
Parallel Processing Concepts

• The past decade has seen tremendous advances in 
microprocessor technology. Clock rates of processors 
have increased from about 40 MHz (e.g., a MIPS 
R3000, circa 1988) to over 2.0 GHz.

• At the same time, processors are now capable of 
executing multiple instructions in the same cycle.

• Connecting 8-10 processors.
•  However, their role in providing multiplicity of 

datapaths, increased access to storage elements 
(both memory and disk), scalable performance, and 
lower costs is reflected in the wide variety of 
applications of parallel computing

• Large scale applications in science and engineering 
rely on larger configurations of parallel computers, 
often comprising hundreds of processors. 



Why Parallel

• Can’t clock faster
• Do more per clock (bigger ICs ...)
• Execute complex “special-purpose” instruction
• Execute more simple instructions
• Even if processor performs more operations per 

second, 
• DRAM access times remain a bottleneck (~ +10% per 

year)
• Multiple processors can access memory in parallel
• Also increased caching
• Some of the fastest growing applications of parallel 
computing utilize not their raw computational speed, 
rather their ability to pump data to memory and disk 
faster 



Parallel computers

• Tianhe-1 :2.566 petaFLOPS is fastest 
supercomputer.

• Intel xion processors
• Nvidia Tesla GPU



Executing Stored Programs

• Parallel
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Motivating Parallelism:

• Development of parallel software has 
traditionally been thought of as time and effort 
intensive.

• After all, if it takes two years to develop a 
parallel application, during which time the 
underlying hardware and/or software platform 
has become obsolete, the development effort is 
clearly wasted

• Uniprocessor Architecture.
• This is a result of lack of implicit parallelism as 

well as other bottlenecks such as the datapath 
and the memory.



Implicit and Explicit Parallelism

Implicit Parallelism: 
• An implicit approach uses conventional language  such 

as c, lisp, pascal to write the source program.
• It is translated into parallel object code by a 

parallelizing compiler
• Compiler must be able to detect parallelism.
• This compiler approach has been applied in 

programming shared-memory multiprocessor.

Explicit Parallelism:
• It requires more effort by the programmer to develop a 

source program using parallel dialects of c, lisp, pascal.
• Parallelism is explicitly specified in the user program.
• Reduce burden on compiler but compiler should be 

concurrency preserving



Serial vs parallel 

Atmwithdraw(int accno, int amnt)
{
Curbal=bal(accno);
If(curbal>amnt)
{
Setbalance(accno, curbal-amnt);
Eject(amnt);
}
else
Display error msg;
}



Moore's Law

• Newly trendy  technology of computer chips 
would becomedoubly powerful         every two
years. 

• The number of transistors per square  inch on 
integrated circuit has doubled every year since 
the integrated circuit was invented. [computer 
performance doubles every two years (same 
cost)]



The Computational Power Argument 
– from Transistors to FLOPS

• In 1965 Gordon Moore said
• "The complexity for minimum component costs has 

increased at a rate of roughly a factor of two per year. 
Certainly over the short term this rate can be expected to 
continue, if not to increase. Over the longer term, the rate of 
increase is a bit more uncertain, although there is no reason 
to believe it will not remain nearly constant for at least 10 
years. That means by 1975, the number of components per 
integrated circuit for minimum cost will be 65,000.“

• Moore's law has been extrapolated to state that the amount 
of computing power available at a given cost doubles 
approximately every 18 months.

• Formally, Moore's Law states that circuit complexity doubles 
every eighteen months.



The Memory/Disk Speed Argument
• The overall speed of computation is determined not just 

by the speed of the processor, but also by the ability of 
the memory system to feed data to it.

•  While clock rates of high-end processors have 
increased at roughly 40% per year over the past 
decade, DRAM access times have only improved at the 
rate of roughly 10% per year over this interval

• Faster memory devices called caches.
• The overall performance of the memory system is 

determined by the fraction of the total memory requests 
that can be satisfied from the cache.

• Parallel platforms typically yield better memory system  
performance because they provide (i) larger aggregate 
caches, and (ii) higher aggregate bandwidth to the 
memory system



Scope of Parallel Computing
• Applications in Engineering and Design :(MEMS and 

NEMS)
Parallel computers have been used to solve a variety of 
discrete and continuous optimization problems. Algorithms 
such as Simplex, Interior Point Method for linear optimization 
and Branch-and-bound, and Genetic programming for discrete 
optimization have been used  to solve.
• Scientific Applications (Bioinformatics and astrophysics) : 

Weather modeling, mineral prospecting, flood prediction, 
evolution of galaxies, etc., rely heavily on parallel computers 

• Commercial Application(For instance, on heavy volume 
days, large brokerage houses on Wall Street handle hundreds 
of thousands of simultaneous user sessions and millions of 
orders.)

• Applications in Computer Systems(In computer security, 
intrusion detection is an outstanding challenge.)



• Weather/Climate simulation
–1km 3D-grid, each point interacts with neighbours
–Days of simulation time

• Oil exploration
–months of sequential processing of seismic data

• Financial processing
–market prediction, investing

• Computational biology
–drug design
–gene sequencing

• Movie making 



Organization and contents of Text 



Parallel Programming Platforms

•  All three components – processor, memory, and 
datapath – present bottlenecks to the overall 
processing rate of a computer system.

• Implicit Parallelism: Trends in 
Microprocessor Architectures

• While microprocessor technology has delivered 
significant improvements in clock speeds over the 
past decade, it has also exposed a variety of other 
performance bottlenecks.

•  One of the most important innovations is 
multiplicity – in processing units, datapaths, and 
memory units.

• However, these increments in clock speed are 
severely diluted by the limitations of memory 
technology. 



Pipelining and Superscalar Execution

• E.g. Assembly of car
•  To increase the speed of a single pipeline, one 

would break down the tasks into smaller and 
smaller units, thus lengthening the pipeline and 
increasing overlap in execution. 

• For example, the Pentium 4, which operates at 2.0 
GHz, has a 20 stage pipeline.

• Superscalar execution:
• Consider a processor with two pipelines and the 

ability to simultaneously issue two instructions. 
These processors are sometimes also referred to 
as super-pipelined processors. The ability of a 
processor to issue multiple instructions in the 
same cycle is referred to as superscalar execution.



Example of a two-way superscalar 
execution of instructions.



• Data dependency between instructions.
• This form of dependency in which two 

instructions compete for a single processor 
resource is referred to as resource 
dependency.

• Most current microprocessors are capable of 
out of-order issue and completion. This model, 
also referred to as dynamic instruction 
issue, exploits maximum instruction level 
parallelism.

• The branch destination is known only at the 
point of execution, scheduling instructions a 
priori across branches may lead to errors. 
These dependencies are referred to as branch 
dependencies or procedural 
dependencies

• The ability of a processor to detect and 
schedule concurrent instructions is critical to 
superscalar performance. 

• E.g.: ability to look ahead



•  However, the processor needs the ability to issue 
instructions out-of-order to accomplish desired 
reordering.

• If, during a particular cycle, no instructions are 
issued on the execution units, it is referred to as 
vertical waste; if only part of the execution 
units are used during a cycle, it is termed 
horizontal waste. 

• Current microprocessors typically support up to 
four-issue superscalar execution.



Very Long Instruction Word Processors

• An alternate concept for exploiting instruction-level 
parallelism used in very long instruction word (VLIW) 
processors relies on the compiler to resolve 
dependencies and resource availability at compile 
time.

• Instructions that can be executed concurrently are 
packed into groups and parceled off to the processor 
as a single long instruction word (thus the name) to be 
executed on multiple functional units at the same 
time.

• In VLIW scheduling is done in software, the decoding 
and instruction issue mechanisms are simpler in VLIW 
processors.

• Additional parallel instructions are typically made 
available to the compiler to control parallel execution.



Continue…

• Finally, the performance of VLIW processors is 
very sensitive to the compilers' ability to detect 
data and resource dependencies and read and 
write hazards, and to schedule instructions for 
maximum parallelism. Loop unrolling, branch 
prediction and speculative execution all play 
important roles in the performance of VLIW 
processors. While superscalar and VLIW 
processors have been successful in exploiting 
implicit parallelism, they are generally limited 
to smaller scales of concurrency in the range of 
four- to eight-way parallelism.



Limitations of Memory System Performance

• The effective performance of a program on a 
computer relies not just on the speed of the 
processor but also on the ability of the 
memory system to feed data to the processor. 

• Here, l is referred to as the latency of the 
memory. The rate at which data can be 
pumped from the memory to the processor 
determines the bandwidth of the memory 
system.

• Difference between latency and bandwidth.
•  Latency and bandwidth both play critical 

roles in determining memory system 
performance. 



 Effect of memory latency on performance

• Consider a processor operating at 1 GHz (1 ns clock) connected 
to a DRAM with a latency of 100 ns (no caches). Assume that 
the processor has two multiply-add units and is capable of 
executing four instructions in each cycle of 1 ns. The peak 
processor rating is therefore 4 GFLOPS. Since the memory 
latency is equal to 100 cycles and block size is one word, every 
time a memory request is made, the processor must wait 100 
cycles before it can process the data. Consider the problem of 
computing the dot product of two vectors on such a platform. A 
dot-product computation performs one multiply-add on a single 
pair of vector elements, i.e., each floating point operation 
requires one data fetch. It is easy to see that the peak speed of 
this computation is limited to one floating point operation every 
100 ns, a very small fraction of the peak processor rating. This 
example highlights the need for effective memory system 
performance in achieving high computation rates. 



Improving Effective Memory Latency Using Caches

• Handling the mismatch in processor and 
DRAM speeds has overcome  by placing a 
smaller and faster memory between the 
processor and the DRAM.

• Cache memory, referred to as the cache, acts 
as a low-latency high-bandwidth storage.

•  The fraction of data references satisfied by 
the cache is called the cache hit ratio of the 
computation on the system. 

• The performance of memory bound programs 
is critically impacted by the cache hit ratio



Impact of Memory Bandwidth
• Memory bandwidth refers to the rate at which data 

can be moved between the processor and 
memory.

• One commonly used technique to improve 
memory bandwidth is to increase the size of the 
memory blocks.

• A single memory request returns a contiguous 
block of four words. 

• The single unit of four words in this case is also 
referred to as a cache line.



• Alternate Approaches for Hiding Memory Latency
• Imagine sitting at your computer browsing the web during 

peak network traffic hours. The lack of response from 
your browser can be alleviated using one of three simple 
approaches:

• (i) we anticipate which pages we are going to browse 
ahead of time and issue requests for them in advance; 

• (ii) we open multiple browsers and access different pages 
in each browser, thus while we are waiting for one page 
to load, we could be reading others; or

•  (iii) we access a whole bunch of pages in one go – 
amortizing the latency across various accesses. The first 
approach is called prefetching, the second 
multithreading, and the third one corresponds to 
spatial locality in accessing memory words.



• Spatial locality: If a particular storage 
location is referenced at a particular time, 
then it is likely that nearby memory locations 
will be referenced in the near future.

• Temporal Locality: if at one point a 
particular memory location is referenced, 
then it is likely that same location will be 
referenced again in the near future.



Multithreading for Latency Hiding

• Example: Threaded execution of matrix 
multiplication

• Consider the following code segment for 
multiplying an  nxn matrix a by a vector b to 
get vector c.

  for(i=0;i<n;i++) 
     c[i] = dot_product(get_row(a, i), b); 



• This code computes each element of c as the 
dot product of the corresponding row of ‘a’ with 
the vector ‘b’. Notice that each dot-product is 
independent of the other, and therefore 
represents a concurrent unit of execution. We 
can safely rewrite the above code segment as:
     for(i=0;i<n;i++) 
   c[i] = create_thread(dot_product, get_row(a, i), b); 
The execution schedule in Example  is predicated upon 
two assumptions: the memory system is capable of 
servicing multiple outstanding requests, and the 
processor is capable of switching threads at every cycle.



Prefetching for Latency Hiding

• In a typical program, a data item is loaded 
and used by a processor in a small time 
window. If the load results in a cache miss, 
then the use stalls. A simple solution to this 
problem is to advance the load operation so 
that even if there is a cache miss, the data is 
likely to have arrived by the time it is used.

•  In advancing the loads, we are trying to 
identify independent threads of execution 
that have no resource dependency (i.e., use 
the same registers) with respect to other 
threads.



 
Hiding latency by prefetching

• Consider the problem of adding two vectors a 
and b using a single for loop. In the first 
iteration of the loop, the processor requests 
a[0] and b[0]. Since these are not in the cache, 
the processor must pay the memory latency. 
While these requests are being serviced, the 
processor also requests a[1] and b[1]. Assuming 
that each request is generated in one cycle (1 
ns) and memory requests are satisfied in 100 
ns, after 100 such requests the first set of data 
items is returned by the memory system. 

• Subsequently, one pair of vector components 
will be returned every cycle.



Dichotomy of Parallel Computing 
Platforms

• To facilitate our discussion of parallel platforms, we first      
  explore a dichotomy based on the logical and physical 
organization of parallel platforms

• The former is sometimes also referred to as the control 
structure and the latter as the communication model

• Control Structure of Parallel Platforms: At one 
extreme, each program in a set of programs can be 
viewed as one parallel task. At the other extreme, 
individual instructions within a program can be viewed as 
parallel tasks.

• Ex: Parallelism from single instruction on multiple 
processors:
for (i = 0; i < 1000; i++)
 c[i] = a[i] + b[i];



A typical SIMD architecture (a) and 
a typical MIMD architecture (b)



• SIMD 
-Allow for ‘Activity mask’, whether to participate in 
operation or not. 
-Requires less hardware, less memory 
-Requires extensive design efforts. 

• MIMD 
-Executing a different program independently. 
-Variant is Single Program Multiple Data(SPMD) 

• In SPMD each of the multiple programs can be inserted 
into one large if-else block with conditions specified by 
the task identifiers
-Requires more hardware than SIMD, High memory 



Executing a conditional statement on an SIMD 
computer with four processors: (a) the 
conditional statement;
(b) the execution of the statement in two 
steps.



Communication Model of Parallel Platforms

• Shared-Address-Space Platforms:
• The "shared-address-space" view of a parallel platform 

supports a common data space that is accessible to all 
processors. Processors interact by modifying data 
objects stored in this shared address-space. Shared-
address-space platforms supporting SPMD programming 
are also referred to as multiprocessors.

• There are 2 multiprocessor models
1.  UMA –Typically Symmetric Multiprocessors (SMP) –Equal 

access  times to memory –Hardware support for Cache 
Coherency (CC-UMA) 

2.  NUMA –Typically multiple SMPs, with access to each 
other’s memories –Not all processors have equal access 
time to all memories –CC-NUMA: Cache coherency is 
harder



Pros/Cons of Shared 
Memory

+Easier to program with global 
address space +Typically fast memory 
access (when hardware supported)
 - Hard to scale 
- Adding CPUs (geometrically) 

increases traffic 
- Programmer initiated synchronization 

of memory accesses



Typical shared-address-space architectures: (a) 
Uniform memory- access shared-address-space 
computer; (b) Uniform memory- access shared-

address-space computer with caches and 
memories; (c) Non-uniform-memory-access 
shared-address-space computer with local 

memory only.



Message-Passing Platforms

• The logical machine view of a message-passing 
platform consists of p processing nodes, each with its 
own exclusive address space. 

•  Each of these processing nodes can either be single 
processors or a shared-address-space multiprocessor.

• On such platforms, interactions between processes 
running on different nodes must be accomplished 
using messages, hence the name message passing. 

•  This exchange of messages is used to transfer data, 
work, and to synchronize actions among the 
processes.

•  The basic operations in this programming paradigm 
are send and receive.

• Function whoami specifies target address(UNIQUE ID).
• Function numprocs specifies number of processes.



Communication

•  With these four basic operations, it is possible 
to write any message-passing program.

• openMP MPI



Pros/Cons of Distributed Memory

+Memory is scalable with number of 
processors +Local access is fast (no 
cache coherency overhead)
 +Cost effective, with off-the-shelf 
processor/ network 
- Programs often more complex (no 
RAM model) - Data communication is 
complex to manage



Physical Organization of Parallel 
Platforms 

•Architecture of an Ideal Parallel Computer 

A natural extension of the serial model of computation (the 
Random Access Machine, or RAM) consists of p processors and a 
global memory of unbounded size that is uniformly accessible to 
all processors. All processors access the same address space. 
Processors share a common clock but may execute different 
instructions in each cycle. This ideal model is also referred to as 
a parallel random access machine (PRAM). Since PRAMs allow 
concurrent access to various memory locations, depending on 
how simultaneous memory accesses are handled, PRAMs can be 
divided into four subclasses.

Parallel Random Access Machine(PRAM) 
• -EREW 
• -CREW 
• -ERCW 
• -CRCW 
 



PRAM conti..

• Allowing concurrent read access does not create any semantic 
discrepancies in the program. However, concurrent write access to 
a memory location requires arbitration. Several protocols are used 
to resolve concurrent writes. The most frequently used protocols 
are as follows:

• Common, in which the concurrent write is allowed if all the values 
that the processors are attempting to write are identical.

• Arbitrary, in which an arbitrary processor is allowed to proceed 
with the write operation and the rest fail.

• Priority, in which all processors are organized into a predefined 
prioritized list, and the processor with the highest priority succeeds 
and the rest fail.

• Sum, in which the sum of all the quantities is written (the sum-
based write conflict resolution model can be extended to any 
associative operator defined on the quantities being written).



Interconnection Networks for Parallel Computers 

• a. Static network (direct n/w) 
• b. Dynamic network (indirect n/w 



• Functionality of Switches: 
-Degree of switch 
-Mapping from input to output ports 
-routing, multicast, internal buffering 

• Cost of Switches 
-mapping hardware- with square of 
degrees 
-packaging cost- with number of pins

• Network Topologies



Network Topologies

• A wide variety of network topologies have 
been used in interconnection networks.

• Bus-Based Networks
• Crossbar Networks
A completely non-blocking crossbar network 
connecting p processors to b memory banks.



• Completely-Connected Network
• Star-Connected Network
Cache Coherence in Multiprocessor Systems:
• Consider two processors P0 and P1 are connected over a 

shared bus to a globally accessible memory. Both 
processors load the same variable. There are now three 
copies of the variable.

• The coherence mechanism must now ensure that all 
operations performed on these copies are serializable.

• When a processor changes the value of its copy of the 
variable, one of two things must happen: the other 
copies must be invalidated, or the other copies must be 
updated.

• These two protocols are referred to as invalidate and 
update protocols.



Cache coherence in multiprocessor systems: (a) Invalidate 
protocol; (b) Update protocol for shared variables.



Maintaining Coherence Using Invalidate Protocols



Communication costs in parallel machines 

• Message passing costs in parallel 
computers 
-Startup time (ts) time required to handle 
a message at sending and receiving node 
-Per-Hop time (th) (node latency) time 
taken by header to travel between two 
directly connected node. 
-Per-Word Transfer Time (tw) if channel 
bandwidth is r words per second. Each 
word takes time tw=1/r to traverse link 



Store and Forward Routing 



• Packet Routing 
• Message is broken into packets and assembled 

with error, routing and sequencing field. 
• -Size of packet (r+s) where r is original message 

& s is additional info. 
• -mtw1 packetizing time depending on length of 

message. 
• -Packet takes thl + tw2(r+s) time to reach at 

detination. 
• -Destination receives m/r-1 additional packets 

every tw2(r+s) seconds 



• WHERE



Levels of parallelism 

• Instruction Level Parallelism (ILP) 
• Transaction Level Parallelism 
• Task Level Parallelism/ Thread Level 
• Memory Parallelism 
• - Ability to have pending memory operations, like 

cache misses or TLB misses 
• Function Parallelism 

• - Achieved by applying different operations to 
different data elements simultaneously 



Parallel Processing Models 

• SIMD Model 
-Single stream is broadcasted. 
-It is a class of parallel computer. 
-Exploits data level parallelism. 
-Ex. Adjusting volume of digital 
audio, Contrast in digital image 

• MIMD Model 
• SPMD Model 



Dataflow model

• The execution of dataflow instruction is based 
on the availability of its operands.  Hence the 
synchronization of parallel activities 



• Parallel Processing Architectures 
• N-Wide Superscalar Architecture 
• Multi Core Architecture 
• Multi Threaded Processors 

-Advantages 
-Disadvantages 
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