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D

uring the early years of Mach, anyone who talked to Rick Rashid soon encountered
two ideas that excited him. One was the idea that operating systems had grown
too large and complex, and that the time had come to simplify and shrink.
The second was the idea that different operating systems offered the same core functionality
XQGHUQHDWKDORWRIVXSHUÀFLDOGLYHUVLW\DQGLWVKRXOGWKHUHIRUHEHSRVVLEOHWRG\QDPLFDOO\
choose which guise to interact with. Although these two powerful ideas are interrelated in
the Mach implementation, it is useful to think of them as distinct concepts from a historical
perspective. In the roughly two decades since active research on Mach ended, how have these
concepts fared in the marketplace of ideas? What is their intellectual legacy for OS research?
Does anyone still care about them? We examine these issues in this brief note.

2. Simplify and Shrink
Figure 1 is an excerpt from the earliest publication I found that mentions the microkernel
FRQFHSWLQ0DFK%\WKHPLGVWKHGRPLQDQWRSHUDWLQJV\VWHPXVHGE\DFDGHPLF
researchers (Unix) had grown from a small, tightly organized and easily understood code base
LQWRDODUJHDQGXQZLHOG\ERG\RIFRGHWKDWZDVGLIÀFXOWWRXQGHUVWDQGGHEXJDQGPDLQWDLQ
Some of the growth was due to introduction of new functionality such as support for virtual
memory and support for networking in the form of the socket interface. Also contributing to
size and complexity was the need for portability of the code across many different hardware
platforms. The net impact on complexity was multiplicative, not just additive. The Mach
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E\DIHZFRPSDQLHVDQGXQLYHUVLWLHV%XWDIHZ
months later, in late 1995, the entire Workplace
OS project was cancelled.
As with the microkernel concept, the 1990s
ended with the apparent repudiation of Mach’s
vision. Yet, a dozen years later, we see exactly this
vision transformed into everyday reality: various
ÁDYRUVRI:LQGRZVDQG/LQX[FRH[LVWLQJRQD
common base in cloud computing. Each of these
diverse environments is encapsulated within
a virtual machines (VM), and the “common
EDVHµLVDYLUWXDOPDFKLQHPRQLWRU 900 RU
hypervisor. It is interesting to speculate on why
this approach has succeeded almost effortlessly,
when the same end goal proved so hard to attain
earlier on a different foundation.

VMs are an even older idea than microkernels
or multiple personalities. They were not created
for aesthetic or philosophical reasons, but as a
FIGURE 6:/HJDF\FRPSDWLEOH90(FRV\VWHP
very pragmatic solution to a real problem. VMs
ZHUHLQYHQWHGE\,%0LQWKHPLGVDVD
timesharing approach that enabled concurrent,
cleanly isolated system software development on a single mainframe by multiple programmers.
Since mainframe hardware of that era was expensive, VMs were a cost-effective approach to
HQKDQFLQJSURJUDPPHUSURGXFWLYLW\E\SURYLGLQJDSULYDWH´PDLQIUDPHµIRUHDFKGHYHORSHU
rather than reserving dedicated time on real hardware. Accuracy of hardware emulation
was paramount because the system software developed on a VM was intended for use in
a mainframe operating system. That software had to work with negligible changes on the
UHDOKDUGZDUH7KHWHFKQLTXHVIRUHIÀFLHQWDQGDFFXUDWHKDUGZDUHYLUWXDOL]DWLRQWKDWZHUH
developed in this era have proved to be of lasting value.
   

Figure 6 illustrates the value proposition of the VM abstraction today. A large legacy world
of software, including operating system software, represents a substantial intellectual and
ÀQDQFLDOLQYHVWPHQWWKDWKDVEHHQDOUHDG\EHHQPDGHRQH[LVWLQJFRPSXWHUKDUGZDUH7KLV
legacy world can be completely closed source: there is no requirement for availability of
source code, nor a requirement for recompilation or relinking. All that is needed is standard
VRIWZDUHLQVWDOODWLRQMXVWDVRQUHDOKDUGZDUH%HQHDWKWKHLPSOHPHQWDWLRQRIWKHHPXODWHG
hardware interface, there can be extensive innovation along many dimensions. This innovation
LVWRWDOO\LVRODWHGIURPWKHLGLRV\QFUDVLHVRIWKHOHJDF\ZRUOGDERYH&HUWDLQVSHFLÀFDWWULEXWHV
of the VM abstraction accounts for its longevity and success. The hourglass shape in Figure 6
FRXOGGHSLFWWKHLQWHUIDFHVSHFLÀFDWLRQRIDQ\DEVWUDFWLRQ WKLQZDLVW DSSOLFDWLRQVGHSHQGHQW
RQWKLVLQWHUIDFH DERYH DQGLPSOHPHQWDWLRQVRIWKLVLQWHUIDFH EHORZ 0RUHVSHFLÀFDOO\
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LWFRXOGUHSUHVHQWDQH[HFXWLRQHQJLQHVXFKDVWKH-DYD9LUWXDO0DFKLQH -90 >@RUWKH
'DOYLN9LUWXDO0DFKLQHIRUWKH$QGURLGSODWIRUP>@:KLOHWKHVHDOWHUQDWLYHV FROOHFWLYHO\
referred to as software virtualization) have successful niches, they do not approach the VM
abstraction (also referred to as hardware virtualization) in terms of longevity, widespread usage
and real-world impact. Why is hardware virtualization so much more successful? First, the
interface presented by the VM abstraction is compatible with legacy operating systems and
their valuable ecosystems of applications. The ability to sustain these ecosystems without
FRGHPRGLÀFDWLRQVLVDSRZHUIXODGYDQWDJHRI90V7KHHFRV\VWHPVVXSSRUWHGE\VRIWZDUH
virtualization tend to be much smaller. For example, a JVM is only valuable in supporting
DSSOLFDWLRQVZULWWHQLQVSHFLÀFODQJXDJHVVXFKDV-DYD,QFRQWUDVWD90LVODQJXDJHDJQRVWLF
and OS agnostic. In fact, a JVM can be part of the ecosystem supported by a VM. Hardware
virtualization can thus subsume software virtualization. Second, a VM interface is narrow
and stable relative to typical software interfaces. In combination, these two attributes ensure
DGHTXDWHUHWXUQRQLQYHVWPHQWVLQWKHOD\HUEHORZ%\GHÀQLWLRQDQDUURZLQWHUIDFHLPSRVHV
less constraints on the layer below and thus provides greater freedom for innovation. The
stability of a VM interface arises from the fact that the hardware it emulates itself evolves
very slowly and almost always in an upward compatible manner. In contrast, the pliability
of software results in more rapid evolution and obsolescence of interfaces. Keeping up with
these changes requires high maintenance effort. Pliability also leads to widening of narrow
LQWHUIDFHVRYHUWLPHEHFDXVHLWLVGLIÀFXOWWRUHVLVWWKHWHPSWDWLRQWRH[WHQGDQLQWHUIDFHIRUWKH
EHQHÀWRIDNH\DSSOLFDWLRQ2YHUWLPHWKHEXUGHQRIVXVWDLQLQJDZLGHLQWHUIDFHFRQVWUDLQV
innovation below the interface.
The importance of the narrowness and stability of an interface can be seen in the contrasting
fortunes of process migration and VM migration, which are essentially the same concept
applied at different levels of abstraction. Process migration is an operating system capability
that allows a running process to be paused, relocated to another machine, and continued
there. It has been a research focus of many experimental operating systems built in the past
\HDUV([DPSOHVLQFOXGH'HPRV>@9>@0DFK>@6SULWH>@&KDUORWWH>@DQG
&RQGRU>@7KHVHLQGHSHQGHQWYDOLGDWLRQHIIRUWVKDYHVKRZQEH\RQGUHDVRQDEOHGRXEW
WKDWSURFHVVPLJUDWLRQFDQLQGHHGEHLPSOHPHQWHGZLWKDFFHSWDEOHHIÀFLHQF\<HWLQVSLWH
of its research popularity, no operating system in widespread use today (proprietary or open
source) supports process migration as a standard facility. The reason for this paradox is that
a typical implementation of process migration involves such a wide interface that it is easily
rendered incompatible by a modest external change such as an operating system upgrade.
/RQJWHUPPDLQWHQDQFHRIPDFKLQHVZLWKVXSSRUWIRUSURFHVVPLJUDWLRQLQYROYHVWRRPXFK
HIIRUWUHODWLYHWRWKHEHQHÀWVLWSURYLGHV7KHVDPHFRQFHSWRISDXVLQJDQH[HFXWLQJHQWLW\
relocating it, and resuming execution can be applied to an entire VM rather than a single
process. This is VM migration, a capability that is in widespread use in cloud computing
systems today. Guest OS changes do not affect an implementation of VM migration. This
insulation from change, embodied in the narrow and stable VM interface, is crucial to the
real-world success of VM migration.
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The relationship between microkernels and VMMs has been the subject of debate in the
research literature. In 2005, Hand et al published a position paper entitled, “Are Virtual
0DFKLQH0RQLWRUV0LFURNHUQHOV'RQH5LJKW"µ>@,QUHVSRQVH+HLVHUHWDORIIHUHGDUHEXWWDO
>@7KHGHEDWHFRQWLQXHV

4. Closing Thoughts
0RUHWKDQDTXDUWHURIDFHQWXU\KDVSDVVHGVLQFH5LFNÀUVWHQYLVLRQHG0DFK<HWORRNLQJDW
Figures 1 and 3, one is struck by how relevant those ideas are even today. The attributes of
simplicity and extensibility continue to inspire operating system research, even as commercial
operating systems grow ever more bloated in size and complexity. From a user’s viewpoint,
the ability to seamlessly and effortlessly switch between operating system worlds continues
to be valuable. Mach pointed the way, and it remains the intellectual forerunner of so many
aspects of today’s systems.
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