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Performance Impact of Using ESP to Implement
VMMC Firmware

Sanjeev Kumar, Kai Li

Abstract— ESP is a language for programmable devices.
Unlike C which forces a tradeoff that requires giving up ease
of programming and reliability to achieve high performance,
ESP is designed to provide all of these three properties si-
multaneously.

This paper measures the performance impact on appli-
cations of using ESP to implement VMMC firmware. It
compares the performance of an earlier implementation of
VMMC firmware that used C with the new implementation
that uses ESP. We find that SPLASH2 applications incur a
modest performance hit (3.5 % on average) when using the
ESP version.

This paper also describes the techniques used by the ESP
compiler to optimize the programs. To achieve good per-
formance, the C version required a number of optimizations
to be performed manually by the programmer. In contrast,
the ESP version was optimized entirely by the compiler.

Keywords— Programmable devices, Domain-specific lan-
guages, User-level Communication

I. Introduction

Device firmware needs to be reliable as well as fast. It
has to be reliable because it is trusted by the operating
system and can directly write to main memory. A bug in
the firmware can corrupt the operating system and crash
the entire machine. In addition, the firmware has to be fast
because devices are equipped with relatively slow proces-
sors but have to keep up with devices operating at Gigabit
speeds.

These devices are usually programmed using event-
driven state machines in C. Concurrency is an effective
way of structuring firmware for programmable devices.
And the low overhead of event-driven state machines of-
ten makes them the only choice for expressing concurrency
in firmware. The ability of C to handle low-level details
makes it a popular choice for writing system software.

Using event-driven state machines in C to imple-
ment firmware makes an already difficult task of writ-
ing reliable, concurrent programs even more challeng-
ing. This is because their low overhead is achieved
by supporting only the bare minimum functionality
needed to write these programs. For instance, the
Virtual Memory Mapped Communication (VMMC)
firmware [1] for Myrinet [2] network interface was imple-
mented using event-driven state machines in C. Our ex-
perience with the VMMC firmware was that while good
performance could be achieved with this approach, it re-
quired the programmer to manually perform a number of
optimizations. The source code was hard to maintain and
debug. The implementation involved around 15600 lines of
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C code. Even after several man years of debugging, race
conditions cause the machine to crash occasionally.

ESP [3], [4] is a language for programmable devices. Un-
like C which forces a tradeoff that requires giving up ease of
programming and reliability to achieve high performance,
ESP is designed to provide all of these three properties
simultaneously.

As a case study, we reimplemented the VMMC firmware
using ESP. We compared the new implementation with the
earlier implementation in C to evaluate the ESP language.
Our earlier papers [3], [4] have shown how ESP meets its
three goals: ease of programming, ease of debugging, and
high performance. However, they used only microbench-
marks to compare the performance of the two versions of
the VMMC firmware.

This paper presents the performance impact of us-
ing ESP to implement VMMC firmware on applications.
SPLASH2 applications are used to compare the perfor-
mance of the two versions of the VMMC firmware. Our
measurements show that SPLASH2 applications incur a
modest performance hit (3.5 % on average) when using the
ESP version.

This paper also describes some of the techniques used by
the ESP compiler to generate efficient code. The effective-
ness of the ESP compiler frees the programmer from hav-
ing to optimize the program manually. This allows ESP
programs to be expressed concisely. The ESP version of
the VMMC firmware involved only 500 lines of ESP code
together with around 3000 lines of C code1. This is a sig-
nificant reduction in the number of lines of code over the C
implementation. The complexity of the code is also greatly
reduced. This is because the C version required the pro-
grammer to manually optimize it.

Ease of programming can help improve the performance
of applications. Often, applications can achieve better per-
formance if the device supports a richer interface. For in-
stance, a similar set of SPLASH2 applications observed a
37% increase in performance when additional network sup-
port was added to VMMC to avoid asynchronous protocol
processing in the SVM library [5]. ESP makes it easier to
explore and add new features to the device firmware.

The rest of the paper is organized as follows. Section II
discusses the related work. Section III presents an overview
of the ESP language. Section IV describes how the ESP
compiler generates efficient code. Section V measures the
performance impact of using ESP to implement the device

1C is used to implement only simple low-level operations like packet
marshalling and handling device registers. All the complexity in the
program is localized to the ESP code.
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firmware. It uses both microbenchmarks as well as ap-
plications to study the impact. Section VI presents some
discussion and future work. Finally, Section VII presents
the conclusions.

II. Related Work

Concurrency in ESP [3] is expressed using processes and
channels. Each process in ESP implicitly encodes a state
machine. An ESP program consists of a set of processes
communicating with each other over channels. The ESP
compiler has to compile the concurrent ESP program to
run on a single processor.

There are two main approaches to compiling a con-
current program to run efficiently on a single processor:
automata-based approach and process-based approach. The
automata-based approach [6], [7], [8], [9] essentially treats
each process in the concurrent program as a state machine
and combines all the state machines in the program to gen-
erate a single global state machine. The global state ma-
chine does not contain any concurrency and can be trans-
lated directly into sequential machine code. The advantage
of this approach is that all the concurrency is compiled
away and the program incurs no runtime overhead to sup-
port concurrency. The code generated is extremely fast.
However, the global state machine generated can be, in the
worst-case, exponential in the size of the individual state
machines. Some optimization techniques [8], [10] alleviate
the code blowup problem by identifying and eliminating
some of the duplicated code. Still, the code blowup re-
mains exponential in the worst-case.

The process-based approach [11], [12] generates the code
for the different processes separately and dynamically con-
text switches between them. Since these processes are es-
sentially state machines, only a small amount of state (just
the program counter register) needs to be saved and re-
stored during a context switch. The stack and the other
registers are used only temporarily and do not have any
useful state that needs to be saved before a context switch.
Although the process-based approach involves a runtime
overhead, the overhead is fairly low.

A number of concurrent languages have compilers that
compile a concurrent program to run efficiently on a single
processor.

Esterel [7] is a synchronous language designed to model
the control of concurrent systems. Earlier Esterel com-
pilers [7], [8] used the automata-based approach to gen-
erate code. More recently, gate-based compilers [13] have
been implemented. They avoid the code blowup that oc-
curs using the automata-based compiler but incur a run-
time overhead. The gate-based compilers translate2 an Es-
terel program into a synchronous circuit and then generate
code from the circuit. However, the translation of an ef-
ficient synchronous hardware circuit into efficient software
is nontrivial and involves runtime overheads [12]. Process-
based compilers [12] have also been implemented for Es-
terel. However, they can handle only a subset of valid

2The gate-based compilation technique applies to synchronous lan-
guages like Esterel and is not applicable to ESP.

Esterel programs—those in which a valid schedule for the
concurrent Esterel program can be determined statically.

Edwards et al. [12] evaluates the tradeoff of using each
of the three approaches—automata-based approach, gate-
based approach, and process-based approach—for compil-
ing Esterel programs. As expected, the automata-based
compiler [7] generates the fastest code but the size of the
executable can be 2-3 orders of magnitude larger than the
other approaches. The gate-based compiler [13] generates
fairly compact code but can be 4-100 times slower than
the automata-based compiler. The process-based approach
generates code that is only twice as slow as the automata-
based approach but yields the smallest executables.

Newsqueak [14] supports processes and synchronous
channels and uses a process-based approach [11] to gen-
erate sequential code. Some of the techniques used in the
implementation are similar to those used in ESP. However,
context switches and rendezvous are more expensive oper-
ations in Newsqueak.

Squeak [6] uses the automata-based approach to generate
sequential code. It considers all possible interleavings of the
concurrent program. At each stage, one of the unblocked
processes is executed for one step. A random number gen-
erator is used to select a process when multiple processes
are ready for execution.3

Filter Fusion [9] uses the automata-based approach to
fuse filters. A concurrent program is expressed as a se-
quence of filters where only adjacent filters communicate
with each other. A sequential program is obtained by suc-
cessively fusing pairs of adjacent filters into a single filter
using a technique similar to that used in Esterel compil-
ers [7].

Integrated Layer Processing (ILP) [15] is an implemen-
tation technique for improving the performance of layered
network protocols. The protocol is implemented as a se-
quence of layers in which each layer manipulates the data
in the packet and hands it to the next layer. ILP reduces
the number of data accesses by combining the packet ma-
nipulation loops of different layers into one or two inte-
grated processing loops [16], [17]. ILP is appropriate for
layers that manipulate the data portion of the large pack-
ets (like checksum computation and encryption). However,
performing operations that need to examine entire packets
are too computationally expensive to be performed on the
processor on the devices. So they are usually performed ei-
ther on the host processor or by special-purpose hardware
engines on the devices.

III. ESP

ESP [3] is a language for programmable devices. It is
designed to meet three goals: ease of programming, ease of
debugging, and high performance.

To support ease of programming, ESP allows programs
to be expressed in a concise modular fashion using pro-
cesses and channels. In addition, it provides a number of

3In contrast, Esterel programs are deterministic—all possible sched-
ules yield the same result. Therefore, it does not require a random
selection at each stage.
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Fig. 1. The ESP compiler generates models (pgm[1-N].SPIN) that can be used by the Spin model checker to debug the ESP program
(pgm.ESP). The compiler also generates a C file (pgm.C) that can be compiled into an executable. The shaded regions represent code that has
to be provided by the programmer. The test code (test[1-N].SPIN) is used to check different properties in the ESP program. It includes
code to generate external events such as network message arrival as well as to specify the property to be verified. The programmer-supplied C
code (help.C) implements simple low-level functionality like accessing special device registers, dealing with volatile memory, and marshalling
packets that have to be sent out on the network.

features including pattern matching to support dispatch
on channels, a flexible external interface to C, and a novel
memory management scheme that is efficient and safe.

To support ease of debugging, ESP allows the use of a
model checker like Spin [18] to extensively test the pro-
gram. The ESP compiler (Figure 1) not only generates an
executable but also extracts Spin models from the ESP pro-
grams [3], [4]. This minimizes the effort required in using a
model checker to debug the program. Often, the ESP pro-
gram is debugged entirely using the model checker before
being ported to run on the device. This avoids the slow and
painstaking process involved in debugging the programs on
the device itself.

To support high performance, the ESP language is de-
signed to be fairly static so that the compiler can aggres-
sively optimize the programs. In languages like C, event-
driven state machines are specified using function pointers.
This makes it difficult for the C compiler to optimize the
programs. This forces the programmers to hand optimize
the program to get good performance. In contrast, ESP is
designed to support event-driven state machines. It allows
the ESP compiler to generate efficient code.

IV. Generating Efficient Executables from ESP
Programs

The ESP compiler uses the process-based approach to
generate a sequential code from a concurrent program.
The run-time system performs nonpreemptive scheduling;
context switches are performed during blocking operations
(reading from and writing to channels). The runtime sys-
tem maintains a ready list of processes that are ready to
execute. When there are no ready processes, it executes
an idle loop. The idle loop polls for messages on external
channels on which processes are blocked. When a message
becomes available, it unblocks the corresponding process
and restarts it by jumping to the location where it had
blocked. The process then executes till it reaches a chan-
nel operation. At this point, it has to synchronize with
another process to complete the channel operation before
it can continue. If more than one choice is available, the

scheduler picks one of those processes randomly and per-
forms the channel operation. At this point, both the syn-
chronizing processes are ready to execute. This scheduling
policy picks one of these two processes to continue execu-
tion and inserts the other one into the ready list. When an
executing process blocks, the next process in the ready list
is chosen to execute. This is repeated till there are no pro-
cesses left in the ready queue. Then the execution returns
to the idle loop.

To avoid starvation, ESP uses a simple FIFO schedul-
ing policy. The only distinguishing feature is that after
a synchronization operation, it always chooses the process
receiving on the channel to continue. The sending pro-
cess is inserted into the ready list. At first glance, this
might appear to introduce starvation. For instance, two
processes can repeatedly send messages to each other and
could starve other processes. However, this cannot hap-
pen because after a synchronization operation, the sending
process will be queued behind other ready processes.

External channels require additional care to avoid intro-
ducing starvation. First, for internal channels, the runtime
system maintains the invariant that each port4 can have
either reader or writers but not both blocked on it. If a
writer arrives at a synchronization point and finds a reader
waiting on the port, the writer can deduce that there are
no other writers waiting on that port. So the writer does
not have to check for other writers before synchronizing
with the reader. However, it is difficult to maintain this
invariant for the external channels since an external event
can cause the external end of the port to become ready for
synchronization at any instant. So an additional check has
to be performed to ensure fairness on external channels.

Second, a message on an external channel could get ig-
nored for long periods of time. New external messages are
detected at two locations. A running process checks for the
availability of new messages on channels; if none are avail-
able, it blocks on the channel. Subsequently, when the

4A port can have only a single reader but can have multiple writ-
ers. A channel can have multiple readers as well as multiple writers.
During compilation, each ESP channel is translated into a group of
ports.
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control reaches the idle loop, the idle loop checks for new
messages on each of the external channels. The problem
with this is that if one or more processes are continuously
receiving external messages, the control will not return to
the idle loop. As a result, other processes that blocked on
other external channels do not get restarted even when new
messages are available on them. To avoid this problem, the
ESP scheduler periodically returns the control to the idle
loop even if the ready queue is not empty.

The ESP compiler uses C as the back-end language. It
compiles a ESP program into a large C function which looks
like an assembly program. Each statement in the function
performs simple operations like three-operand arithmetic
operation or a transfer of control to a different part of the
function using a goto statement. A C compiler is then used
to generate an executable program.

Using C as the back-end language has several advantages.
First, it makes the ESP compiler portable to different de-
vices with little effort, since most device vendors provide a
C compiler for their device. Second, the ESP compiler can
rely on the C compiler to perform register allocation and
to benefit from the optimizations performed by it.

The ESP compiler performs whole program analysis to
generate efficient code. The static design of the language
allows the compiler to aggressively optimize the program.

The ESP compiler performs some standard optimizations
like constant folding, copy propagation and dead code elim-
ination on a per process basis. Although, most C compilers
also perform these optimizations, the ESP compiler cannot
rely on the C compiler to effectively perform the optimiza-
tions on the generated C code. This is because all the pro-
cesses are combined into a single C function during code
generation. The semantic information lost during code gen-
eration makes it hard for the C compiler to perform these
optimizations effectively.

At present, ESP does not support fast paths. Fast paths
provide better performance to commonly executing paths
in the program. A fast path consists of two components:
A predicate that identifies a common case, and specialized
code that is optimized to efficiently handle the common
case. In C, the specialized code has to be provided by
the programmer. The programmer is responsible for en-
suring that the specialized code is functionally equivalent
to the corresponding slower path in the program. We are
currently exploring ways of using the compiler to generate
fast paths in ESP programs.

V. Performance

In this section, we compare the performance of the earlier
VMMC implementation in C (vmmcOrig) with the perfor-
mance of the new implementation using ESP (vmmcESP).
Since ESP does not currently support fast paths, we also
present the performance of the C implementation with the
fast paths commented out (vmmcOrigNoFastPaths). This
allows us to separate the actual cost of using ESP (the
difference between vmmcESP and vmmcOrigNoFastPaths)
from the benefit of using fast paths (the difference between
vmmcOrig and vmmcOrigNoFastPaths).

Local Node
1. Receive the remote write request from the application.
2. Translate Virtual Address to Physical addresses. Since
a contiguous region of virtual address can map onto multi-
ple noncontiguous physical pages, large data transfers are
broken down into multiple remote write requests each of
which sends data from a single page.
3. Use the DMA to transfer data from the host memory to
the device memory.
4. Send the packet out on the network. Retransmit it if an
acknowledgment is not received before a timeout occurs.
Remote Node
1. Receive the remote write request on the network.
2. Arrange for an acknowledgement to be sent later.
3. Compute the physical address to which the data has to
be delivered.
4. Use the DMA to transfer the data to the host memory.

Fig. 2. Steps involved in a remote send operation. If the size of the
data to be delivered is small (<= 32 bytes), the data to be sent is
included along with the request to transfer the data. Therefore, Steps
2 and 3 on the local node are not required for small messages.

Microbenchmarks as well as applications are used to
measure the three implementations of VMMC: vmmcOrig,
vmmcOrigNoFastPaths, and vmmcESP. On one hand, the
microbenchmarks measure specific aspects of the commu-
nication like latency and bandwidth by stressing it. This
allows them to isolate and understand the cost of using
ESP. However, they represent a worst-case scenario. On
the other hand, the actual performance impact is one that
is observed by the application. Applications usually ex-
hibit more complex communication patterns than the mi-
crobenchmarks. Applications are also less sensitive to the
firmware performance.

A. Microbenchmark Performance

Microbenchmarks. Three microbenchmarks are used to
measure the performance of the three implementations of
ESP. Each microbenchmark involves running it on two dif-
ferent machines that communicate with each other using
VMMC.

The Latency microbenchmark measures the latency of
sending a message of a particular size between two ma-
chines. This is measured using a simple pingpong program
that sends a message back and forth between the two ma-
chines.

The Bandwidth microbenchmark measures the band-
width that can be achieved between two machines when
sending messages of a particular size. This is measured by
using a program on one machine to continuously send mes-
sages of that size to a program on the second machine that
is repeatedly receiving the messages.

The Bidirectional Bandwidth microbenchmark measures
the total bandwidth between two machines when both the
machines are sending messages of a particular size simul-
taneously.
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Fig. 3. Latency Microbenchmark
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Fig. 4. One-way Bandwidth Microbenchmark

Platform. All microbenchmarks measurements use a pair
of PC. Each PC has a 300 MHz Pentium processor, 128
MB memory and a Myrinet network interface card with a
LANai 4.x 33 MHz processor and 1 MB on-board SRAM
memory. The nodes are directly connected to each other
using a Myrinet cable. The PCs run Windows NT 4.0.

Performance. Figures 3, 4 and 5 present the microbench-
mark performance. In each case, the x-axis shows the mes-
sage size. The graphs have some discontinuities at the
32/64 byte boundary as well as at 4/8Kbyte boundary. The
former is because small messages of 32 bytes and less are
handled differently (Figure 2). The latter is because the
page size is 4Kbytes. Requests that span multiple pages
are broken down into multiple requests (Figure 2).

The Latency microbenchmark (Figure 3) shows that
vmmcESP is around twice as slow as vmmcOrig for 4 byte
messages and 38 % slower for 4 Kbyte messages. However,
vmmcESP is only 35 % slower than vmmcOrigNoFastPaths
in the worst case (for 64 byte messages) and has compara-
ble performance for 4 byte and 4 Kbyte messages.

The Bandwidth microbenchmark (Figure 4) shows that
vmmcESP delivers 41 % less bandwidth as vmmcOrig for
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Fig. 5. Bidirectional Bandwidth Microbenchmark

1 Kbyte messages and 14 % for 64 Kbyte messages. How-
ever, vmmcESP is only 25 % slower than vmmcOrigNo-
FastPaths for 1 Kbyte messages and 12 % for 64 Kbyte
messages.

The Bidirectional Bandwidth microbenchmark (Figure 5)
shows that vmmcESP delivers 23 % less bandwidth as
vmmcOrig for 1 Kbyte messages but similar performance
for 64 Kbyte messages. Also, vmmcESP is 20 % slower than
vmmcOrigNoFastPaths for 1 Kbyte messages but similar
performance for 64 Kbyte messages.

The microbenchmark performance shows that vmmcESP
performs significantly worse than vmmcOrig in certain
cases (latency of small messages). However, most of the
performance difference is due to the fast paths. Also, the
fast paths are more effective when the communication pat-
tern is simpler. The performance difference is significantly
less in the bidirectional bandwidth microbenchmark where
the firmware has to deal with messages arriving on the net-
work as well as the host at the same time. In the other two
microbenchmarks, the firmware has to deal with only one
type of message at a given instant.

The Latency microbenchmark shows that while the per-
formance of vmmcESP is comparable to the performance of
vmmcOrigNoFastPaths for short messages (<= 32 bytes),
the difference between the two is much larger for 64 byte
messages. Some of this difference stems from the fact that
there is an extra process involved in vmmcESP. In vmm-
cOrigNoFastPaths, a remote send operation (Figure 2) in-
volves two state machines on the local node and two state
machines on the remote node. However, in vmmcESP, the
operation involves three processes (which are essentially
state machines) on the local node and two processes on the
remote node. The extra process in vmmcESP is used to
perform the translation of virtual memory addresses into
physical memory addresses. Although this extra process
is not essential, it leads to a cleaner implementation of
the firmware. We are currently investigating techniques
that will allow the compiler to reduce or eliminate such
overheads. This requires adapting the automata-based ap-
proach so that it can be applied selectively.
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Fig. 6. Experimental Setup

TABLE I
SPLASH2 Applications

Application Problem Size Uniprocessor Execution Time Base Speedups
(in seconds)

FFT 1 Million Points 3.97 2.95
LUContiguous 2048 x 2048 Matrix 139.48 9.53
WaterSpatial 15625 Molecules 118.09 5.62
WaterNsquared 1000 Molecules 14.39 4.04
BarnesSpatial 8192 Particles 103.42 13.59
Volrend head 314.98 4.76

B. Application Performance

Applications. Figure 6 shows the experimental setup used
to run the applications. The SPLASH2 applications [19]
run on a cluster of SMP nodes using the VMMC software to
communicate. These applications run on top of the Shared
Virtual Memory (SVM) [5] library that, in turn, runs on
top of the VMMC library. In the common case, the VMMC
library bypasses the operating system and directly interacts
with the VMMC firmware running on the Myrinet network
card. The VMMC device driver that runs inside the oper-
ating system is needed for services like connection setup,
interrupt processing, and pinning virtual pages in physical
memory.

The applications in the SPLASH2 suite [19] are paral-
lel applications that use shared-address space to commu-
nicate with each other. The versions of these applications
used in this study have been restructured to perform well
on a cluster of loosely connected nodes [20]. The restruc-
turing involved simple changes to decrease the amount
of communication (by padding, aligning and reordering
fields in the data structures) and synchronization (by al-
gorithmic changes to reduce the amount of locking used).
The SPLASH2 applications and the corresponding problem
sizes used are listed in Table I.

The Shared Virtual Memory (SVM) [5] library provides
a shared-address space abstraction in software on a cluster
whose nodes cannot access each other’s physical memory
directly. Since the VMMC implementation that used ESP
(vmmcESP) currently implements only the VMMC inter-
face described in [1], we use a version of the SVM library

that uses that VMMC interface.5

Platform. All applications measurements were made using
a cluster of four SMP PC. Each PC has four 200 MHz Pen-
tium processors, 1 GB memory and a Myrinet network in-
terface card with a LANai 4.x 33 MHz processor and 1 MB
on-board SRAM memory. The nodes are connected by a
Myrinet crossbar switch. The PCs run Windows NT 4.0.

Performance. The performance of the SPLASH2 appli-
cations is presented in Figure 7. The Y-axis shows the
application speedup when running on 16 processors. As
before, the performance of the applications is shown for
each of the three versions of VMMC:6 vmmcOrig, vmm-
cOrigNoFastPaths, and vmmcESP.

The performance hit of using ESP is the difference be-
tween the performance of the applications when using the
vmmcOrigNoFastPaths and the vmmcESP versions. Fig-
ure 7 shows that the average performance difference7 be-
tween the two versions is 3.5 %. Only one application in-
curs more than 5 % performance hit: FFT (10 %).

The performance benefit to the applications of the fast
paths in vmmcOrig is the difference between the perfor-
mance of the applications when using the vmmcOrig and
the vmmcOrigNoFastPaths versions. Figure 7 shows that

5Some of the other extensions [5] to VMMC that were proposed to
further improve the performance of SVM are currently not supported.

6The FFT performance when using the vmmcOrigNoFastPaths ver-
sion is not shown because a bug in that implementation prevents FFT
from running to completion

7For FFT, we use vmmcOrig to conservatively approximate vmm-
cOrigNoFastPaths performance.
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Fig. 7. SPLASH2 Application Performance: Speedup on 16 processors (four 4-way SMP nodes). The number on the top of each bar shows
the relative speedup compared to vmmcOrig.

TABLE II
Application Characteristics.

The table shows the number of requests of each type that the firmware has to process for each of the applications. (Two
applications have not been shown here because we have not been able to run them with the instrumented firmware.)
A Send request is a request to transfer data from the current node to another node. A Fetch request is a request to
fetch data from another node to the current node. Since Send requests of up to 32 bytes are treated differently on
the local node, the Send requests are broken down into Small (<= 32 bytes) and Rest. The Request Origin column
indicates whether the request originated at the local node or at a remote node. The remaining columns list the numbers
of requests handled by each of the four nodes along with the total.

Application Request Origin Request Type Node 1 Node 2 Node 3 Node 4 Total

Send (Small) 1590 1577 1577 1575 6319
Local Send (Rest) 5 5 4 2 16

LUContiguous Fetch 13147 7224 7258 7287 34916
Send 1580 1581 1579 1596 6336Network
Fetch 7383 9236 9174 9123 34916
Send (Small) 14725 16067 727 1151 32670

Local Send (Rest) 5067 5091 235 229 10622
WaterSpatial Fetch 49135 44838 47137 42540 183650

Send 462 1773 19697 21361 43293Network
Fetch 39719 46219 45021 52691 183650
Send (Small) 17538 17074 17811 321 52744

Local Send (Rest) 2035 2144 2140 20 6339
BarnesSpatial Fetch 1817 1893 1861 745 6316

Send 606 227 219 58033 59085Network
Fetch 799 687 753 4077 6316
Send (Small) 5545 6407 6217 7296 25465

Local Send (Rest) 2714 2736 3097 3152 11699
WaterNsquared Fetch 2653 2846 3700 4111 13310

Send 9241 9489 9442 8992 37164Network
Fetch 3712 3251 3167 3180 13310
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the fast paths have little impact on these applications. The
largest benefit is observed in WaterSpatial (2 %).

Table II presents the number of requests of each type
that have to be handled by the device firmware. The num-
bers suggest that the sensitivity to the applications to the
firmware performance is correlated to the amount of re-
mote fetch operations performed by it. In WaterSpatial
and LUContiguous, they account for over 80 % of the traf-
fic. These two applications also appear to be more sensitive
to the firmware performance.

This can be due to one of two reasons. First, applications
might be more sensitive to the performance of remote fetch
than to the performance of remote send. This could be
because it is more likely that a process is waiting for the
data that is delivered by remote fetch than by a remote
write. In the case of a remote fetch, the process requesting
the data often waits for it to arrive. In the case of remote
write, the data will be used by a process on a different
node. It might not use it until much later. Second, the two
versions of the firmware might have a significantly different
performance for remote fetch operations under contention.
We plan to investigate this in the future.

VI. Discussion and Future Work

The SPLASH2 applications incur a modest performance
hit (3.5 % on average) when using ESP to implement
VMMC firmware. The applications incur a smaller per-
formance hit compared to microbenchmarks for two rea-
sons. First, the microbenchmarks represent applications
that spend 100 % of their time communicating, while most
real applications spend only a fraction of their time commu-
nicating, and are, therefore, less sensitive to VMMC perfor-
mance. Second, applications are often fairly insensitive to
certain communication parameters like latency and band-
width, and are more sensitive to other parameters like host
overhead and interrupt costs [21], [22], [5]. The VMMC
firmware does not affect the latter parameters as these are
determined by code running on the host CPU (in the Op-
erating System, the VMMC device driver, and the VMMC
library).

The microbenchmarks involve one process running on
each node while the applications run four processes on each
node of the cluster. However, this does not account for
the difference between the performance of the microbench-
marks and the performance of the applications. This is be-
cause all four processes on a node share a single queue to
communicate with the firmware. As a result, the firmware
is not even aware of the fact that it is dealing with multiple
processes.

Some applications can be made to run significantly faster
by adding the right functionality on the network interface
card. For instance, a similar set of SPLASH2 applica-
tions observed a 37% increase in performance when ad-
ditional network support was added to VMMC to avoid
asynchronous protocol processing in the SVM library [5].
In this respect, ESP can help improve applications’ perfor-
mance by making it easier to experiment with and to add
new functionality to the firmware.

Unlike the C version, the ESP version of the VMMC
firmware did not require the programmer to manually per-
form any optimizations. This is because the ESP language
is designed to support event-driven state machines and al-
lows the compiler to optimize the programs effectively. We
are considering a number of compiler optimizations that
can further improve the performance of the generated code.
First, the data-flow analysis can be extended to perform in-
terprocess analysis. Second, the automata-based approach
can be adapted so that it can be applied locally. This will
allow the compiler to control the size of the generated code.

The fast paths implemented in vmmcOrig have a very
small impact on the application performance even though
they have a significant benefit in the microbenchmarks for
several reasons. First, as explained earlier, applications are
inherently less sensitive than microbenchmarks to the com-
munication subsystem’s performance. Second, fast paths
are often fairly brittle. They are often designed to provide
better performance in simple situations that are expected
to occur very frequently. However, communication inten-
sive applications cause high contention in the network card
with complex communication patterns. As a result, the fast
paths do not get taken very often in the applications. This
is indicated by the measurements reported in an earlier
study [5] that found the actual message latency for small
messages when running these applications to vary between
3 times to 10 times longer than the latency measured by
the microbenchmarks. Currently, we are exploring ways of
supporting robust fast paths in ESP.

VII. Conclusions

The ESP compiler compiles a concurrent ESP program
to run efficiently on a single processor. It uses the process-
based approach to switch between the various processes. A
context switch is fairly lightweight and only involves saving
and restoring the program counter. In addition, the lan-
guage design allows the compiler to aggressively optimize
the programs to generate efficient code.

VMMC firmware was used as a case study to measure
the performance impact of using ESP instead of C to write
device firmware. The performance of the new implemen-
tation that uses ESP is compared with the earlier imple-
mentation that used C. The performance is measured using
both microbenchmarks as well as applications.

Microbenchmarks measurements show that the perfor-
mance difference between the firmware implementation us-
ing ESP and the earlier implementation using C is usually
small. In some cases, the difference is significantly high.
For instance, the ESP implementation involves twice the
latency of the C implementation when sending 4 byte mes-
sages. However, in this case, the entire difference is the
result of the fast paths in the C implementation that is not
currently supported by ESP. To obtain a fairer comparison,
a version of the C implementation that does not include the
fast paths is also used. The measurements show that the
ESP implementation performs 0-35 % worse in the latency
microbenchmark and 12-25 % worse in the bandwidth mi-
crobenchmark.
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The performance impact of using ESP on applications
is small. We measured the performance of SPLASH2 ap-
plications using the two firmware implementations. Our
measurements show that the applications run 3.5 % slower
on average (10 % in the worst case) when using the ESP
version relative to the C version. They also show that the
fast paths in the C implementation have little impact on
the applications’ performance.

ESP can indirectly help improve the performance of the
applications. Device firmware is difficult to implement—
debugging is slow and painstaking, and optimizing pro-
grams manually is error prone. As a result, adding new
functionality to the device firmware requires significant
programmer effort. However, applications’ performance
can sometimes be improved by adding new functionality to
the device firmware [5]. ESP makes it easier to experiment
with and to add new functionality to device firmware.

Additional compiler optimizations should further im-
prove the performance of the ESP programs. First, the
data-flow analysis can be made more effective by extend-
ing it to perform interprocess optimizations. Second, the
automata-based approach can be adapted to combine pro-
cesses selectively. Finally, support for robust fast paths can
be added to ESP.
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