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Abstract 

With advances in semiconductor technology, processors 

are becoming larger and more complex. Future processor 

designers will face an enormous design space, and must 

evaluate more architecture design points to reach a final 

optimum design. This exploration is currently performed 

using cycle accurate simulators that are accurate but slow, 

limiting a comprehensive search of design options. The vast 

design space and time to market economic pressures moti-

vate the need for faster architectural evaluation methods.  

The model presented in this paper facilitates a rapid ex-

ploration of the architecture design space for superscalar 

processors. It supplements current design tools by narrow-

ing a large design space quickly, after which existing cycle 

accurate simulators can arrive at a precise optimum de-

sign. This allows a designer to select the final architecture 

design much faster than with traditional tools. The model 

calculates the instruction throughput of superscalar proc-

essors using a set of key architecture and application prop-

erties. It was validated with the Simplescalar out-of-order 

simulator. Results were within 5.5% accuracy of the cycle 

accurate simulator, but executed 40,000 times faster. 

1 Introduction 

With transistor counts per processor expected to cross a 

billion soon [1], the design possibilities for these systems 

become enormous. A variety of architectural options for 

utilizing a billion transistor processor have been presented 

[2], ranging from fully reconfigurable processing grids [3] 

to large superscalar uniprocessors [4]. The task of architec-

ture design becomes significantly more challenging with the 

processor design space expanding rapidly and with the pos-

sibility of building increasingly complex systems. Many 

more design options need to be evaluated to choose a final 

processor design. 

The key objective in most architecture designs is in-

creased performance. IPC (instructions per cycle) is gener-

ally used to define the effectiveness of a processor architec-

ture. During the design of a microarchitecture, the IPC is 

generally measured using cycle accurate simulators. These 

tools mimic the cycle by cycle behavior of a processor run-

ning an application binary in great detail and produce very 

accurate results (depending on the level of detail imple-

mented). As a rule of thumb, the execution of several bil-

lions of instructions needs to be evaluated to accurately 

assess the performance of a processor. Given the high level 

of detail implemented in simulators and the long program 

runs needed for accurate evaluations, these simulation runs 

tend to take a long time to evaluate. 

For instance, consider the Simplescalar out-of-order su-

perscalar processor simulator [5]. Running on a 440 MHz 

UltraSPARC-IIi [6] based Sun Ultra-10 workstation, this 

simulator takes approximately 4.5 hours to evaluate a bil-

lion instructions. If a designer had to evaluate 2000 archi-

tecture configurations with 8 application runs of a billion 

instructions each, it would take over 8.21 years to complete 

all the simulations serially.  

Processor design times have been increasing steadily 

over the years, with present designs taking as long as seven 

years to complete [7]. A significant portion of this time is 

taken up by microarchitecture design. Given the expected 

increases in processor complexity in the future, this design 

process is likely to get longer.  Market demands however 

have been pushing towards special purpose commodity 

processors that are produced with a short turn around time. 

With current architecture design methods taking long to 

evaluate, it becomes challenging designing an optimum 

architecture in a short period of time. 

The microprocessor design process would significantly 

benefit from a faster architecture performance evaluation 

methodology. For instance, a method that can assess an 

architecture in 0.1 seconds can complete the 2000 architec-

ture evaluations described earlier in 26.7 minutes, as op-

posed to 8.21 years with current tools. These tools do not 

necessarily have to match the accuracy of currently used 

design tools (such as cycle accurate simulators). As long as 

they are significantly faster than current tools and reasona-

bly accurate, they could cull the bulk of the processor de-
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sign space and help narrow down architecture design pa-

rameters. Prevalent tools could then be used to further re-

fine the architecture to a final design. This method would 

speed up the overall design process and allow a more exten-

sive search of the design space in a shorter time. 
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Figure 1: IPC Model in design flow 

This paper presents an analytical model to calculate the 

instruction per cycle throughput (IPC) of superscalar proc-

essors. The model narrows down the architecture design 

space through a fast performance evaluation. As shown in 

Figure 1, cycle-based simulators can then be employed to 

hammer out a finished design. Overall design time is re-

duced because in this method, cycle-based simulators need 

to analyze a smaller design space. Hence fewer runs of 

these time-consuming simulations are needed. 

The IPC model uses a set of statistical parameters to rep-

resent architecture and application properties. Application 

properties are extracted in a one-time step of program 

evaluation and can be used to evaluate a variety of architec-

tures through the model. Application properties include the 

data and control dependencies in a program, instruction 

distributions, and memory usage patterns. Architecture 

properties provide a high level description of a processor 

and include information such as the superscalar width, the 

number of pipeline stages, and the functional unit mix of the 

processor. 

This paper starts off with an investigation of related 

work in this area. Architecture and application input pa-

rameters to the model are then defined along with a descrip-

tion of how they are extracted. It then describes how these 

parameters are combined within the model to obtain a per-

formance estimate. A validation section is then presented in 

which the MIPS R12000A [8] processor performance is 

estimated using the model and a modified version of the 

Simplescalar out-of-order simulator. The model perform-

ance estimates are close to the simulator results. 

2 Related Work 

This work builds on a significant body of prior research 

in architectural performance modeling. Jouppi [9] suggested 

a simple processor performance evaluation model based on 

separately studying the non-uniformity in machine and pro-

gram parallelism. Noonburg and Shen [10] proposed an 

analytical model that is based on an extension to Jouppi's 

concept of separate machine and program parallelism and 

the idea of program non-uniformity. They later suggested a 

more detailed statistical framework [11] based on Markov 

chains to model the interaction between machine and pro-

gram parallelism. Kim et. al. [12] and Zhu et. al. [13] de-

rived superscalar processor models based on queuing the-

ory.  

Michaud et. al. [14] developed a simple leaky bucket 

model of superscalar processor performance. The intent of 

the model was to develop a simple relation between the 

instruction fetch rate and branch prediction rate on super-

scalar processor performance. It assumed a perfect proces-

sor and cache with restrictions only on the fetch width and 

the branch prediction rate.  

This paper extends Michuad’s algorithm to model realis-

tic superscalar processors. Extensions include modeling the 

functional units, reorder buffer, retirement bandwidth, and 

memory hierarchy. It also incorporates the idea of non-

uniformities within systems as defined by Jouppi, as well as 

application and architecture modeling methods used in the 

other papers.  

3 Model parameters 

As mentioned earlier, cycle accurate simulators evaluate 

each instruction in the execution trace of a program indi-

vidually. A large number of instructions have to be evalu-

ated, making this process time consuming. The model pre-

sented in this paper saves time by estimating processor per-

formance based on a key set of architecture and application 

metrics. These metrics are defined in separate architecture 

and application specifications. The architecture metrics 

describe the structure of key components in a processor – 

such as the superscalar width and the number of functional 

units. The application specification lists a set of parameters 

that characterize the overall behavior of the execution trace 

studied. These parameters attempt to capture the variation 

in program behavior in order to model program properties 

accurately. The following two subsections take an in-depth 

look at the architecture and application specifications. 
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3.1 Architecture Specification 

The architecture specification defines the execution par-

allelism available in a processor by defining the characteris-

tics of key structures within the processor. As this paper is 

centered on superscalar processors, features that are particu-

lar to this type of architecture are listed in the specification. 

Figure 2 lists the main architecture parameters used in the 

model. In this study, the architecture is divided into four 

main parts: the front end, issue stage, back end, and mem-

ory. 

1. Superscalar width 

2. Pipeline stages before issue stage 

3. Central instruction window width 

4. Issue width 

5. Functional units. For each type of unit: 

a. Number of units 

b. Latency 

c. Throughput 

6. Reorder buffer width 

7. Retirement bandwidth 

8. Cache information (size and latencies)

Figure 2: Superscalar processor parameters. 

The front end of the processor is responsible for fetching 

instructions from memory and supplying them to the issue 

stage. The main parameters used to define the front end are 

the superscalar width of the processor, the pipeline depth of 

the front end, the instruction fetch mechanism, and the 

branch predictor. 

 The front end dispatches instructions to the instruction 

window and the reorder buffer. Instructions cannot be dis-

patched from the front end if either the reorder buffer or the 

issue stage is full. Instructions issue from the instruction 

window out-of-order for execution, while they are retired 

from the reorder buffer in-order after completion. 

The back end contains functional units to execute in-

structions from the issue stage. The number of functional 

units of each type is specified along with its throughput and 

latency. After completing execution, instructions are ready 

to retire from the reorder buffer.  

The memory array consists of a hierarchy of caches. The 

size and access times (in terms of processor cycles) of these 

cache hierarchies are defined in the architecture specifica-

tion.  

3.2 Application Specification 

Instead of simulating a full application binary, the ana-

lytical model uses key statistical properties of a program in 

order to reduce architecture evaluation time. These proper-

ties are listed in the application specification and define the 

parallelism available within a program. Parameters in the 

application specification are extracted in a one-time step of 

running the program through a set of analysis tools. It is 

expected that the time saved by using the model will more 

than amortize the cost of program analysis.  

Table 1: Application specification parameters. 

Parameter Description 

Instruction 

histogram 

Mix of instructions within program 

Basic block 

size 

Average number of instructions between 

control flow instructions 

Issue depend-

ence 

Relation between instruction issue rate and 

instruction window occupancy 

Retirement 

dependence 

Relation between instruction retirement rate, 

reorder buffer occupancy, and completed 

instructions in reorder buffer 

Branch pre-

diction rate 

Rate at which control flow outcomes are 

correctly predicted 

Macro-block 

distribution 

Variation in number of instructions between 

two consecutive mispredicted branches 

Cache access 

pattern 

Instruction and data cache access rate and 

miss rate 

The first step in the analysis is to compile the program 

code. The program binary is then run through a set of modi-

fied simulators that extract statistical properties from the 

execution trace. Since program binaries are used in this 

analysis, the results obtained for each application depend on 

the compiler, source code, source language, input data set, 

and instruction set architecture used. Table 1 lists the pa-

rameters extracted from each application along with a 

description of the parameters. 

The first four of the parameters listed in Table 1 are 

based on program properties only. These constitute the mi-

cro-architecture independent parts of the application speci-

fication. The other three parameters are micro-architecture 

dependent and are obtained for a specific set of micro-

architectural structures. The specification may list a pro-

gram property for several varieties of a micro-architectural 

structure. For instance, several branch prediction rates could 

be specified corresponding to different branch predictors or 

several cache hit rates specified for different cache hierar-

chies. These different values can all be collected through 

one simulation run using a simulator that evaluates a variety 

of caches or branch predictors in parallel. 

Control dependencies determine how many useful in-

structions are visible to a processor at a time. A simple 

measure of control dependencies is the frequency of mis-

predicted branch instructions within a program – a higher 
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frequency of mispredicted branches corresponds to a lower 

amount of control parallelism. The frequency of mispre-

dicted branch instructions is captured in a single term de-

fined as the macro-block size – the average distance be-

tween two consecutive mispredicted branches. If the branch 

prediction rate is bp and the average basic block size is Bb, 

then an average macro-block is (Bb•bp)/(1-bp) instructions 

long. 

Data dependencies determine an upper limit of how 

many instructions can be executed from a program. In this 

study, data dependencies are measured using two metrics: 

issue dependence and retirement dependence. The issue 

dependence determines how many of the instructions in the 

issue stage of a processor are ready to issue. It is expected 

that as the occupancy of the issue stage grows, the average 

number of instructions ready to issue will increase as well. 

This is because more candidate operations for issue will be 

visible. This property of programs is measured using a set 

of experiments where the issue buffer size of a processor is 

constrained in a perfect processor (all other components 

unconstrained). The issue buffer size is varied and the proc-

essor issue rate is measured. Figure 3 shows the result of 

this experiment. 

The retirement dependence determines the order in 

which instructions in the reorder buffer complete – and 

thereby, the maximum retirement rate for a program. Com-

pleted instructions are retired out of the reorder buffer in 

program order. The retirement dependence is quantified 

similar to the issue dependence using a simulation of a per-

fect machine, except that in this case the reorder buffer size 

is constrained. 
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Figure 3: Data dependence plots for SPECint95. 

Cache hit rates vary with programs and the memory con-

figurations. As we are not aware of any good cache hit rate 

models, cache access patterns are determined from simula-

tion for specific memory configurations. The hit rates for 

these configurations are then used in the IPC model. Access 

patterns can be measured through simulation for different 

cache configurations simultaneously. This data is collected 

for both instruction and data caches. 

4 IPC Model Process 

In this model, the throughput of a processor is repre-

sented as a series of macroblocks executed over time. Fig-

ure 4 illustrates this idea, with each shaded region repre-

senting a single macroblock of instructions. The instruction 

throughput of a processor can then be approximated as sim-

ply the rate in which an average macroblock of instructions 

is executed: 
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Figure 4: Execution represented as a series of 
macroblocks. 

The last instruction in each macroblock is a mispredicted 

branch instruction (shown as circles in Figure 4). Since 

these trigger a flush in the front end pipeline of a processor, 

each macroblock ends with a period in which no instruc-

tions are executed (although other instructions may execute 

during this period in an out-of-order processor, this assump-

tion simplifies the model significantly). The period of no 

execution is the pipeline refill penalty (same number of cy-

cles as the number of pipeline stages in the front end ).  

In the IPC equation above, since the macro-block size 

and the pipeline refill penalty are specified in the model 

inputs, the only unknown is the time to execute a macro-

block. This time is determined using an iterative algorithm 

that studies the execution of one full macroblock of instruc-

tions through the processor. It uses the following state vari-

ables to track the number of instructions in different stages 

of the processor in each iteration: 

• Ci  : Instruction yet to be fetched from cache 

• Wi  : Instructions in instruction window 

• Ri  : Instructions in reorder buffer 

• Pn,i  : Instructions in stage n of effective functional unit 

Each parameter listed above has a subscript i to denote 

the algorithm iteration count. At the start of the algorithm, 

the full macroblock of instructions (M long) lies in the in-

struction cache, while rest of the processor is assumed 

empty. Thus the initial conditions are: 

• C0 = M 

• W0 = 0 

• R0 = 0 

• Pn,0 = 0 

All the functional units in a processor are modeled as a 

unified effective unit with an effective latency, Leff, repre-
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sentative of all the units. The number of instructions in each 

pipeline stage of this effective functional unit is defined by 

the parameters Pn,i, where 0≤n<Leff. The effective latency is 

defined based the instruction mix of the application, and the 

multiplicity, latency, and throughput of the individual func-

tional units. For a detailed description of how the effective 

functional unit is defined, please refer to [15]. 

During each iteration Fi instruction of the macroblock 

are fetched from the instruction cache and placed in the 

instruction window and reorder buffer. Ei of instructions 

from the instruction window are issued for execution, while 

Gi are retired from the reorder buffer. In addition, instruc-

tions in each stage of the effective functional unit move 

forward to the next pipeline stage. These three values (Fi,

Ei, and Gi) are determined based on application properties 

and the state variables listed above. Thus the following 

equations define the algorithm iteration equations: 

Processor stage Iteration function 

Cache:  Ci+1 = Ci - Fi

Instruction window: Wi+1 = Wi +Fi – Ei

Reorder buffer : Ri+1 = Ri +Fi – Gi

Functional units: P0,i+1 = Ei

Pn+1,i+1 = Pn,i

Fetching stops once the full macro-block is fetched. The 

algorithm ends when a full macroblock of instructions is 

issued from the instruction window. Since the assumption 

that the reorder buffer is empty initially is not necessarily 

true, two algorithm runs are carried out. The reorder buffer 

occupancy at the end of the first run is used as the starting 

occupancy of the reorder buffer for the second run. Thus the 

second run gives a better indication of the macroblock exe-

cution time. 

It is important to note that this algorithm process is not 

the same as a cycle accurate simulation. This is because 

only the number of instruction in different parts of the proc-

essor is tracked in the algorithm. In fact this number can be 

fractional. No information about specific dependencies is 

tracked (as would be in a simulation). This model tries to 

determine the average rate of movement based on average 

program and processor properties. The instruction transfer 

rates, Fi, Ei, and Gi are defined in following sub-sections. 

4.1 Fetch Rate 

The front end of a superscalar processor is responsible 

for fetching instructions and ultimately supplying them to 

the instruction window and reorder buffer. In this study, it is 

assumed that the only bottleneck in the front end is pre-

sented by the instruction fetch rate. This rate is approxi-

mated as: 

Fetch_rate = min(basic block size, superscalar width) 

The number of instructions fetched at any given iteration 

in the algorithm is limited by the fetch rate above, the num-

ber of instructions from the macro-block remaining in the 

cache, and the remaining capacity in both the instruction 

window and reorder buffer. Thus the number of instructions 

fetched in any given iteration is: 

Fi = min(Fetch_rate, Ci, instruction_window_size – Wi,

reorder_buffer_size – Ri)

4.2 Execution Rate 

Data dependencies between instructions in the issue 

buffer prevent all the instructions from being ready to issue 

simultaneously. Instructions are ready when their input data 

values are generated and are then issued when a functional 

unit becomes available to execute them. The average frac-

tion of instructions that are ready to issue is determined 

using the issue dependence properties of the application – a 

central instruction window with Wi operations has on aver-

age D(Wi) instructions ready to issue. The actual issue rate 

in the model is however capped by the fetch bandwidth be-

cause a processor cannot have a sustained issue rate higher 

than its average fetch rate. Thus the number of instructions 

ready to issue in the model can be defined as: 

I(Wi) = min(D(Wi), fetch_rate) 

Functional unit resource conflicts can limit the fraction 

of these I(Wi) instructions that may issue for execution. The 

match between the instruction mix of the program run and 

the functional unit mix of the processor determine the frac-

tion of these ready instructions that actually issue. This mix 

is defined by the following variables: 

FC: classes of functional units in processor. 

Fn, Ln, Tn; multiplicity, latency, and throughput of func-

tional units of class n, 0≤n<FC.

tn: fraction of instruction in program of class n, 0≤n<FC.

Assuming a uniform mix of instructions within the pro-

gram, a window with I(Wi) ready instructions will have 

tnI(Wi) instructions of class n waiting to issue. Given that 

there are only Fn functional units of this class, only 

min(tnI(Wi), Fn) instructions can issue. 

The distribution of instructions actually issued per itera-

tion needs to be the same as the mix of instructions in the 

program. This is because each algorithm iteration represents 

an average case – therefore, without the same distribution of 

instructions, there will be an uneven execution of operations 

of different classes. If the fraction of instructions that can be 

issued per class is: 

( )
)W(It

F),W(Itmin
I

n

nn
n = , for 0≤n<FC

then the fraction actually issued is If = min(I0, I1,…,IFc-1).

Thus IfI(Wi) instructions are issued per cycle for execution. 
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This issue rate is based on the fact that a window of Wi

instructions has on average D(Wi) ready operations. We 

found that tracking the variation in D(Wi) produces a better 

estimate of the issue rate. The variation measures the prob-

ability of there being n ready instruction in the window with 

n swept from 1 to Wi – instead of using an average value of 

D(Wi). This entails more calculations, but generates better 

results. With multicycle functional units, an effective in-

struction window size has to be used in the algorithm based 

on execution latencies and the issue buffer size (for more 

details on this, please refer to [15]). 

4.3 Retirement Rate 

The reorder buffer keeps track of the sequential order of 

the instructions in the processor. Completed instructions at 

the end of the buffer are retired in program order. The 

buffer is useful during interrupts and branch mispredictions, 

so that all instructions beyond a certain point can be flushed 

without affecting the processor state. 

Instructions in the reorder buffer could be in one of three 

states: i) in the central window waiting to be issued to a 

functional unit, ii) executing in a functional unit, or iii) 

completed and waiting to be retired (graduated). The num-

ber of instructions in the reorder buffer waiting to retire is 

given by the following equation: 

Competed instructionsi = Ri – Wi – sum(Pn,i)

where Ri is the reorder buffer occupancy, Wi is the number 

of operations in the instruction window, and sum(Pn,i) is the 

total number of instructions executing in the functional 

units. A portion of the completed instructions in the reorder 

buffer can be retired each cycle. This is provided retirement 

dependence data, and is given by Ret(completed instruc-

tions). As this rate is limited by the retirement bandwidth, 

the number of retired (graduated) instructions is given by: 

Gi = min(Ret(completed instructions),                          

retirement bandwidth) 

4.4 Memory 

The data movement functions considered so have not in-

corporated the effect of cache misses. This section looks at 

how a processor with a realistic cache hierarchy can be 

modeled. 

Since analytical models for cache hit rates based on pro-

gram properties are not available, the application specifica-

tion provides cache hit rates for different memory configu-

rations. The architecture specification provides memory 

access times. 

We found that the best cache model was to incorporate 

data cache misses into the algorithm and add a separate 

instruction cache miss CPI component to the algorithm gen-

erated CPI. Data cache misses are incorporated into the 

algorithm by increasing the latency of memory operations to 

include data cache access times. Thus the CPI is calculated 

as: 

CPI = CPIprocessor with real data cache + CPIinstruction_cache.

5 Validation 

The model was verified with a modified version of the 

Simplescalar [5] out-of-order simulator. The simulator was 

modified to incorporate a central instruction window, so 

that all un-issued instructions are pooled in this buffer. The 

original RUU based window within the simulator was used 

as a reorder buffer. The simulator was configured to the 

MIPS R12000 [8] processor for the validation because the 

specifications of this processor are one of the most widely 

published. The R12000 is a 4-issue superscalar processor 

with a reorder buffer of 48 entries. It has three instruction 

queues with 16 entries per queue, two integer units, two 

floating point units, and one memory unit.  

SPEC95 integer and floating point applications along 

with Mediabench applications were used for validation. The 

test input sets were used for the SPEC95 benchmarks and 

up to 100 million instructions were simulated. 
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Figure 5: Model versus simulator results. 
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Figure 6: Model error distribution.

The results of the IPC model versus cycle accurate simu-

lations for the MIPS R120000 processor are shown in figure 
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5. Figure 6 shows the errors for each of these runs. The av-

erage error was 5.5% over all the benchmark applications. 

The IPC model took 1 second to evaluate all the configu-

rations, compared with 11 hours for the simulator. This cor-

responds to a speedup of over 40,000 times with an error of 

about 5.5%. Figure 7 shows a comparison between the run 

times. The run time of the algorithm per evaluation was 

approximately 0.04s while the simulator was 30 minutes. 

However the simulator run time is dominated by computa-

tion while the algorithm is dominated by the time to load 

model input files from disk – the algorithm kernel took only 

0.001s. This amounts to a speed up of approximately 1.6 

million times compared to the simulator for the core calcu-

lations.  

11 hrs

Analytical

model

Simulation

Time

1 sec

Speedup: 

Overall: x 40,000

Kernel:  x 1,600,000 

Avg. Error:  5.5%

11 hrs
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Figure 7: Run time of the model versus simulator. 

6 Conclusion 

An analytical model has been presented to evaluate the 

instruction throughput performance of superscalar proces-

sors. The model defines applications and processors using 

key properties of each. Application definition parameters 

define the control parallelism, data parallelism, and memory 

access pattern of the application and are extracted in a one-

time step through an analysis tool. In carrying out evalua-

tions, the model considers the non-uniformities within the 

system to improve performance estimates. The main results 

of this model are that: 

• Overall model results were within 5.5% of simulation 

runs using the Simplescalar  simulator when model-

ing the MIPS R12000A processor with the SPEC95 

and MediaBench application sets. 

• The model evaluates architectures 40,000 times 

faster than the Simplescalar simulator. The model 

kernel shows a speedup of over 1.6 million times 

compared to simulators. 

Processor design times are growing impractically long as 

design complexities increase. Current design methods using 

cycle-accurate simulators, although accurate, take a long 

time to generate performance estimates. Given market de-

mands, companies need to churn out new processor designs 

in a short amount of time. It can be expected that designing 

with cycle-accurate simulators will limit the number of 

evaluations an architect can carry out in a fixed time. This 

could possibly hinder an architect from achieving an opti-

mal processor design.  

The instruction throughput model presented produces 

close approximations to cycle-accurate simulations at frac-

tion of the evaluation time. Validation against simulation 

runs of the MIPS R120000A processor show an accuracy 

within 5.5% of the simulator with a kernel speed up of 

about 1.6 million times. Although this model is not meant to 

replace cycle accurate simulators, it can be used at an early 

design stage to cull a large architecture design space. The 

model allows an architect to evaluate more processor archi-

tecture alternatives with a larger base of benchmark applica-

tion in a given time limit. This allows a more efficient and 

through search of the processor design space and aids in 

designing the best architecture needed for a given applica-

tion. 
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