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ABSTRACT 

Multiprocessor systems’ speed and throughput has surpassed the superscalar 
uniprocessor, making the attentions drawn towards new ways of increasing the 
efficiency and speed of the multiprocessor. Software developmental approaches are 
now being tailored towards multiprocessing by exploiting parallel programming 
technique. Compiler developers are not left behind, new and existing compilers are 
shaping and reshaping for parallel programming. If multiple processing elements are 
applied to execution of a single program, they can either be used concurrently, that is, 
the program must be structured into several concurrent subtasks. Alternatively may be 
executed sequentially, in a pipeline fashion, where each processing element handlees 
an independent subtask at any point in time. 
 
Many researchers had worked on different architecture to develop multiprocessor 
systems. Some of these are HYDRA (developed in Stanford University), an on-core 
multiprocessors architecture, which uses parallel execution technique for 
multiprocessing. MaRs is another multiprocessors system which uses macro pipeline 
technique for multiprocessing, PMMLA, a reconfigurable multiprocessors system is 
another example. However, most of these systems are application specific. Some are 
good for executing parallel tasks while some are good for sequential task, depends on 
the technique used by the architecture to perform multiprocessing.  
 
Hybridized Macro Pipeline Multiprocessor System (HMPM) is another 
multiprocessors system, which hybridized the two multiprocessing techniques. The 
aim of this paper is to develop a hybridize multiprocessor system and a heuristic for 
reconfiguring the HMPM design in order to enforce load balance, and to detemine the 
performance of the system by modeling its energy consumption and memory 
accessing speed.  
 
Keywords—Reconfigurable, Energy Consumption, Macro Pipeline, Parallelism, 
Multiprocessor  

 
 
 
1. INTRODUCTION 
 
Macro parallelism is a multiprocessing technique, which 
involves application of MIMD to architecture. It involves 
transformation of a given task into a set of subtasks that can 
be executed in parallel on MIMD architecture. The key 
problems in the transformation are task scheduling and the 
overhead introduced by interdependence among subtasks.  
 
 

 
 
 
 
These problems offset the merits of MIMD architecture by 
increasing overload and cost in programming and control. 
Macro parallelism architecture employs this technique to 
implement multiprocessing. Macro pipelining is another 
form of multiprocessing technique. It involves the 
decomposition of a task into sequential subtasks, which are  
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executed by dedicated autonomous processing elements. By 
sharing these processing elements among successive tasks, 
pipelining offers an overlapped processing of activities of 
one task with those of others thus increasing the rate at 
which execution of tasks completed. The Macro Pipeline 
regards an application as a process and executes the derived 
sub processes consecutively on a chain of processing 
elements [5][12]. It makes use of vector processing 
paradigm, by indicating the operation to be performed and 
specifies the list of operands (called vector) on which to 
operate.   Multiprocessor architecture employing this 
technique can be classified as macro pipeline architecture.  
 
As stated in the abstract many researches had been done on 
multiprocessor systems based on one technique or another; 
however, many of these are application-specific. Olakanmi 
in [12] however, proposed a multiprocessors system called 
HMPM, which uses the two multiprocessing techniques in 
order to offset the demerits of one with merits of other. This 
paper analytically models this Hybridized Macro Pipeline 
Multiprocessors (HMPM) in terms of memory access and 
energy consumption. 
 
The rest of this paper organized as follows: Section 2 
highlight some of the researches on multiprocessor system. 
Section 3 explains the reconfigurable Hybrid Macro 
Pipeline Multiprocessor (HMPM) architecture. Section 4 
gives the detail design and performance analysis of HMPM. 
 
 
 
2. RELATED WORKS 
 
Olukotun et al in [8] made case for on chip multiprocessor 
where they compare the performance of six-issue 
dynamically scheduled superscalar processor with a 4xtwo- 
issue multiprocessor. It was concluded that with applications 
with large grained thread-level parallelism and 
multiprogramming workloads the multiprocessor 
architecture performs 50-100% better than the wide 
superscalar architecture. 
  
HYDRA] is on chip multiprocessor system which was 
developed to show the need for on chip multiprocessors. It 
consists of four processors on a chip with two level cache 
hierarchy. It uses macro parallelism technique to execute 
tasks in parallel [6][7][8]. This makes HYDRA to be 
application specific.  
 
Computing tasks can be categorized into two categories 
[1][10]. The first category is the one with at most ten 
instructions per cycle with aggressive branch prediction and 
large window sizes. The second category comprises 
applications with large amounts of parallelism; with at least 

forty instructions per cycle with aggressive branch 
prediction and large window sizes. With this classification, 
the first group can be generally referred to sequential 
applications, which give little or no performance gain if it is 
parallel-executed on multiprocessor system. Meanwhile the 
second group, generally referred to parallel applications 
performs 50-100% better if parallel-executed on 
multiprocessor than superscalar processor [7][10]. 
Therefore, if HYDRA is used to execute the first category 
task interdependence constraints will offset the flexibility 
and efficiency of HYDRA making superscalar a better 
choice. Sequential applications perform 30% better on 
single processor than multiprocessor architecture [8]. 
Therefore, it amounts to computational-power wastage if 
sequential applications are executed on a multiprocessor 
system. 
 
Many works had been done on the use of macro pipeline 
technique and development of a reconfigurable 
multiprocessor system. One of these is DART, a 
reconfigurable multiprocessor system. It consists four 
pipeline clusters working independently of one another. The 
communication between these clusters is performed through 
a shared memory and some reconfigurable point-to-point 
connection. A programmable processor synchronizes DART 
operations. A cluster consists of six coarse grain 
reconfigurable data path and a fine grain FPGA core [3]. 
 
Another example is MaRS a multiprocessors system which 
uses macro pipeline concept for multimedia processing and 
wireless communication. It contains 2D mesh of 32-bit 
processing elements with a router for routing the data or 
instructions to neighboring processing elements. MaRS is an 
improvement on MorphoSys. Some of the weaknesses of 
MorphoSys are improved on MaRs. For example, it 
improves on MorphoSys inter PE communication by the use 
of router instead of global buses which may introduce delay 
in data signal transmission. In addition, memory hierarchy 
in MorphoSys is improved through the inclusion of in-chip 
memory. This solves the bottlenecked-constraint introduced 
by some non-streaming data intensive application such as 
binary spatial partitioning- based ray tracing [9]. MaRS is 
reconfigurable based on the number of processing elements 
participating in the macro pipeline stages. Although MaRS 
removed overhead caused by buses delay, however, it brings 
cost overhead through the inclusion of router. 
 
PMMLA  is another linear array multiprocessor, which uses 
macro pipeline method to increase the throughput of system 
[4]. It engages dynamic reconfiguration scheme to remove 
load imbalance in the pipeline stages using the execution 
time at each stage computed during the sequential 
execution. The ratio of the stages’ execution time is used to 
generate the reconfiguration ratio. It is not flexible. The 

Ubiquitous Computing and Communication Journal

Volume 7 Number 1 Page 201218 www.ubicc.org



workload is not constant. If the previous application 
specification used for reconfiguration differs from next 
workload specification, the reconfiguration may bring a 
worse performance. Contrary to PMMLA reconfiguration 
heuristic, HMPM uses application’s cycles in formulating 
the reconfiguration heuristic and does not use the previous 
workload cycles in determining the PEs configuration for 
the next workload.  
 
HMPM is an advanced hybrid multiprocessor. It operates in 
two levels; first level inter connection is where parallel 
subtasks are schedule to each cluster and the second level 
interconnection is the inner layer of HMPM, which uses 
macro pipeline technique to execute assigned subtask. It 
exploits the advantages of the two multiprocessing 
techniques to solve the bottlenecked constraints in some of 
the earlier proposed multiprocessors. The HMPM 
architecture can efficiently execute both the small and large 
grained thread-level application better than a wide 
superscalar micro architecture, pointing to this is the Wall’s 
conclusion on multiprocessing sequential and parallel 
applications. In addition, experimental conclusions show 
that Macro Pipeline and Macro Parallelism techniques are 
application-specific [8][9][11]. Therefore, any 
multiprocessor architecture using either of these techniques 
will be application dependent. HMPM solves application 
dependence of some of the mentioned multiprocessors 
architecture [12]. 
 
 
 
3. ARCHITETCURAL DESIGN OF HMPM 

 
Recent researches have targeted scheduling, mapping, 
multiprocessing techniques and reconfiguration heuristic for 
both homogeneous and heterogeneous multiprocessors using 
either of the multiprocessing techniques. Meanwhile HMPM 
proposes the methodology that combines both the macro 
pipeline and parallelism execution techniques in 
multiprocessor system.   The HMPM architecture contains 
six clusters, which are abstracted as execution nodes for all 
the parallel tasks. In each cluster are four pipelined 
processing elements (PEs) to execute the assigned task in 
sequential fashion. The architecture is design to provide the 
novel solutions to many of on chip architectures mentioned 
in the previous section. Some of the bottlenecks common in 
multiprocessor architecture are solved in the HMPM 
architectural design, for examples, methodology for 
coexisting the two multiprocessing techniques, reduction of 
memory access time, reduction of transmission overhead in 
the multiprocessors. 
 
The HMPM consists of two operational layers; the first level 
of interconnection contains six clusters each representing 

parallel unit in massive parallelism multiprocessor 
architecture. The second level of interconnection cluster 
contains number of processing elements PEs, which uses 
macro pipeline to execute subtask. The intercluster and intra 
cluster communication are performed through the on-chip 
inter and intra cluster buses. The HMPM heuristic uses 
number of processes in the task to generate the 
reconfiguration ratio of the architecture. The six clusters 
HMPM will be assigned six different tasks load in parallel. 
For example, two different images to be recognized using 
image recognition application with three processes viz; 
normalization, features extraction and recognition , and four 
images to be encoded using JPEG encoder  application with 
six sequential process (RGB to YCbCr conversion, Level 
shift, Vertical DCT, horizontal DCT, Quantization, Huffman 
Encoding and Writing out JPEG file). The six tasks load are 
assigned in parallel to all the clusters in the architecture. In 
each cluster, all the processes in the task load are executed 
in pipeline. Figure 1 shows JPEQ encoder applications 
workloads being executed in HMPM architecture. JPEQ 
encoder program contains eight various stages (Read raw 
image block, RGB to YCbCr conversion, Level shift, 
Vertical DCT, horizontal DCT, Quantization, Huffman 
Encoding and Writing out JPEG file) which can be 
abstracted into n pipeline stages. The six different raw 
images workloads are assigned in parallel to all the clusters 
in the architecture. In each cluster, all the processes or 
stages in JPEQ encoder are executed in pipeline. 
 
 
 
3.1 CLUSTERS 

 
To ensure parallel and sequential executions in HMPM, the 
architecture is split into modularized units called cluster. In 
each cluster, there is a specific number of processing 
elements arranged in pipeline pattern. The number of the 
processing elements for each cluster is not static. It depends 
on the workload assigned to the cluster. This ensures load 
balance. Once a cluster is over loaded, the HMPM senses 
this and reconfigure the architecture by reassigning more 
processing element(s) to that cluster. As HMPM monitors 
over-loading in clusters so it senses under-loading in 
clusters, by releasing some of its processing elements to its 
neighboring clusters that are overloaded using the 
reconfiguration ratio. 
 
 
3.2 COMMUNICATION NETWORK IN HMPM 
 
The HMPM uses bidirectional buses for intercluster and 
intra cluster communication; the inter cluster bus provides 
highway for the partially executed subtasks from the first PE 
of each cluster to the next cluster on the cluster. The intra 
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bus is used to transfer partially executed task from one 
cluster to another cluster whenever there is reconfiguration, 
which may involves temporary borrowing of PE.   Simple 
bus topology is used without switch or router due to 
simplicity of the architecture, which allows only one of the 
PEs in each cluster to transfer at a time. The intra cluster 
communication involves very few PEs, thereby, the 
probability of bus contention or collision is rare. Therefore, 
the use of switch and router for traffic control is removed 
hence remove the overhead which may be execute the 
introduced through switch and router delay.  In HMPM 
there will never be buses overhead caused by either 
hardware or software bus controller. 
 
 
 
4 DESIGN AND PERFORMANCE ANALYSIS  

OF HMPM 
 

The design methodology of HMPM efficiently combines 
two multiprocessing techniques, with simplest bus network 
topology interconnecting all the processing elements, and 
hierarchical memory to reduce memory access time, in order 
to have an efficient multiprocessors system with a better 
throughput. 
 
 
4.1 HYBRIDIZED MACRO PIPELINE 
MULTIPROCESSOR SYSTEM   POWER MODELING 

 
Power consumption in multiprocessors system network 
comes from internal node switches, interconnected wires, 
and the internal buffers. However, the HMPM employs a 
simple bus topology with no switches due to the fact that not 
more than one processing elements in a cluster transmits at a 
time. No contention, no collision except when there is intra 
cluster communication, which rarely occurs. The on-core 
main memory can be used to receive the partially executed 
data from adjacent processing element to the next 
processing element, therefore, removing the need for 
internal buffers. The only source of power consumption is 
through interconnected wires, modeled using wire bit energy 
Pwbit. This the energy consumes when a bit data is transmit 
from one point to another through a wire., β is the activity 
factor which is the probability of the bit be 1 or 0 which is 
equaled to 0.5. The rail-to-rail voltage V depends on the 
CMOS used. From Fig. 2 the maximum span wires during 
communication occurs when there is intra communication 
between the first cluster and the last cluster which span 
through 2*Winter+ WBackbone+ 4*Wintra. The analysis of the 
maximum energy consumes in HMPM is shown below. 
 

푀푎푥. 푠푝푎푛푛푒푑 푤푖푟푒 푑푢푟푖푛푔 퐷푎푡푎 푡푟푎푛푠푚푖푠푠푖표푛
= 2 ∗푊푖푛푡푒푟 + 푊퐵푎푐푘푏표푛푒 + 4 ∗ 푊푖푛푡푟푎 

푊푖푟푒 퐵푖푡 퐸푛푒푟푔푦(푃 ) =
1
2
퐶푤푖푟푒푉

2훽 +
1
2
퐶푖푛푝푢푡푉

2훽 

 
Where : 

퐿푒푛푔푡ℎ 표푓 퐼푛푡푒푟 푐푙푢푠푡푒푟 푤푖푟푒 = 푊  
퐿푒푛푔푡ℎ 표푓 퐼푛푡푟푎 푐푙푢푠푡푒푟 푤푖푟푒 = 푊  

             퐿푒푛푔푡ℎ 표푓 퐵푎푐푘푏표푛푒 푐푙푢푠푡푒푟 푤푖푟푒 = 푊  

퐸푛푒푟푔푦 푐표푛푠푢푚푒푠 푏푦 푠푤푖푡푐ℎ =
1
2퐶 푉 훽 

 
 
 
 
Since HMPM has no switch therefore, 

 퐸푛푒푟푔푦 푐표푛푠푢푚푒푠 푏푦 푠푤푖푡푐ℎ = 퐶 푉 훽 = 0 
 
 

푊푖푟푒 퐵푖푡 퐸푛푒푟푔푦(푃 ) =
1
2
퐶푤푖푟푒푉

2훽 + 0 

 
  Assuming both inter and intra connection wires are 
uniform then: 
 
푀푎푥.푤푖푟푒 퐵푖푡 퐸푛푒푟푔푦 푡ℎ푟표푢푔ℎ 푡ℎ푒 퐻푀푃푀

=
1
2퐶 푉 훽(2 ∗푊 + 푊 + 4

∗푊 ) 
 

= 퐶  푉 훽 ∗ 푊  +
1
2퐶 푉 훽 ∗푊 + 2퐶 푉 훽

∗푊 … … … … … … … … … … … … … … . . … … … … … … … . . (1) 

 
 
4.2  HYBRIDIZED MACRO PIPELINE 
MULTIPROCESSOR SYSTEM MEMORY MODELING 

 
The HMPM employs two levels data and instruction cache 
to create memory hierarchy in order to reduce number of 
time it accesses the main memory. Thereby reducing the 
overall access time of the HMPM. Each level offers 
different access time. Level 1 offers fastest access speed, 
say s’, than level 2 and level 3.  Level 2 offer faster speed, 
s’’, than level 3 which is s”’.    
 
L1 cache: This is a fast SRAM. 
L2 cache: L2 cache is a larger but slower SRAM  
 
 
Assuming that 
푝 = 푃푟표푏푎푏푖푙푖푡푦 푡ℎ푎푡 푐푎푐ℎ푒 퐿1 푖푠 푎푐푐푒푠푠푒푑  
푝 = 푃푟표푏푎푏푖푙푖푡푦 푡ℎ푎푡 푐푎푐ℎ푒 퐿2 푖푠 푎푐푐푒푠푠푒푑  
푠 = 퐿1 푎푐푐푒푠푠 푡푖푚푒  
푠 = 퐿2 푎푐푐푒푠푠 푡푖푚푒  
푠 = 푚푎푖푛 푚푒푚표푟푦 푎푐푐푒푠푠 푡푖푚푒  
S’ = L1 access time 
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For R HMPM main memory accesses per time 
 Max. access time =      푝푅푠 + 푝 푅(푠 + 푠 ) +
(1 − 푝 − 푝 )(푠 + 푠 + 푠 ) … … … … … … … … … … (2)  
 
Assuming the HMPM is not cached, for R main memory 
accesses the maximum access time is RS, where S is the 
access time for HMPM without cache. Assuming that IF is 
the improvement factor of cached memory compare to that 
without cache, we can estimate the improvement ratio IF as: 
 
푅푆 = 퐼퐹(푝푅푠 + 푝 푅(푠 + 푠 ) + (1− 푝 − 푝 )(푠 + 푠 + 푠 )푅 
 

퐼퐹 =  
푆

(푠 + 푠 + 푠 − 푝푠 − 푝푠 − 푝 푠 ) 

  
퐼퐹 =  

푆
(푠 + 푠 + 푠 − 푝(푠 − 푠 )− 푝 푠 ) … … … … . … (3) 

 
Equation 3 shows that whenever the improvement factor 
(IF) is less than zero, it implies that there is cache L1 & L2 
misses and the hierarchy gives worse case. However, the 
probability of cache miss is slim. The usage of memory 
hierarchy reduces access time whenever there is cache hit, 
this thereby, speedup the architecture. From equation (3), 
assuming there is cache level 1 hit, the improvement ratio 
becomes: 
 
퐼퐹 =    > 1   푖. 푒 푠 = 푠 = 푠 … … … … … … … … (4)   
 
In addition, if there is cache level 1 miss but cache level 2 
hit the memory hierarchy will still reduces access time and 
the improvement ratio is: 
 

퐼퐹 =  
푆   

(푠 + 푠 ) − 푝(푝푠 )  > 1 … … … … … … … … (5) 

 
 
Equation (4) and (5) shows the improvement ratio of the 
HMPM whenever either there cache level 1 or cache level 2 
hits for R times accesses. 
 
 
4.3 HEURISTIC FOR RECONFIGURATION OF 

HMPM 
In order to prevent load imbalance during reconfiguration of 
HMPM, the new configuration must satisfied both the new 
input workload and dependence constraints introduced. 
Although input dependence constraint would be taken care 
of by the partitioning controller because it is assumed that 
for HMPM critical path and dependence information would 
be stored with the application (during programming). 
However, no matter how perfect the scheduler or controller 

may be, changing the workload will fundamentally 
introduced imbalance in the multiprocessors system if 
reconfiguration of the architecture is not done. Possibilities 
of allocating big chunk of task to low capacity cluster may 
occur. This may eventually leads to workload imbalance, 
which defeats the performance objective of HMPM as a 
whole. Thus, there is need for a perfect heuristic that forces 
load balance on the HMPM. The heuristic is shown below: 
 
1. Reset the architecture to default. 
2. Accept the parallel tasks (t1 ….tn) where n <= 6 
3. Span through the tasks (t1…tn) determine number of 

processes in each parallel task 
4. Initialize n  to 1 
5. Start from task n and cluster n 
6. For task n and cluster n calculated current 

configuration ratio PE’ 
 while(Pcurrent_configuration_ratio > Pprevious_configuration_ratio)  

1. Remove one node from next cluster and change 
the status of the node’s        

2. index = ( index of last node in the cluster + 1) 
3. Increment Pprevious_configuration_ratio by 1 

7   Increment n by 1 and Go to 5 
8.  Store the status of all the reconfigured nodes  
9. Assign all the input parallel tasks to the clusters in 

the HMPM. 
10. Stop 
 
 
 
 
Given that, 
푇표푡푎푙 푛푢푚푏푒푟 표푓 푝푟표푐푒푠푠푖푛푔 푒푙푒푚푒푛푡푠  푖푛 푎푟푐ℎ푖푡푒푐푡푢푟푒  푏푒푓표푟푒  

 푟푒푐표푛푓푖푔푢푟푎푡푖표푛 푃퐸  =   퐸
  

 

 
푇표푡푎푙 푛푢푚푏푒푟 표푓  푝푟표푐푒푠푠푖푛푔 푒푙푒푚푒푛푡푠  푖푛 푎푟푐ℎ푖푡푒푐푡푢푟푒 푃퐸  푎푓푡푒푟     

  푟푒푐표푛푓푖푔푢푟푎푡푖표푛 푃퐸         =  퐸  

푇ℎ푒푛, 
 
푃퐸       
 

=   
푇표푡푎푙_푛표_표푓_푃푟표푐푒푠푠_푖푛_푡푎푠푘[푖] ∗ (4 ∗ 푇표푡푎푙_푁표_표푓_푃푎푟푎푙푙푒푙_푡푎푠푘푠)

∑ 푇표푡푎푙_푛표_표푓_푃푟표푐푒푠푠_푖푛_푡푎푠푘[푖]
 

 
 For all the processing elements n  in the clusters i (where i<=6)  
in the architecture perform this:  
     { 
    푖푓   푃퐸푖′ >  푃퐸   푡ℎ푒푛 
퐶 퐸   =   퐶 퐸    
  i.e borrow processing element from the next cluster and change its cluster 
status. 
푃퐸  =   푃퐸 −  1  
    else 
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  퐶   퐸   =   퐶 퐸   
  i.e release excess processing element from the cluster to the next cluster 
and change its cluster status. 
푃퐸  =   푃퐸 + 1  
 
 
 
5 CONCLUSION 
 
This paper has modeled the efficiency of HMPM; a design model 
for a hybrid multiprocessor system, which hybridizes the macro 
pipeline and parallelism techniques to increase the throughput of 
high computational tasks. It also provides a heuristic, which the 
design uses to adjust itself to variant inputs. This heuristic prevents 
load imbalance in the HMPM. 
 
The memory access time of the HMPM architecture was analyzed. 
The analysis shows that there will be great improvement in terms 
of reduced memory access time compare to non-cached HMPM 
architecture. In addition, the paper shows that the HMPM 
consumes low power due to the use of simple bus topology and 
removal of switches and routers. Therefore, it can be concluded 
that  the HMPM design: 
.  

 Potentially provide higher throughput than superscalar 
micro architecture. 

 
 HMPM power consumption is low compare to some 

other multiprocessor architecture. 
 

 The reconfiguration heuristic is simple and more 
efficient than using the execution time of previous load 
to determine the next configuration. 
 

 The introduction of hierarchical cache memory reduces 
memory access time. 
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Fig 2: Reconfigurable Hybridized Macro Pipeline Multiprocessor System 
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