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Parallel Programming

• A bag of  tricks
★ less structured and categorized than “sequential” 

programming
★ less well understood in theoretical terms
★ still evolving

• Trends
★ at an inflection point?
★ legacy code and new code
★ productivity a major concern
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Abstract
The goal of programming support systems is to make it
possible for application developers to produce software
faster, without any degradation in software quality. How-
ever, it is essential that this goal must not be achieved at
the cost of performance: programs written in a high-level
language and intended to solve large problems on highly
parallel machines must not be egregiously less efficient
than the same applications written in a lower-level lan-
guage. Because this has been a traditional stumbling
block for high-level languages, metrics for productivity
analysis must explore the trade-off between programming
effort and performance.

To that end, we propose the use of two dimensionless
ratios, relative power and relative efficiency, to measure
the productivity of programming interfaces. In this paper
we define these concepts, describe their application, and
explore various ways for measuring them, including both
empirical strategies and expert opinion. Rather than com-
bine these metrics into a single number representing a uni-
versal productivity, we propose that they be represented
graphically in at least two dimensions so that the trade-offs
between abstraction and performance are clearly depicted.
However, we also introduce a single problem-dependent
parameter that allows us to reason about the relative pro-
ductivity of two languages for a given problem.

Key words: Productivity measurement, performance met-
rics, programming support systems, programming lan-
guage effectiveness.
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1 Introduction
The overall objective of programming support systems
is to make it possible to produce software faster with
the same workforce, with no degradation, and possibly an
improvement, in software quality. Generally, there are two
ways to approach this goal. First, we can increase the
effectiveness of individual application developers by pro-
viding programming languages and tools that enhance
programming productivity. Secondly, we can broaden the
community of application developers by making program-
ming more accessible. As it happens, the use of higher-
level languages and programming interfaces supports both
these strategies: by incorporating a higher level of abstrac-
tion, such languages make application development both
easier and faster. (For the purposes of this paper, we will
define “programming language” to encompass the entire
toolset – language, compiler, debugger, tuning tools –
associated with the language.) 

We must, however, ensure that these advantages do not
come at the cost of performance. Programs written in a
high-level language and intended to solve large problems
on highly parallel machines must not be egregiously less
efficient than the same applications written in a lower-
level language. If they are, then the language is unlikely to
be accepted. Because this has been a traditional stum-
bling block for high-level languages, our productivity
analysis must incorporate metrics of both programming
effort and performance. Furthermore, these metrics must
be linked so that the trade-off between language power
and program efficiency can be evaluated properly.

Similarly, if high-level languages are to be accepted,
programs written in them cannot exhibit more faults, con-
sume more memory, or be less portable than if written in
low-level competitors. Fortunately, these have not been
troublesome issues in the past, so we feel justified in not
addressing them head-on in this paper, although we do
feel that such factors should be investigated in the future.

Thus, for any given development task, each program-
ming language must be evaluated with respect to at least
two criteria: the time and effort required to write, debug,
and tune the code, and the performance of the code that
results. The goal of this paper is to define these two eval-
uation metrics clearly and unambiguously and to propose
methods by which to measure them. 
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Fig. 1 Power–efficiency graph.
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ASC Codes MP Codes

# of projects 5 5

Environment Academia (ASC-Alliance projects) Mission Partners (DoD, DOE, NASA)

Classi!ed No Some

Code size 200-600 KLOC 80-760 KLOC

Type Coupled multi-physics applications Single physics to coupled multi-physics and 
engineering

Table 1. Types of projects examined.

Case Studies in HPC
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While these case studies are still ongoing, the results to date allow for some cross-project 
analysis to provide a deeper understanding of the state of the practice.4 5 6 7 In this paper, we 
discuss some observations gained from this analysis. 

2. Goals & methodologies

While the ultimate goal for the case studies of the ASC codes and the MP codes is the same 
(to improve the productivity of computational scientists and engineers), we have used a dif-
ferent approach for each type of code. !e object of study in the ASC codes has been the indi-
vidual programmer (e.g., “Where does the computational scientist spend her time?”), while the 
object of study in the MP studies has been the project (e.g., “Which factors determine project 
success?”).  Table 2 shows a comparison of the goals of the two types of case studies.

ASC Codes MP Codes

• Characterize which scienti!c programming activities are time-
consuming and problematic
• Characterize the impact of technologies on developer e"ort. 
• Characterize the common problems encountered by programmers.

• Identify ways that successful projects manage risk
• Identify project success factors
• Identify productivity barriers that should be addressed by vendors
• Develop a reference body of case studies

Table 2. Case study goals.

Table 3 provides an overview of the methodology used for each type of case study. In 
general, the approach for the MP codes was more comprehensive (longer questionnaire, on-site 
interviews, multiple subjects interviewed independently), and the approach for the ASC codes 
was more lightweight, which permitted quicker turnaround time when running the studies. 
Furthermore, each type of study collected di"erent types of information. !e focus in the ASC 
was lower level (i.e., more details about fewer things), while the focus in the MP codes was 
higher level (i.e., less details about more things).

ASC Codes MP Codes

Type Ongoing Retrospective

Interviewees Technical leads Projects leads,  project sta"

Overview 1. Pre-interview questionnaire
2. Telephone interview
3. Generate summary document
4. Send summary document for approval/com-
ments
5. Generate synthesis report across all projects
6. Send synthesis report to all centers for 
approval/ comments

1. Identify project and sponsors
2. Negotiate case study participation
3. Pre-interview questionnaire
4. On-site interview
5. Initial list of !ndings
6. Follow-up
7. Write report

Focus • Product: attributes, machine target, history
• Project organization: structure, sta", 
con!guration management
• Development activities: adding new 
features, testing, tuning, debugging, porting, 
e"ort distribution, bottlenecks, achieving 
performance
• Programming models and productivity: 
choice of model, adoption of language, 
productivity measures

• Goals, requirements, deliverables
• Project characteristics, structure, 
organization and risks
• Code Characteristics
• Sta#ng
• Work$ow Management
• V&V, Testing
• Success Measures
• Lessons Learned

Table 3. Methodology.

4 Kendall, R.P., Carver, J., Mark, A., Post, D., Squires, S., 
and Sha!er, D. “Case Study of the Hawk Code Project,” 
Technical Report, LA-UR-05-9011, Los Alamos National 
Laboratories, 2005. 
5 Kendall, R.P., Mark, A., Post, D., Squires, S., and 
Halverson, C. “Case Study of the Condor Code Project,” 
Technical Report, LA-UR-05-9291, Los Alamos National 
Laboratories, 2005. 
6 Kendall, R.P., Post, D., Squires, S., and Carver, J. “Case 
Study of the Eagle Code Projec,” Technical Report, 
LA-UR-06-1092, Los Alamos National Laboratories, 
2006. 
7 Post, D., Kendall, R.P., and Whitney, E. “Case study 
of the Falcon Project”. In Proceedings of Second 
International Workshop on Software Engineering for 
High Performance Computing Systems Applications 
(Held at ICSE 2005), St. Louis, USA, 2005, p. 22-26.
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• Verification and validation is extremely difficult
• Primary language does not change over time
• The use of higher-level languages is low
• Developers prefer UNIX command-line over IDE
• Externally developed software is a risk
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★ correctness, performance, portability, maintainability

• Agile methodologies are better accepted
• Multidisciplinary teams are important to success
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Experimental designs
Hypotheses

Single
programmer

Heroic scale 
applications

Blue collar 
applications

Folklore/ 
Results

Folklore/ 
Results

Folklore/ 
Results

Quantitative insights
Models in context

DECISION SUPPORT BASE

Insights
Models
Results

Insights
Models
Results

Insights
Models
Results

scale

Figure 1: Process of Refining and Evaluating HPC Programmer Productivity Hypotheses. 
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(message passing) and OpenMP (shared memory). Some of 
the researchers whose classes we observed are also using new 
HPC approaches which they have developed. These include 
StarP, a parallel extension to the Matlab environment [10], and 
Explicit Multi-Threading (XMT), a conceptual framework 
with language extensions to C that implement parallel ran-
dom-access algorithms [13].  

A final important independent variable is programmer 
experience. In the studies reported here, the majority of sub-
jects were novice HPC developers (not surprisingly, as the 
studies were run in a classroom environment). 

4.2 Dependent Variables 

Our studies measured the following as outcomes of the 
HPC development practices applied: 

A primary measure of the quality of the HPC solution was 
the speedup achieved, that is, the relative execution time of a 
program running on a multi-processor system compared to a 
uniprocessor system. In this paper, all values reported for 
speedup were measured when the application was run on eight 
processors, as this was the largest number of processors that 
was feasible for use in our classroom environments. 

A primary measure of cost was the amount of effort re-
quired to develop the final solution, for a given problem and 
given approach. The effort undertaken to develop a serial solu-
tion included the following activities: thinking/planning the 
solution, coding, and testing. The effort undertaken to develop 
a parallel solution included all of the above as well as tuning 
the parallel code (i.e. improving performance through optimiz-

ing the parallel instructions). HPC development for the studies 
presented in this paper was always done having a serial ver-
sion available. 

Another outcome variable studied was the code expansion 
factor of the solutions. In order to take full advantage of the 
parallel processors, HPC codes can be expected to include 
many more lines of code (LOC) than serial solutions. For ex-
ample, message-passing approaches such as MPI require a 
significant amount of code to deal with communication across 
different nodes. The expansion factor is the ratio of LOC in a 
parallel solution to LOC in a serial solution of the same prob-
lem. 

Finally, we look at the cost per LOC of solutions in each 
of the various approaches. This value is another measure (in 
person-hours) of the relative cost of producing code in each of 
the HPC approaches. 

4.3 Studies Described in this Paper 

To validate our methodology, we selected a subset of the 
cells in the table for which we have already been able to 
gather sufficient data to draw conclusions (i.e., the gray-
shaded cells in Table 1), where the majority of our data lies at 
this time 

Studies analyzed in this paper include: 
C0A1. This data was collected in Fall 2003, from a 

graduate-level course with 16 students. Subjects were asked to 
implement the “game of life” program in C on a cluster of 
PCs, first using a serial solution and then parallelizing the so-
lution with MPI. 

 Serial MPI OpenMP Co-Array 
Fortran 

StarP XMT 

Nearest-Neighbor Type Problems 
Game of Life C3A3 C3A3 

C0A1 
C1A1 

C3A3    

Grid of Resistors C2A2 C2A2 C2A2  C2A2  
Sharks & Fishes  C6A2 C6A2 C6A2   
Laplace’s Eq.  C2A3   P2A3  
SWIM   C0A2    
Broadcast Type Problems 
LU Decomposition   C4A1    
Parallel Mat-vec     C3A4  
Quantum Dynamics  C7A1     
Embarrassingly Parallel Type Problems 
Buffon-Laplace Nee-
dle 

 C2A1 
C3A1 

C2A1 
C3A1 

 C2A1 
C3A1 

(Miscellaneous Problem Types) 
Parallel Sorting  C3A2 C3A2  C3A2  
Array Compaction      C5A1 
Randomized Selection      C5A2 

Table 1: Matrix describing the problem space of HPC studies being run. Columns show the parallel program-
ming model used. Rows show the assignment, grouped by communication pattern required. Each study is indi-
cated with a label CxAy, identifying the participating class (C) and the assignment (A). Studies analyzed in this 
paper are grey-shaded. 

!"#$%%&'()*+#,+-.%+/001+23456777+83901+3#(,%"%($%+:83;01<+

=>1?1?@>0A=>/501+B/0C00+D+/001!!"""#

http://portal.acm.org/citation.cfm?id=1105760.1105800
http://portal.acm.org/citation.cfm?id=1105760.1105800
http://portal.acm.org/citation.cfm?id=1105760.1105800
http://portal.acm.org/citation.cfm?id=1105760.1105800


B649: Parallel Architectures and Programming, Spring 2009

Measuring Productivity in HPC

11

Lorin Hochstein, Jeff Carver, Forrest Shull, Sima Asgari, and Victor Basili.  Parallel Programmer Productivity: 
A Case Study of Novice Parallel Programmers,  In Proceedings of the 2005 ACM/IEEE Conference on High 
Performance Networking and Computing (SC '05), 2005.

6

H3 An OpenMP implementation will require more code than 
its corresponding serial implementation. 
We can use the data from both C2A2 and C3A3 (the first 

and second rows of the matrix) to investigate how the size of 
the solution (measured in LOC) changes from serial to various 
HPC approaches. A summary of the datasets is presented in 
Table 3. (In the C2A2 assignment, students were given an 
existing serial solution to use as their starting point. It is in-
cluded here to allow comparison with the OpenMP and MPI 
solutions to the same application.) 

Data 
set

Program
Model 

Program LOC 

C3A3 Serial Life 173/90 (10) 
C3A3 MPI Life 433/485 (13) 
C3A3 OpenMP Life 195/154 (13) 
C2A2 Serial Resistors 42 (given) 
C2A2 MPI Resistors 174/75 (9) 
C2A2 OpenMP Resistors 49/3.2 (10) 

Table 3: Mean, standard deviation, and number of subjects for 
computing code size (Lines of Code). All program were writ-
ten in the C programming language. 

For the game of life application, the number of LOC for 
the MPI solution was significantly greater than in the serial 
version (p = 0.02), but the number of LOC in OpenMP was 
not significantly greater than the serial (p = 0.06).  

For the grid of resistors application, the number of SLOC 
for the MPI solution was significantly greater than in the serial 
version (p = 0.0004), as was the number of SLOC in the 
OpenMP version (p = 8.5e-5). 

Thus, H2 is supported for both problem domains, that is, 
MPI required significantly more code to express the solution 
than in serial. H3 was supported in only one of the two do-
mains. OpenMP on average required many fewer SLOC than 
MPI. 

5.3 Effort required 

Any study of HPC development productivity will focus 
on developer effort as a key measure. For any given develop-
ment project, developer effort will be a significant contributor 
to the final cost as well as being a useful indicator of the 
amount of time required before a solution can be available. 
Furthermore, the code that is written to parallelize an applica-
tion is generally thought of as being more difficult to write 
than the underlying serial code. These two points led us to 
propose the following hypotheses: 
H4 A parallel code (MPI or OpenMP) will require more de-

velopment effort than its underlying serial code 
As in Section 5.2, we can use the data from C3A3 (the 

second row of the matrix) to investigate any differences in the 
effort subjects required to implement the same solution using 
various HPC approaches. The data is summarized in Table 4.  

Programming 
Model 

Effort (person-hrs) 

Serial mean 4.4, sd 4.3, n=15 
MPI mean 10.7, sd 8.9, n=16 
OpenMP mean 5.0, sd 3.5, n=16 

Table 4: The Mean and standard deviation of the total effort 
along with the number of subjects is shown for each pro-
gramming model. All data sets are for C implementations of 
the Game of Life for data set C3A3. 

As explained in Section 5.2, we used one-sided paired t-
tests to test for differences between the solutions implemented 
with various HPC approaches by the same subject. 

For the game of life application in C3A3, the effort re-
quired to implement the solution in MPI was significantly 
greater than required for the serial (p = 0.002), but is not the 
case for OpenMP (p = 0.3). For MPI,  H4 is supported with a 
statistically significant result, although the variation from one 
subject to another was very high. 

5.4 Cost per LOC 

The cost per LOC measure is useful for estimating the 
relative difficulty of various HPC approaches – that is, how 
much effort is expended per line of the final solution.  

Most experts seem to believe that almost any approach to 
parallel development will result in a higher cost per line of 
code than serial development of the same problem. (In the 
January 2004 survey at the DARPA expert meeting, 73% of 
respondents felt this was a true statement, while 19% dis-
agreed.) Based on this survey result, we posed the following 
hypothesis: 
H5  The cost per line of code for parallel code (MPI or 

OpenMP) will be greater than the cost per line of code for 
serial code 
We use the effort data from C3A3, described in Section 

4.3, to investigate the cost of HPC code in terms of the amount 
of effort required per line of code. Specifically, we compared 
the cost to develop a serial version from scratch to the cost to 
develop an HPC version starting from an existing serial im-
plementation. As before, we rely on the one-sided paired t-test 
to test the differences in mean values for statistical signifi-
cance.

Analysis showed that HPC development was in fact statis-
tically significantly more expensive than serial development, 
both for MPI (p = 0.006) and for OpenMP (p = 0.005) sup-
porting hypothesis H5. Note that one sample was excluded 
from this analysis because for that single case the OpenMP 
implementation was smaller than the corresponding serial ver-
sion.
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Recap

• ILP
• Exploiting ILP
• Dynamic scheduling
• Thread-level Parallelism
• Memory Hierarchy
• Other topics through student presentations
• Parallel programming and productivity
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ILP: Pipelining
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Pipelining: Adding Latches
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Pipelining: Adding Forwarding
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Pipelining: Adding Branch Delay Slots
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Extending the Basic Pipeline
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Extending the Basic Pipeline
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Extending the Basic Pipeline
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Exploiting ILP Through Compiler Techniques
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• Loop unrolling
• Making use of branch delayed slots
• Static branch prediction
• Loop fusion
• Unroll and jam
•  ...
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Dynamic Branch Prediction
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bits to index BPB

Address bits

Branch
Prediction
Buffer1

0

1
0



B649: Parallel Architectures and Programming, Spring 2009

Two-bit Branch Predictor
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General n-bit Correlating Branch Predictors
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bits to index BPB

Address bits

Branch
Prediction
Buffer

global shift register 
(m bits)

n bits

Use Branch Target Buffers (BTBs) for caching branch targets
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Dynamic Scheduling: Tomasulo’s Approach
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Tomasulo’s Approach: Observations

• RAW hazards handled by waiting for operands
• WAR and WAW hazards handled by register 

renaming
★ only WAR and WAW hazards between instructions 

currently in the pipeline are handled; is this a problem?
★ larger number of hidden names reduces name dependences

• CDB implements forwarding
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Tomasulo’s Approach + Speculation
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Fields in ROB
1. Instruction type
2. Destination
3. Value
4. Ready



B649: Parallel Architectures and Programming, Spring 2009

Observations on Speculation

33

• Speculation enables precise exception handling
★ defer exception handling until instruction ready to commit

• Branches are critical to performance
★ prediction accuracy
★ latency of misprediction detection
★ misprediction recovery time

• Must avoid hazards through memory 
★WAR and WAW already taken care of (how?)
★ for RAW

✴ don’t allow load to proceed if an active ROB entry has 
Destination field matching with A field of load

✴ maintain program order for effective address computation 
(why?)
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Multiple Issue Processor Types
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Dyn. Scheduling+Multiple Issue+Speculation
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• Design parameters
★ two-way issue (two instruction issues per cycle)
★ pipelined and separate integer and FP functional units
★ dynamic scheduling, but not out-of-order issue
★ speculative execution

• Task per issue: assign reservation station and update 
pipeline control tables (i.e., control signals)

• Two possible techniques
★ do the task in half a clock cycle
★ build wider logic to issue any pair of instructions together

• Modern processors use both (4 or more way 
superscalar)



B649: Parallel Architectures and Programming, Spring 2009

Shared-Memory Multiprocessors
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Distributed-Memory Multiprocessors
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Other Ways to Categorize Parallel Programming
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data vs task parallel

client-sever vs p-to-p /

master-slave vs symm.

sh
ared m

em vs
 m

sg
 

passi
ng

tig
ht

ly
 v

s 
lo

os
el

y 
co

up
le

d
threads vs 

producer-consum
er

course vs fine grained

SP
M

D 
vs

 M
PM

D
recursive vs iterative

synch. vs asynch.

Parallel 
Programs



B649: Parallel Architectures and Programming, Spring 2009

Write Invalidate Cache Coherence Protocol
for Write-Back Caches
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Distributed Memory+Directories
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Directory-Based Cache Coherence
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Other Topics

• x86 assembly programming
• VLIW / EPIC
• Vector processors
• Embedded systems
• Scientific applications
• GPUs and GPGPUs
• Interconnection networks
• Multi-stage interconnection networks
• Parallel graphs
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Future

• Continued importance of parallel programming
★ challenge: how to program multiprocessors
★ role of programming languages and compilers

• Convergence or specialization?
★ “standardization” of general purpose architecture
★ migration of “special-purpose” CPUs for general use
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Landscape of  Parallel Computing Research:
A View from Berkeley
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