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How VERTICAL and 
HORIZONTAL integration 
make the case for more 
focus on interfaces in current 
engineering curricula.

INTRODUCTION
One of the hallmarks of modern engi-
neering is tight integration of technol-
ogies from different disciplines. The 
smart phone is a good and familiar 
example. Integration inescapably pro-
duces interfaces of many kinds. Inte-
gration and interfaces are found in two 
fundamental forms, vertical and hori-
zontal. This article surveys both types 
of integration and interfaces to make 
the case for more explicit educational 
attention to these characteristics of 
engineering practice.  

Most colleges and universities have 
engineering departments organized by 
traditional disciplines. This situation 
exists for both historical and practical 
reasons. It is very difficult to reorient 
existing departments, and the creation 
of new departments is not common.  

Also, the careers of the faculty and 
existing professional organizations are 
oriented by discipline. The old and 
current organization by discipline 
does function, but it is more and more 
orthogonal to the modern technologies 
that engineering graduates will develop.   
The situation is illustrated in Figure 1. 
This is not news, but is a large part of 
the motivation for the concepts 
discussed in this article.  

Section I examines performance driven 
integration. Such integration unavoid-
ably leads to many types of interfaces, 
which are discussed in Section II. In 
Sections III and IV, we review various 
types of integration and interfaces in 
what are termed vertical and horizontal 
integration. Vertical integration ranges 
from materials to devices to systems. In 
horizontal integration, devices, com-
ponents or systems on the same level 
serve as nodes that are connected by 
various types of links. A dozen topics 
for inclusion in a course on Integration 
and Interfaces are listed in Section V. 
It could be taught in different classical 
engineering departments. 

FIGURE 1. The engineering of most 
modern products cuts across the 
traditional disciplines.
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Our conclusion is that such a course 
would be straightforward to develop 
and teach. It should sensitize both 
undergraduate and graduate students 
to the need for learning outside of their 
disciplines both during their education 
and throughout their entire engineering 
careers.

I. PERFORMANCE DRIVEN 
INTEGRATION 
Consumers certainly want products 
and services that perform well and long 
for reasonable costs. The many “ilities” 
remain the goal of much of engineer-
ing. Over 80 System Quality Attributes 
are listed by Wikipedia, many of them 
“ilities.”1 It is generally impossible to 
engineer products that do well in the 
marketplace without their having very 
good performance. The required per-
formance can only be achieved by the 
integration of technologies that come 
from multiple engineering disciplines. 

There are cases from the past where 
important products originated almost 
entirely from a single engineering 
discipline. Early automobiles were 
largely mechanical, although even 
they included electrical and chemical 
components. Some primitive lighting 
systems were mostly electrical, but they 
had mechanical supports and included 
rotating machinery for power genera-
tion. The point is that over most of the 
history of engineering, integration of 
technologies from different disciplines 
at some level has been normal. Now, it 
is hard to find any products that do not 
involve a mix of technologies from var-
ious disciplines, in their manufacture, 
if not in their content. The history of 
engineering is largely the history of 
technological integration. 

Many examples of modern technolog-
ical integration can be given. We use 
smart phones as something that is very 
well integrated and widely familiar.   
They have electronic, mechanical, opti-
cal, acoustic, radio-frequency, tactile, 
chemical, and thermal technologies 
closely interlaced in a small volume.  
Electronics is clearly the enabling tech-
nology for a smart phone. However, 
it is also a mechanical object with the 
case, buttons, and other structures. The 
display on the screen makes the phone 
an optical system. Similarly, the voice 
input and loudspeaker output makes 
it an acoustic device. Information 
flows from and to the phone by radio 
frequencies, both in the mobile phone 
bands from 450 MHz to 1.9GHz and 
the WiFi and Bluetooth band near 2.45 
GHz. The touch screen and control 
buttons show that the phone is also tac-
tile. The battery operates on the basis 
of reversible chemical reactions. And, 
the dissipation of thermal energy from 
the electronics and battery has to be 
properly designed to ensure safe opera-
tion of a smart phone.

The contents of modern phones can be 
appreciated by examining the various 
“tear down” postings on the internet.  
Figure 2 is from one such website.2 We 
use the iPhone 10 as an example. The 
components shown in that image are 
an Apple/Murata WiFi and Bluetooth 
module, a Qualcomm gigabit LTE 
transceiver, a Qualcomm Snapdragon 
LTE modem and power Management 
IC, Skyworks power amplifiers, a 
Broadcom wireless charging controller, 
an NXP near field communication 
controller module, and a Broadcom 
power amplifier module. All are tightly 
integrated. Another perspective on the 
integration within an iPhone can be 
gained by examining the major compo-
nents of the phone and their costs.3

II. INTEGRATION REQUIRES 
INTERFACES
Interfaces are an inevitable result of 
integration. Unavoidable interfaces 
deserve more attention than they get in 
most engineering curricula. Every inter-
face raises questions of the physical, 
chemical, electrical, mechanical, ther-
mal, and other characteristics and com-
patibilities. Their design, production, 
and testing generally involve a range of 
disciplines.  

The many types of interfaces in modern 
electrical devices can be appreciated 
by reference to Figure 3. It shows that 
several kinds of interfaces are found 
at the materials level of devices. Of all 
interfaces, the pn junction between 
two regions of one semiconductor 
with different doping, or between two 
different kinds of semiconductors, is 
arguably the most important. Such 
junctions enable transistors, light emit-
ting diodes, solid-state lasers, and photo 
diodes. Those devices make possible 
the computation, communication, and 
information storage technologies that 
are the basis of modern society.

FIGURE 2.  Photograph of one board 
from an iPhone 10, overlaid with colors 
to identify the components. See Step 11 
of Reference 2 for the legend identifying 
the parts. https://creativecommons.org/

FIGURE 3. Examples of interfaces between the major classes of materials.
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The interfaces within semiconductor 
Very Large Scale Integrated (VLSI) 
circuits are numerous and complex.  
Figure 4 shows a drawing of a com-
plex VLSI chip,4 and the image of an 
imager, such as found in cell phones.5

Each of the interfaces requires physical, 
chemical, and thermal compatibility of 
the materials that make up the inter-
face. The size of the interfaces is also 
noteworthy, with their vertical and lat-
eral dimensions on the scale of microm-
eters and nanometers in many cases.

Semiconductor pn junctions are also 
the basis of solar cells, which enable a 
major and growing source of clean 
energy. The vertical interfaces between 
different semiconductors within solar 
cells are very challenging. Diverse 
semiconductors are needed due to their 
having different energy band gaps, 
which match the energy of the various 
parts of the solar spectrum. The goal 
is to convert as much as possible of 
the photon energy to electrical energy 

from the blue end to the red end of the 
solar spectrum. But, matching ener-
gies is not the only requirement. The 
crystal lattices of the semiconductors 
on both sides of an interface have to 
match, so that carriers moving across 
those interfaces during device operation 
are not scattered or lost. These two 
requirements lead to the challenging 
and important field of Band Gap Engi-
neering. Both the electronic and atomic 
structures of the semiconductors are 
tightly integrated.

The diverse characteristics of the inter-
faces just noted are critical to their 
design, fabrication, performance, and 
reliability. Some of the characteristics 
have been noted; many more occur 
in diverse modern products. So, it 
is critical to match properties of the 
materials on both sides of an interface. 
Impedance matching is also essential in 
electrical circuits. Chemical compati-
bility is another common requirement 
across interfaces. Matching of thermal 
expansion is required in most electrical 
and mechanical interfaces.

The interfaces discussed so far mate 
two solids within devices, modules, or 
systems. But, the outside surfaces of 
components are also important to their 
function. The field of Surface Science is 
old and immense. It includes interfaces 
between solids and both gases at vari-
ous pressures and liquids of remarkably 
variable types and conditions. Catalysis, 
which is critical for the production 
of many chemicals and drugs, is part 
of Surface Science. The engineering 
design of systems for chemical engi-
neering and products for the handling 
and dispensing of gases and liquids, 
have many challenges. They are differ-
ent from, but no less critical than the 
engineering of interfaces between solid 
materials.  

We have primarily considered fixed 
interfaces, in which the materials on 
both sides of the interface do not move 
relative to each other. One can broaden 
the perspective on interfaces to include 
interfaces between moving parts. That 

is central to mechanical engineering, of 
course. In machines, the lubrication of 
interfaces is critical to their durability 
and reliability. Again that brings in the 
topic of solid-liquid interfaces, a topic 
of immense importance in the moving 
of liquids and processing in chemical 
engineering and other industries. 
III. VERTICAL INTEGRATION: 
STACKS OF ELEMENTS
Sections I and II were intended to 
make the case for the inevitability of 
integration and interfaces in modern 
engineering. Integration is required and 
interfaces are unavoidable. This section 
focuses on vertical integration—where 
unlike elements are built, one upon 
another to give needed functionality. 
Section IV on horizontal integration 
examines the connectivity of like
devices to provide additional function-
ality.  

Vertical integration is both very com-
mon and very familiar, even though 
it might not be discussed frequently.  
Figure 5 contains four examples. The 
first two deal with people and commu-
nications between people. The other 
two involve technologies, the stack 
from materials to systems of systems, 
and the many levels of computer 
systems.  

A.  The Open Source 
Interconnection (OSI) Model

Communication protocols are some-
what like languages. If the transmitter 
and receiver are not using the same 
protocol, communication is not pos-
sible. Further, within both the source 
and receiver of communications, there 
is a need for vertically integrated func-
tionality from the highest to the lowest 
levels. In human voice communications, 
thoughts, grammar, and acoustics all 
play a role. The same is true for engi-
neered communication systems. That 
reality led to the OSI model for tech-
nological systems. The Wikipedia arti-
cle6 on that model explains it nicely:

“The Open Systems Interconnection 
model (OSI model) is a conceptual 

FIGURE 4. Cross sections of VLSI chips 
showing the diversity of interior interfaces. 
Top: Schematic showing various semicon-
ductor, metal, and insulator layers. 
Bottom: Image of a SONY CMOS image 
sensor and its underlying control ASIC.

If a student is conditioned to think in terms of 
interfaces and their requirements, they are 
more likely to have a viewpoint that will make 
them more effective engineers...
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model that characterizes and standard-
izes the communication functions of 
a telecommunication or computing 
system without regard to its underlying 
internal structure and technology. Its 
goal is the interoperability of diverse 
communication systems with standard 
communication protocols. The model 
partitions a communication system into 
abstraction layers. The original version 
of the model had seven layers. A layer 
serves the layer above it and is served 
by the layer below it. For example, a 
layer that provides error-free commu-
nications across a network provides 
the path needed by applications above 
it, while it calls the next lower layer to 
send and receive packets that constitute 
the contents of that path.”

The OSI model is a formal way to han-
dle the interfaces between the layers in 
modern vertically integrated communi-
cation systems.

B.  Bio-Integration and Robots

The types of vertical integration noted 
so far involve anthropomorphic objects. 
Such integration is also common in 
living systems. Consider the stack 
from molecules to organelles to cells 
to tissues to organs to organisms. Spa-
tial integration of chemical (blood), 
electrical (nerves), and mechanical 
(bones) within animals is remarkable.  
The diversity of form and functions in 
the natural world is an endless source 
of wonderment. But, what do such 
natural examples of integration have 
to do with engineering? There are two 
responses to this question. One is the 

integration of engineered objects with 
living organisms, especially people. 
Joint replacements are a mechanical 
example, and pacemakers an electrome-
chanical instance of such integration. 
The modern abilities in genetic engi-
neering, the ability to change the inte-
rior of cells, production of 3D printed 
tissues, artificial hearts, brain implants, 
and exo-skeletons are other examples 
of melding of engineered and natural 
living systems.

The other response to the question 
about bio-engineering does not involve 
living systems. It has to do with robots.  
These include stationary robots com-
monly used in manufacturing. Consider 
the large robots that are used to move 
containers and manufacture cars. Most 
modern electronic systems are made 
with pick-and-place machines that put 
components on printed circuit boards 
at rates as high as 10 Hz and placement 
precision in the range of a few microm-
eters. Mobile robots also include a 
great deal of vertical integration. Small 
robots, for example, rug cleaners, have 
components on scales from the nano-
meter gates in chips to a significant 
fraction of one meter. Humanoid sys-
tems, which can walk up or down stairs, 
run, and even do back-flips are also 
good examples of vertical integration of 
entirely engineered systems.  

IV. HORIZONTAL 
INTEGRATION: NETWORKS OF 
NODES AND LINKS
Vertically integrated systems can be of 
use by themselves. However, much more 

functionality is gained if like systems 
can be connected to each other. We 
refer to that connectivity as horizontal 
integration. Such integration is com-
mon and will be considered with exam-
ples in this section. The entire universe 
is made up of three types of entities: 
information, energy, and matter. We 
will see that there are networks for the 
production, movement, storage, and use 
of each of these entities.

The networks considered in this sec-
tion are various embodiments of the 
broader mathematical topic called 
Graph Theory. In that subject, what we 
called nodes are termed Vertices and 
our links are called Edges. The topic 
of Graph Theory is reminiscent of the 
topic of Control Systems. Both are very 
important in engineering. And, both 
range from relatively simple systems 
to remarkably complex systems, which 
are part of modern research, if not 
engineering. Their range of topics is 
similar to the relationships of physical 
Kinetic Systems to Statistical Mechanics 
to Thermodynamics. Graph Theory 
and Control Systems are related by the 
fact that Control Systems overlay the 
networks of Graph Theory with active 
elements, both sensors and actuators, to 
provide desired functionality in engi-
neered systems.   

Figure 5 has examples of four kinds of 
vertical integration and the elements 
of each. In a similar fashion, it is pos-
sible to make graphical examples of 
some of the major types of horizontal 
integrations. This is done in Figure 6. 

FIGURE 5. Examples of vertical integration of both non-technical and technical elements from small at the bottom to large.
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The listing of nodes and links for each 
of the networks is not complete. For 
example, a cell phone network includes 
hard wired circuits in addition to radio- 
frequency links. However, the diagram 
still serves to provide an overview of the 
characteristics of diverse types of hori-
zontally integrated networks.  

It is possible to make maps of various 
countries that illustrate the horizontal 
networks listed in Figure 6. We will 
discuss a few of them in the rest of this 
section.
A.  Information Networks

The internet is the prime example of a 
network designed and used to deliver 
information. Even though it can be 
understood in great detail from an engi-
neering perspective, the performance 
of the internet strains credulity. There 
are a few factors that combine to make 
it so useful and fast. One is the fact 
that light pulses in optical fibers travel 
about half the speed of light. That 
equates to roughly three times around 
the globe in one second. Another is 
the high speed of optical sources and 
detectors. So, transmission and recep-
tion speeds of gigabits per second are 
possible. The high speed of transistors 
and computers lead to fast switching 
and gigahertz rates for electronic parts 
of the internet. Finally, the ability of 
modern memories to hold vast amounts 
of information, and both write and 
read it very quickly, are foundational to 
the internet. Maps of the internet in the 
U.S.7 and around the globe8 are on the 
internet, as are images of internet activ-
ity.9 They show some of the immense 
numbers of computer nodes and fiber 
optic links in the internet. 
B.  Energy Networks

The grid delivers electrical energy, 
while pipelines deliver gas and oil 
sources of energy. One can find many 
maps of these utilities. A map of the 
grid in the U.S. is available.10 Power 
lines on that map are color coded by 
the voltages they carry, which are in 
the range of 116 to 500 kilovolts.  The 
dense systems that create and deliver 
lower local voltages are not shown. 
Other maps available on the internet 
give finer details and also maps of 
the electrical grids within some other 

countries. Some of the maps show the 
resources of individual power compa-
nies and regions.

A map of pipelines in the U.S. for 
natural gas is on the internet.11 There 
are 2.4 million miles of pipelines for 
natural gas in the U.S. Maps of pipe-
lines for liquid petroleum within the 
U.S. are available.12 The country has 
190,000 miles of such pipelines. The 
number of nodes in the gas and petro-
leum networks, including junctions, 
pumps, valves, and pressure sensors, is 
very large.
C.  Matter Networks  

Some of the energy networks just noted 
also transport matter, notably the 
movement of gas and oil in pipelines.  
Other networks are designed to carry 
materials and people for many reasons, 
and not only for their energy content.  
They include the movement of matter 
on land, in the air, and on the oceans.  

The major railroads are shown on a 
map of the U.S.13 In them, the nodes 
are the railyards and other switches, 
with the links being the tracks that con-
nect the nodes. The map of the major 
roads within the U.S. is also available.14

Many of the nodes in the major high-
ways are clover-leaf designs that permit 
entering or leaving the roads, or chang-
ing from one road to another, at fairly 

high speeds. A map showing global air-
line activity exhibits the large number 
of airports and routes.15 A similar story 
is told by the map of global shipping 
ports and lanes.16

D.  Network Commonalities

Examination of the maps for infor-
mation, energy, and matter networks 
reveals some similarities. Most of the 
networks are influenced by population 
density and geography, as well as con-
struction costs. It would be interesting 
to perform correlations between pairs 
of the information, energy, and matter 
networks.

V. ENGINEERING COURSE ON 
INTEGRATION AND INTERFACE
The historical and still common ori-
entation of engineering curricula by 
discipline will not change soon, despite 
the commonality of integration across 
disciplines. New engineering disciplines 
do emerge occasionally, with biomedi-
cal engineering being a recent example. 
However, it seems certain that most 
engineering schools will continue to 
have departments of electrical, mechan-
ical, and other classical engineering 
disciplines. So, how can such schools 
serve the needs of students who will 
spend their work lives in a remarkably 
integrated world? One possibility 
is to introduce majors in Integrated 

S

FIGURE 6. The types of horizontal networks (listed in the center) with the nodes 
on the left and the links on the right for each of the types.
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Engineering, which span the usual 
departments. This is not a new idea.  
The Wikipedia article on Integrated 
Engineering lists 15 universities in 
seven countries that already offer such 
programs.17 Most of the programs are 
at the undergraduate level. Searching 
Google with the term “integrated engi-
neering” reveals other universities that 
have such programs.

Another possibility is simply to offer 
courses within established departments 
that focus on integration and interfaces.  
This approach is easier to implement 
than the institution of programs on 
Integrated Engineering. Topics for a 
course on Integration and Interfaces are 
listed below. Modern technologies and 
infrastructure could be used to illus-
trate the subjects of the course. Exam-
ples from all the engineering disciplines 
listed in Figure 1 could be provided. 
As noted, the entire universe is made of 
three things, information, energy, and 
matter. So, these basic topics are part of 
the contemplated course. Some of the 
subjects could be merged for a shorter 
course at a university or college on the 
quarter system. Student projects could 
be added for a semester-long course. 
But, whatever the length of the course 
in weeks, it could cover the four main 
topics: performance driven integration 
in general, types and characteristics of 
interfaces, and both vertical and hori-
zontal examples:
1. The Case for Integration: Performance

2. Diverse Interfaces due to Integration

3. Types and Characteristics of Interfaces

4. Vertical Integration is Pervasive

5. Materials to Devices to Systems

6. Prime Example:  Mobile Phones

7. Horizontal Integration is Pervasive

8. Networks in General: Nodes and Links

9. Information Networks: The Internet

10. Energy Networks: The Grid and 
 Pipelines

11. Matter Networks:  Land, Air, and Sea 
 Transport

12. Challenges of Integration and Interfaces

The content of each of these topics 
could be chosen to reflect the needs 
of students in particular engineering 
departments. It seems likely that inter-
est in teaching such a course on Inte-
gration and Interfaces will lead to text 
books and other teaching tools for such 
a course. If they are properly developed, 
the course materials can exploit the 
internet and other modern technolo-
gies for some of the content and activi-
ties of the course.

There are two types of potential learn-
ing outcomes from a course on Inte-
gration and Interfaces. The first is very 
general. Undergraduate students are 
naturally taught many details, generally 
without providing the larger picture.  
They “cannot see the forest for the 
trees” to use an old adage. Ideally, the 
larger perspective would be provided to 
entering freshman during orientation 
classes, and also reinforced in capstone 
and other classes during the senior year.  
The contemplated course, whenever 
given, would ensure that students have 
an opportunity to learn and appreciate 
larger concepts, which are so funda-
mental and important to the current 
and future practice of engineering.  

The second learning outcome of a 
course on Integration and Interfaces 
would be an enduring perspective to 
look for both vertical and horizontal 
integration when designing, fabricat-
ing, testing, and operating engineering 
systems. If a student is conditioned to 
think in terms of interfaces and their 
requirements, they are more likely to 
have a viewpoint that will make them 
more effective engineers, to their ben-

efit and that of their employers. They 
might also be more effective members 
of engineering teams.

CHALLENGES OF INTEGRATIO 
AND INTERFACES
Integration and interfaces are funda-
mental to most work in companies and 
other organizations. So, dealing with 
them is unavoidable. However, since 
most integration and the associated 
interfaces require different disciplines, 
there are challenges on all levels from 
academic to professional engineering to 
engineering management. Universities 
can approach this complex challenge by 
teaching courses, such as that recom-
mended above. They can also institute 
more inter-departmental projects and 
centers to ensure that their students 
get exposed to and learn a wide range 
of disciplines. Practicing engineers can 
deal with the intrinsically interdisci-
plinary nature of their work by lifetime 
learning. The balance between learning 
and producing is not easy. But, neither 
are time and stress management, two 
other durable challenges in life. Man-
agers can achieve the right mix of capa-
bilities by the time-honored approach 
of hiring people with different needed 
skills. But, then they are faced with all 
the challenges of leadership, manage-
ment, and administration. Effective 
integration and interfaces within teams 
are no less complex and challenging 
than the integration and interfaces 
within modern products and systems. 
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