
© Keith M. Chugg, 2015

Pipelining in Engineering 

ENGR 102

Keith M. Chugg
Fall 2015

1



© Keith M. Chugg, 2015

Overview

• Explore the concept of pipelining through an example

• Group reading

• Some reality checks

• Refining our models

• Limitations of pipeling

• Characterizing general pipelining approaches
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Group Reading

• 4-page article

• 5 students in the class

• Each student can read 1 page/minute

• How long does it take for everybody to ready the article?
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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Group Reading - Direct Approach
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• 20 time units to complete (mins)

• Each student requires 4 time units to 
complete

• Time between one student and the 
next finishing is 4 time units (mins)
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How to speed this up?

• What is slowing us down?

• Distinct methods/concepts:

• Parallelism

• Division of labor (job partitioning)

• Pipelining
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Group Reading - Pipeline with Two Sections
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Group Reading - Pipeline with Two Sections
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Group Reading - Pipeline with Two Sections
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• 12 time units to complete (mins)

• Each student requires 4 time units to 
complete

• Time between one student and the 
next finishing is 2 time units (mins)

Group Reading - Pipeline with Two Sections
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in words…

Group Reading - Pipeline with Two Sections

Pipelining and assembly lines: Efficiency in computing and manufacturing 
Sandeep Gupta 

September 20, 2012; Revised: September 5, 2013 
 
1.! Introduction 
Consider a scenario, where we have one copy of a 4-page article. There are 5 students in a class. Each 
student can read one page per minute. Now consider the following questions.  
1)! Once a student starts reading the article, how long does it take for him/her to finish reading? Answer: 

4 minutes. 
2)! How much time elapses between when one student finishes reading and the next student finishes 

reading? Answer: 4 minutes. 
3)! From start to finish, how long does it take for all students in the class to read the article? Answer: 5 

students × 4 minutes/student = 20 minutes. 
Now we arrive at the foundational question for introducing this topic: Can we reduce the time it takes for 
every student in the class to finish reading the article, without making copies? 
2.! The basic idea behind pipelining 
We separate the pages of the article, say into two parts, where the first part has pages 1 and 2 (p1&2) and 
the second part has pages 3 and 4 (p3&4). The first student (S1) starts reading the first part of the article. 
Upon finishing reading the first part, S1 passes the first part of the article to the second student (S2). Then, 
S1 starts reading the second part of the article (p3&4); concurrently, S2 starts reading the first part of the 
article (p1&2). This process of each student reading a part of the article and passing it on to the next 
student continues until every student finishes reading all parts of the article. Figure 1 shows every step for 
this scenario. Figure 2(b) depicts some of this information graphically.  

 
Figure 1: A step-by-step description of how five students (S1, S2, S3, S4, S5) read a four-page article 

partitioned into two 2-page parts (p1&2, p3&4) in  a pipelined fashion. 

 In the sequence of steps shown in Figure 1, steps where one or more students are reading are 
separated by steps where parts of the article are being passed from student to student. Second, each 
reading step takes two minutes, since each part of the article has two pages (p1&2 and p3&4) and each 
student reads 1 page/minute. Third, in many of the reading steps (in this example, all reading steps except 
the first and the last) two students are concurrently reading the two parts of the articles.  
 For the time being, let us assume that each passing step takes zero time. Under this assumption, 
the reading steps for the above case are shown in Figure 2(b). Now let us revisit the questions in Section 1.  
1)! Once a student starts reading the article, how long does it take for him/her to finish reading? Answer:  

4 minutes, for every student.  
2)! How much time elapses between when one student finishes reading and the next student finishes 

reading? Answer: 2 minutes, in every case. S1 finishes at 4, S2 finishes at 6, S3 at 8, and so on. 

• S1 reads p1&2. 
• S1 passes p1&2 to S2. 
• S1 reads p3&4, concurrently, S2 reads p1&2. 
• S1 passes p3&4 to S2, concurrently, S2 passes p1&2 to S3. 
• S2 reads p3&4, S3 reads p1&2. 
• S2 passes p3&4 to S3, S3 passes p1&2 to S4. 
• S3 reads p3&4, S4 reads p1&2. 
• S3 passes p3&4 to S4, S4 passes p1&2 to S5. 
• S4 reads p3&4, S5 reads p1&2. 
• S4 passes p3&4 to S5. 
• S5 reads p3&4. 
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How to speed this up?

• More of a good thing?
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• 8 time units to complete (mins)

• Each student requires 4 time units to 
complete

• Time between one student and the 
next finishing is 1 time units (mins)
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in words…

Group Reading - Pipeline with Four Sections

 
 

3 

 
Figure 3: A step-by-step description of how five students (S1, S2, S3, S4, S5) read a four page article that is 

partitioned into four 1-page parts (p1, p2, p3, p4) in a pipelined fashion. 

 Assuming that each passing step takes zero time, the reading steps for the above case are shown 
in Figure 2(c). Now we can revisit the above questions and answer each.  
1)! Once a student starts reading the article, how long does it take for him/her to finish reading? Answer:  

4 minutes, for every student.  
2)! How much time elapses between when one student finishes reading and the next student finishes 

reading? Answer: 1 minute. S1 finishes at 4, S2 finishes at 5, S3 finishes at 6, and so on. 
3)! From start to finish, how long does it take for all students in the class to read the article? Answer: 8 

minutes.  
 

 
Figure 4: A comparison of total time for five students to finish reading a four page article, assuming each 
student reads one page per minute and that each passing step takes zero time, when the article is in one 4-

0

2

4

6

8

10

12

14

16

18

20

0 1 2 3 4

Ti
m
e%
ta
ke
n%
fo
r%a

ll%
st
ud

en
ts
%to

%fi
ni
sh
%re

ad
in
g

Number%of%pages%in%each%part%of%the%article

• S1 reads p1. 
• S1 passes p1 to S2. 
• S1 reads p2, concurrently, S2 reads p1. 
• S1 passes p2 to S2, concurrently, S2 passes p1 to S3. 
• S1 reads p3, S2 reads p2, S3 reads p1. 
• S1 passes p3 to S2, S2 passes p2 to S3, S3 passes p1 to S4. 
• S1 reads p4, S2 reads p3, S3 reads p2, S4 reads p1. 
• S1 passes p4 to S2, S2 passes p3 to S3, S3 passes p2 to S4, S4 passes p1 to S5. 
• S2 reads p4, S3 reads p3, S4 reads p2, S5 reads p1. 
• S2 passes p4 to S3, S3 passes p3 to S4, S4 passes p2 to S5. 
• S3 reads p4, S4 reads p3, S5 reads p2. 
• S3 passes p4 to S4, S4 passes p3 to S5. 
• S4 reads p4, S5 reads p3. 
• S4 passes p4 to S5. 
• S5 reads p4. 
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Comparing these 3 Approaches

 
 

2 

3)! From start to finish, how long does it take for all students in the class to read the article? Answer: 12 
minutes.  

 
Figure 2: Five students reading one copy of a four-page article at the rate of 1 page per minute. Each box 
with four squares, two squares, or one square shows a part of the article, and each × indicates the page being 
read by a student at the particular time indicated by the y-axis. This figure assumes that each passing step 
takes zero time.  (a) Full article read and then passed (non-pipelined, baseline for comparison); (b) article 
divided into two 2-page parts, each part read and then passed (pipelined); (c) article divided into four 1-page 
parts, each part read and then passed (pipelined, more extensively than (b)). (For scenarios in (b) and (c), 
Figure 1 and Figure 3 respectively describe which part is being read by which student at what time.)  

 
 Since separating the article into two parts and pipelining reduced the time required for all students 
to finish reading the article from 20 minutes to 12 minutes, let us venture further in that direction. 
Consider a scenario where we separate the four pages of the article into four parts, where the first part has 
only page 1 (p1), the second part has only page 2 (p2), and so on. In this case, the five students will read 
the article in the manner shown in Figure 3, and illustrated in Figure 2(c) under the assumption that each 
passing step takes zero time. 
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How to speed this up?

• More of a good thing?

68
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How to speed this up?

• Diminishing returns — less improvement as we go to 
smaller and smaller sections

69

 
 

3 

 
Figure 3: A step-by-step description of how five students (S1, S2, S3, S4, S5) read a four page article that is 

partitioned into four 1-page parts (p1, p2, p3, p4) in a pipelined fashion. 

 Assuming that each passing step takes zero time, the reading steps for the above case are shown 
in Figure 2(c). Now we can revisit the above questions and answer each.  
1)! Once a student starts reading the article, how long does it take for him/her to finish reading? Answer:  

4 minutes, for every student.  
2)! How much time elapses between when one student finishes reading and the next student finishes 

reading? Answer: 1 minute. S1 finishes at 4, S2 finishes at 5, S3 finishes at 6, and so on. 
3)! From start to finish, how long does it take for all students in the class to read the article? Answer: 8 

minutes.  
 

 
Figure 4: A comparison of total time for five students to finish reading a four page article, assuming each 
student reads one page per minute and that each passing step takes zero time, when the article is in one 4-
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• S1 reads p1. 
• S1 passes p1 to S2. 
• S1 reads p2, concurrently, S2 reads p1. 
• S1 passes p2 to S2, concurrently, S2 passes p1 to S3. 
• S1 reads p3, S2 reads p2, S3 reads p1. 
• S1 passes p3 to S2, S2 passes p2 to S3, S3 passes p1 to S4. 
• S1 reads p4, S2 reads p3, S3 reads p2, S4 reads p1. 
• S1 passes p4 to S2, S2 passes p3 to S3, S3 passes p2 to S4, S4 passes p1 to S5. 
• S2 reads p4, S3 reads p3, S4 reads p2, S5 reads p1. 
• S2 passes p4 to S3, S3 passes p3 to S4, S4 passes p2 to S5. 
• S3 reads p4, S4 reads p3, S5 reads p2. 
• S3 passes p4 to S4, S4 passes p3 to S5. 
• S4 reads p4, S5 reads p3. 
• S4 passes p4 to S5. 
• S5 reads p4. 
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Examples of Pipelining

• A class reading a book 

• Dishwashing: wash, dry, put-away

• Assembly lines

• Microprocessor instruction processing (steps)

• Streaming over multiple network hops (Netflix)

• Graduation ceremony tasks

• Bucket brigade 

• Blaze pizza — pizza ordering/production

• Optimized scheduling of workers/tasking a project or organization

• supply chain management

70

Student inputs
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Examples of Pipelining
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from $850 to under $300 in a few years. All areas of computing and networking extensively use 
pipelining. Microprocessor designers partition the task of processing one instruction into a sequence of 
sub-tasks. Then they design hardware modules that carry out each sub-task. They organize these modules 
as different stages of a pipeline that processes sequences of instructions for software applications. 
Computer networks, on-chip as well as the Internet across the continents, divide information that users 
want to send to specific destinations into small units called packets and efficiently transfer packets hop-
by-hop, in a pipelined fashion, to achieve great efficiencies. 
 To understand how the ideas behind pipelining can be applied to such a wide range of 
applications, let us select three application scenarios, one artificial and two real. 
1)! Students reading an article: A general version of scenario described above, where we have a number 

of students, say m, and we are given one copy of an article which each student can read in n units of 
time. We can divide the article into k parts (& ≥ 1), where each student can read the jth part in n/k 
units of time. Finally, each student takes ! units of time to pass the article, or a part of the article in 
cases where & > 1, to the next student.  

2)! Truck assembly line: We have a plant where we need to assemble m trucks. If we assemble one truck 
at a time, then it will take n units of time to complete the assembly of each truck. Alternatively, we 
can partition the assembly of each truck into k assembly steps, where by itself the jth assembly step 
can be completed in n/k units of time by the jth stage of the assembly line. Finally, it takes ! units of 
time to move a partially-assembled truck from one stage of the assembly line to the next. 

3)! Microprocessor processing instructions: We have a microprocessor chip where we need to process a 
sequence of m instructions for a software application. If we view processing one instruction as a task 
and perform one task at a time using a suitable hardware module, then it will take n units of time to 
complete the task. Alternatively, we can partition each task into a sequence of k smaller sub-tasks, 
where by itself the jth sub-task can be completed in n/k units of time using a hardware module 
specially designed to perform the jth sub-task. Finally, it takes ! units of time to pass the results from 
the module that performs the jth sub-task to the module that performs the (j + 1)th sub-task. 

Clearly, there is a strong analogy between these three scenarios. By using a common set of symbols, 
namely m, n, k, and !, with analogous meanings to describe the three scenarios, we have already exposed 
several points of analogy. Table 1shows some of the important items of correspondence. Figure 6 
explores the case depicted earlier in Figure 5 and customizes it for the above three scenarios assuming 
)/& = 1 and ! = 1. In addition to illustrating some of the points of correspondence described in Table 1, 
Figure 6 shows that the step-by-step of operation of the pipelined versions in these three cases proceeds in 
an identical manner.  

Table 1: Correspondence between the above three example scenarios. 

 Students reading an 
article 

Truck assembly line Microprocessor processing 
instructions 

1 The article read by one 
student 

One truck’s assembly 
completed 

One instruction processed 

2 Partitioning an article into k 
parts  

Partitioning the task of 
assembling a truck into k 
assembly steps  

Partitioning the task of processing 
one instruction into k sub-tasks  

3 A part of the article read by 
one student (P1, P2, …) 

A stage of the assembly line 
works on one truck (A1, A2, 
…) 

A hardware module performs a sub-
task for one instruction (M1, M2, …) 

4 Ai: ith student completes 
reading the article 

Ti: Assembly of ith truck 
completed 

Ii: Processing of ith instruction 
completed 

5 Aij: ith student completes 
reading the jth part of the 
article 

Tij: jth step in the assembly of 
ith truck completed 

Iij:  jth sub-task in processing of ith 
instruction completed 
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Overview

• Explore the concept of pipelining through an example

• Group reading

• Some reality checks

• Refining our models

• Limitations of pipelinings

• Characterizing general pipelining approaches

72
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Discussion: Limitations of Pipelining/Model

73

• What has our model neglected?

• What can go wrong or what are costs associated with 
this speed-up?
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• Assumed each student read at the speed

• Limited by your slowest processing stage (e.g., slowest reader)

• Single point of failure

• Need multiple processing resources

• Didn’t count transition time (e.g., time to hand pages to neighbor)

• Cost of ripping the book into pieces

• How to build a car in 20 stages?  Break an instruction into many sub-
steps?

• Coordination or time synchronization

• Cost to flush a long pipeline — switching costs.

Student inputs
Discussion: Limitations of Pipelining/Model
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Finite Transition Delay

75

 
 

5 

  

Figure 5: Five students reading one copy of a four-page article at the rate of 1 page per minute, where each 
passing step has overhead of $ = % minute. Each box with four squares, two squares, or one square shows a 
part of the article, and each × indicates the page being read by a student at the particular time indicated by 
the y-axis. The empty boxes between reading steps are due to the 1 minute time overhead of each passing step. 
(a) Full article read and then passed (non-pipelined, baseline for comparison); (b) article divided into two 
two-page parts, each part read and then passed (pipelined); (c) article divided into four one-page parts, each 
part read and then passed (pipelined, more extensively than (b)). (For scenarios in (b) and (c), Figure 1 and 
Figure 3 respectively describe which part is being read by which student at what time.) 

5.! General scenarios for pipelining 
The idea of pipelining is used in many areas of engineering. The earliest example application, still widely 
used and still delivering significant efficiencies, is in manufacturing. In this form, a pipeline is better 
known as an assembly line. Ford Motor Company was an early industrial adopter and innovator in this 
area. Ford’s adoption of assembly lines is credited with decreasing the sale price of a Ford Model T car 
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Throughput vs Latency

76

• X time units to complete (mins)

• Each student requires Y time 
units to complete

• Time between one student and 
the next finishing is Z time units 
(mins)

Throughput

Latency


