only the concept extensions located in 

class Register, but also all concept extensions located 

in all supporting classes. 

On the top of the class hierarchy is the top class that 

is responsible for the functionality of the whole 

program and delivers it to the user. All concept 

extensions of the program are part of the composite 

functionality of the top class. However, the top class 

does not implement all these concept extensions, but 

rather delegates most of them to the other classes. 

These other classes in turn delegate them further down 

to the classes that are lower in the hierarchy. This fact 

is used by programmers who search for concepts, and 

recognize presence of the concept extensions in both 

local and composite functionality.  

The search starts with computer action “Find set of 

starting components”, see Figure 7. In this action, the 

computer identifies the top classes in the program. 

Then the programmer selects one of them and decides 

whether the concept is implemented in the local 

functionality. If yes, the class is the location of the 

concept and the search is done.  

If the concept is not found in the local functionality, 

the programmer has to determine whether the concept 

is implemented in the composite functionality. For that, 

the programmer uses various clues like the identifiers, 

comments, and so forth. Usually, there is no need to 

read the code of the whole set of supporting classes, it 

is sufficient to make a rough guess. If the guess turns 

out to be wrong, it will lead to a later backtrack; this 

backtrack does not invalidate the search, only makes is 

a little bit longer. 

If the programmer concludes that the concept is 

implemented in the composite functionality, then the 

computer finds the set of child classes. The 

programmer selects the most likely one among them 

and the search continues with another iteration. 

If, on the other hand, the programmer concludes that 

the concept is not present in the composite 

functionality, it means that a wrong turn was taken 

sometimes before. The programmer then must 
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backtrack to a previously visited class and visit a 

different child then before. The computer keeps track 

of all visited classes, and the programmer chooses one 

of them to backtrack into. If the search appears 

fruitless, the programmer can stop it without locating 

the concept, perhaps with the idea that there should be 

a search for a different concept or a different search 

technique should be used. 

 

4.3. Concept location by grep 
 

Searching by grep is a popular concept location 

technique. It tries to find in the code the concept name 

or a similar text [14], assuming that the use of the 

concept name in the code indicates a presence of the 

concept extension. The programmers formulate regular 

expression queries (“patterns”) and query the source 

code of a software system using grep tool. For example 

when looking for the concept “payment”, programmers 

may query for the original word (payment) or various 

abbreviations and variants (pmt, paymt, pay_1, and so 

forth.) 

The tool grep produces a list of code lines where the 

desired name appears, called “matches” or “hits”. 

There may be several matches and the programmers 

read the code that surrounds these matches. Based on 

this reading, they decide whether the concept has been 

located. The query fails when the set of matches is 

empty; this indicates that the sought name (or its 

chosen variant) is not used in the code. Another 

situation arises when none of the matches contain the 

needed extension, because the word is used in the code 

with a different meaning. In both of these cases, the 

programmers have to do a new search.  

Sometimes, the query produces too many matches 

and it is not practical to inspect them. In this situation, 

the programmers formulate an additional query and do 

another search, this time searching only the set of the 

earlier matches. In this way, they get a set-theoretical 

intersection of the results of the two queries and this 

resulting set of matches should be smaller than the 

earlier large set.  

 

5. Conclusions and future work 
 

In this paper, we surveyed the field of program 

comprehension, both classical and current. The 

comprehension triangle of intension, extension, and 

name is the foundation of the comprehension efforts; 

there are six fundamental comprehension processes in 

this triangle: naming, definition, recognition, location, 

annotation, and traceability. These processes have the 

attributes of scale (whole-scale vs. as-needed), speed 

(swift vs. slow), automation (human vs. fully automatic 

vs. interactive), level of detail (as-is vs. model), 

property of system (annotated vs. not annotated, 

existing vs. being created), properties of extensions 

(explicit vs. implicit), and evolution (static vs. volatile). 

The basic processes together with the attributes 

generate a large number of processes to be investigated 

by comprehension researchers. 

Current state-of-the-art in program comprehension 

is characterized by a large number of the 

comprehension processes. In spite of this wide variety, 

the comprehension processes still may converge in the 

future into one or few processes that would be fully 

automatic, whole-scale, and swift, possessing  

attributes that the classic approaches and “program 

understander” assumed or dreamed of but never  

attained. However, path to such processes is still long.  

People who deal with other complex systems, like 

biological systems, also face comprehension problems. 

The comprehension triangle and six fundamental 

processes are very likely universal and, therefore, 

applicable to other systems also; however, process 

attributes of other systems may be very different. 

Nevertheless, the accumulated program comprehension 

solutions may contribute to the comprehension 

processes within these other systems also.   
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