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Key findings 

General trends in the scientific output of Canada and California during the 1997–2006 period reveal that:  

 About 25% more papers are published in California than in Canada (i.e., 422,000 versus 318,000 papers). 
 The number of papers by Canadian researchers increased by 20% between the 1997–2000 and 2003–2006 

periods, and this number increased by 25% for Californian researchers. 
 Nearly the same number of papers are published per capita in the two regions (i.e., 1.1 and 1.2 papers per 

thousand inhabitants), but 1.8 papers are published per million research dollars in Canada, compared to 0.8 
papers in California. 

 California has a higher ARC score than Canada (1.63 and 1.21, respectively). 

For each field and subfield, the growth index, which compares the increase in the number of papers between the 

1997–2000 and 2003–2006 periods with the growth of the database as a whole, shows that: 

 At the world level, scientific output is growing the fastest in the fields of engineering & technology, followed by 
earth & space and mathematics. 

 Growth of the biology and biomedical research fields is slower than the database growth at the world level 
and within Canada and California. 

 Canada’s growth index is higher than that of California in engineering & technology, physics, and 
mathematics, but not in earth & space. 

 Scientific production in clinical medicine is holding steady in Canada and California but is decreasing at the 
world level, relative to the database. 

 The subfields experiencing the fastest growth at the world level are: ecology (biology), microscopy 
(biomedical research), physical chemistry (chemistry), dentistry (clinical medicine), meteorology & 
atmospheric sciences (earth & space), computers (engineering & technology), applied mathematics 
(mathematics) and optics (physics). 

 All of the above-mentioned subfields are growing or keeping pace with the world level in Canada and 
California, as are: biophysics (biomedical research field), arthritis & rheumatism, cancer and urology & 
venereal disease (clinical medicine), general engineering (engineering & technology) and general physics 
(physics). 

An analysis of the strengths and weaknesses of Canada and California in scientific fields, based on the number of 

papers published, the specialization index (SI) and the average of relative citations (ARC) reveals the following: 

 In all eight fields of NSE research, Canada’s and California’s papers have more impact than the world, 
although California has more impact in each field than does Canada. 

 California’s highest impact is in the fields of engineering & technology and chemistry (ARC of 1.8 and 1.9, 
respectively), whereas Canada’s highest ARC scores are in chemistry, clinical medicine and earth & space, 
on a par at 1.3. 

 Both Canada and California have high levels of specialization in earth & space (SI of 1.5 and 1.6, 
respectively) and in biomedical research (SI of 1.1 and 1.4, respectively). 

 With an SI value of 1.5, Canada is more specialized in biology than both the world and California. 
 California is specialized in physics with an SI of 1.2, while Canada has an SI of 0.7 in this field. 
 Both Canada and California perform best in earth & space and biomedical research based on combined 

strengths (i.e., SI and ARC). 
 Only California performs well in physics, while biology is a strong field for Canada only. 
 Clinical medicine should also be seen as a strong research area for Canada. 
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Strengths and weaknesses were also assessed for individual subfields in Canada and California: 

 In clinical medicine, both regions have high impact and specialization scores in neurology & neurosurgery, 
orthopaedics and environmental & occupational health. Unique strengths include cancer, immunology and 
ophthalmology for California, and respiratory systems, arthritis & rheumatism, anesthesiology, endocrinology 
and cardiology for Canada. 

 Canada excels in all subfields of biology, but California only specializes in general biology and ecology. 
 Both Canada and California publish high impact papers in all chemistry subfields but are specialized in none. 
 In biomedical research, embryology, biochemistry & molecular biology, genetics & heredity, and cell biology, 

cytology & histology are strengths based on the SI and ARC for both Canada and California. In addition, 
California excels in biophysics and general biomedical research. Subfields that represent relatively weaker 
areas of scientific research for both Canada and California are parasitology, microbiology and biomedical 
engineering. 

 Based on SI and ARC, both Canada and California excel in astronomy & astrophysics, earth & planetary 
science, oceanography & limnology, and meteorology & atmospheric sciences—all part of the earth & space 
field. Canada’s strengths in environmental sciences and geology research are notable, whereas California 
lags behind in these areas. 

 In engineering & technology, the two studied regions also perform well in electrical engineering & electronics, 
computers, and civil engineering, although California’s impact is considerably higher all three subfields. 
California’s other strengths include aerospace engineering and nuclear technology, while mechanical 
engineering is not a strong subfield for either region. 

 In mathematics, Canada has a strong scientific output in applied and general math, while the same is true for 
California in probability & statistics. 

 Finally, for physics, California has a high SI combined with a high ARC in five out of eight subfields, compared 
to only one for Canada (acoustics). California’s main strengths are fluids & plasmas, nuclear & particle 
physics, optics, applied physics, and the smaller subfield of acoustics. Neither region excels in solid state 
physics or chemical physics.  

Scientific collaboration patterns between Canada and California, analysed based on number of collaborations and 

the preference index (PI), reveal that, at the field level: 

 Canada has a higher overall international collaboration rate than California (38% as opposed to 27%, 
respectively). 

 International collaboration rates are similar for each region within individual fields: the greatest number of 
collaborations are in earth & space, physics, and mathematics (47–53% and 30–40%, for Canada and 
California, respectively), and the least in clinical medicine (32% and 21%, respectively). 

 Collaboration patterns show that Canada and California jointly contributed to 13,065 papers from 1997 to 
2006. 

 California publishes 7.5% of its papers with a Canadian co-author and thus ranks third (behind Iran and the 
United States). 

 Canada publishes 7.1% of its papers in collaboration with a Californian researcher—this is a higher 
percentage than all countries except for Taiwan, Israel, the Republic of Korea and Mexico. 

 There was a slight net increase in the PI representing bilateral collaborations between Canada and California 
over the decade, from 0.96 in 1997 to 1.11 in 2006. 

 At the field level, the preference for collaborations between these two regions is highest in physics, but the PI 
for this field has been dropping steadily every year since 2000. 

 In most other subfields, bilateral collaboration preference fluctuated around a PI of 1.0, with small net 
increases in the fields of chemistry and earth & space. 

 However, the PI for engineering & technology and mathematics has rarely risen above 1.0, indicating a 
sustained preference for other international research partners than Canada and California. 
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At the subfield level, the highest levels of bilateral collaboration preference (i.e., number of collaborations and PI 

scores) between Canada and California were seen for: 

 Biology: Almost 22% of collaborations are in ecology, but the PI only exceeds 1.2 for miscellaneous zoology. 
 Biomedical research: Biochemistry & molecular biology is the largest subfield (31%), while four subfields 

share a PI score of 1.3: biomedical engineering, parasitology, genetics & heredity and microbiology. 
 Clinical medicine: The greatest number of co-authored papers (18%) is in neurology & neurosurgery, but the 

preference is highest in arthritis & rheumatism (PI of 1.6) and cancer, respiratory system, pathology, and 
dermatology & venereal disease (PI of 1.4). 

 Chemistry: Most collaborations are in physical or general chemistry (about 30% each), although bilateral 
collaboration is higher than expected only in analytical and inorganic & nuclear chemistry (PI on a par at 1.3). 

 Earth & space: Almost half of the collaborations occur in astronomy & astrophysics (47%), which also 
represents a greater collaboration frequency than expected, with a PI value of 1.3. 

 Engineering & technology: Electrical engineering & electronics and computers dominate with roughly 30% of 
the total collaborations, but nuclear technology is the only subfield with a PI above 1.0 (at 1.3). 

 Mathematics: Most co-authored papers are in applied (31%) or general (40%) mathematics, and both of 
these subfields have PI scores of 1.0. 

 Physics: As mentioned, the highest PI (1.4) is seen in the field of physics, which includes mainly nuclear & 
particle physics (41%) and general physics (28%) collaborations. These two subfields also have the highest 
collaboration preference, with PI scores of 1.9 and 1.4, respectively. 

 Leading institutions and collaboration patterns were identified for Canada and California in 11 selected 
subfields: arthritis & rheumatism, astronomy & astrophysics, biophysics, computers, earth & planetary 
science, ecology, genetics & heredity, meteorology & atmospheric sciences, neurology & neurosurgery, 
optics and orthopedics. The results are detailed in section 3. 

General statistics on co-invented patents by Canadian and Californian inventors reveal that: 

 A total of 1440 patents were granted to co-inventors from Canada and California between 1981 and 2006. 
 The number of Canada-California co-produced patents rose steadily from 10 per year, on average, in the 

early 1980s to almost 200 in 2006. 
 During the 1997–2006 period, half of these patents were in the electronics and physics field, more specifically 

in patent classes having to do with pulse, digital, or multiplex communications, with data and graphics digital 
processing, or with optics. 

 Over 400 Canada-California co-invented patents were granted in the field of chemistry and biology, a quarter 
of which are in the patent class for drug, bio-affecting, and body treating compositions, as well as for surgery. 

 In the chemistry field, several chemical engineering patents are related to organic compounds, synthetic and 
natural resins (and derivatives), chemical apparatus, and the process for disinfecting, deodorizing, 
preserving, or sterilizing. 
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1 Introduction 

Science-Metrix has been mandated to provide a bibliometric analysis of the strengths of Canada and 
California in different areas of science and on collaboration activity between the two regions. 
Bibliometrics can be broadly defined as a set of methods and procedures used in the measurement of 
bibliographic records, such as articles in scientific journals or patents. This bibliometric study is 
based on peer-reviewed scientific papers indexed in the Scopus database, which provides systematic 
coverage of articles (including their references) from 1996 onwards. This study also briefly examines 
data on patents co-produced by inventors from Canada and California obtained from the United 
States Patent and Trademark Office (USPTO) database. 

The study will focus on eight fields of natural sciences and engineering (NSE) and their respective 
subfields, based on the scientific journal classification used by the National Science Foundation 
(NSF) in the production of its Science and Engineering Indicators. These eight fields are biology, 
biomedical research, chemistry, clinical medicine, earth & space, engineering & technology, 
mathematics and physics. 

Section 2 of this report presents the results of analyses on the scientific output of Canada and 
California to identify the areas (fields and subfields) that are of interest with respect to current and 
potential scientific collaboration. First, Section 2.1 features a comparison of general trends in the 
scientific output of the two regions during the 1997–2006 period, including papers per capita, 
papers per dollar in research, and the evolution and growth in the number of total papers. The 
growth in each field and subfield is also discussed. 

An analysis of the strengths and weaknesses of Canada and California in fields and subfields of 
scientific research is then presented in Section 2.2. These are identified using bibliometric indicators 
such as the specialization index (SI), which is an indicator of research intensity, and the average of 
relative citations (ARC), which is an indicator of scientific impact. To better visualize the 
performance of Canada and California in different fields and subfields, the number of papers and 
the SI and ARC indicators are combined using positional analysis, the results of which are presented 
in a series of graphs. 

The scientific collaboration between Canada and California in each field and subfield is examined in 
Section 2.3. More specifically, the number of collaborations is provided, along with the preference 
index (PI). The PI compares the observed number of collaborations between Canada and California 
with the number that would be expected based on their total bilateral (i.e., between two countries) 
collaborations at the world level, and thus provides an indication of the intensity of scientific 
collaboration between the two regions (see Appendix A—Bibliometric Methods for more details on 
the PI and other indicators used in this study). 

Based on the growth, strengths and collaboration patterns observed in Section 2, 11 subfields that 
can be considered areas of excellence for both Canada and Canada were selected for further analysis 
in Section 3. These subfields are: arthritis & rheumatism, astronomy & astrophysics, biophysics, 
computers, earth & planetary science, ecology, genetics & heredity, meteorology & atmospheric 
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sciences, neurology & neurosurgery, optics and orthopedics. For each of these subfields, leading 
Californian and Canadian institutions are listed based on their numbers of papers and ARC. 
Patterns relating to the research partnerships between these leading institutions, depicted as a 
collaboration network, are then examined in detail. 

Section 4 presents general statistics computed on USPTO patents co-produced by Canadian and 
Californian inventors, including a brief discussion on these patents with regard to their patent class. 
Finally, Section 5 summarizes key findings with respect to the scientific and technological output of 
Canada and California in the fields and subfields of scientific research. 
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2 Scientific research in Canada and California 

This section presents an overview of scientific research in Canada and California, with the goal of 
identifying fields and subfields in which these two regions could pursue future collaborations. First, 
the general trends and growth in the scientific output of these two regions will be presented and 
compared to highlight high-growth areas. Next, strengths and weaknesses in scientific research, 
based on the number of papers, specialization, and impact indicators will be compared for Canada 
and California using a positional analysis. Finally, collaboration patterns between these two regions 
will be examined with regard to their collaboration preferences at the international level. 

2.1 General publication trends in Canada and California 

An examination of scientific papers in Scopus reveals that scientific production in Canada and 
California is comparable on many levels (Dashboard 1). For instance, although the number of papers 
published during the entire 1997–2006 period was roughly 25% higher in California, the growth rate, 
calculated as a comparison of the number of papers published during the 1997–2000 and 2003–
2006 periods, was similar in both regions, at 20–25%. The positive growth in scientific output in 
these two regions suggests that there are also increasing opportunities for collaboration. 

Canada California

Whole period Evolution Whole period Evolution

Number of papers 318,079 422,297

Growth¹ 25% 20%

Papers / thousand inhab. 1.0 +N+ N+N+N+ N+N+N+ N+N+N+ 1.2 +N+N+ N+N+N+ N+N+N+ N+N+

Papers / $Million 1.8 +N+ N+N+N+ N+N+N+ N+N+N+ 0.8 +N+N+ N+N+N+ N+N+N+N+N+

ARC 1.21 +N+ N+N+N+ N+N+N+ N+N+N+ 1.63 +N+N+N+N+N+ N+N+N+ N+N+

International collaboration rate 38% +N+ N+N+N+ N+N+N+ N+N+N+ 27% +N+N+ N+N+N+ N+N+N+ N+N+

+N+ N+N+N+ N+N+N+ N+N+N+ +N+N+ N+N+N+ N+N+N+ N+N+

 
Dashboard 1 Number of papers, papers per capita, papers per GERD$, ARC and 

international collaboration rates of Canada and California, 1997–2006 
Note: ¹ ((2003–2006) / (1997–2000))-1 

Papers per capita were calculated per thousand inhabitants based on population data from the 
US Census Bureau. Papers per GERD$ (gross expenditure in research and development) were 
calculated per $million based on data from the OECD (Canada) and the NSF (California). 

Source:  Compiled by Science-Metrix from Scopus data 

In addition, there are slightly more papers published per thousand inhabitants in California than in 
Canada (1.2 versus 1.1). However, 1.8 papers are published per million dollars of gross expenditures 
in research and development (GERD) in Canada, compared to 0.8 papers in California. The scientific 
impact of the research published by California is higher than for Canada, as indicated by the ARC 
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scores. More specifically, California’s score of 1.63 indicates that its scientific papers are cited 63% 
more often than the average for papers from the rest of the world. In Canada, this percentage is 21% 
(ARC of 1.21), indicating that it is also above the world level in terms of scientific impact. Finally, 
38% of papers published by Canadian researchers are co-authored with an international collaborator, 
compared to 27% in California. Considering the high likelihood that Californian researchers will 
collaborate with their counterparts in other US states, which are not counted as international 
collaborations, this smaller proportion is not surprising. 

Growth in individual fields and subfields can be calculated in a similar manner to that presented for 
science as a whole in Dashboard 1. However, a comparative measure of growth, which accounts for 
the increase in the database globally, is more telling. Thus, the growth index was used, which 
compares the increase in the number of papers between the 1997–2000 and 2003–2006 periods 
within each field and subfield with the growth of the database as a whole during the same 
timeframe. An index value above 1 means that a given subfield is growing faster than the database 
and that its share of the database is increasing, while an index value below 1 means the reverse. 

The growth index for the world, Canada, and California in each of the eight fields of scientific 
research and in selected subfields is presented in Table I. At the world level, scientific output is 
growing the fastest in the fields of engineering & technology (growth index of 1.21), followed by 
earth & space and mathematics (on a par with a growth index of 1.05) and physics and chemistry (on 
a par at 1.04). The pattern is similar within Canada and California, except that Canada’s growth 
index is higher for physics (1.21) than for earth & space (1.04). The opposite is true for California, 
which has a growth index of 1.12 for earth & space and 1.06 for physics. California is also barely 
keeping pace with the growth of the database as a whole in engineering & technology, unlike 
Canada’s recent boom in this field (growth indices of 0.99 and 1.24, respectively). 

Growth in all regions analyzed (the world, Canada and California) is below 1.0 for biology and 
biomedical research (Table I). The scientific production in clinical medicine is holding steady in 
Canada and California, but decreasing at the world level relative to the database. Finally, there has 
been little change in the rate of increase for chemistry and mathematics papers in the two regions of 
interest, except for a relative increase in the number of mathematics papers in Canada between the 
1997–2000 and 2003–2006 periods (growth index of 1.10). 

The subfields presented in Table I were selected to show those that were experiencing growth relative 
to the database at the world level (see note below table). For instance, in the field of biology, only in 
the subfield of ecology is the number of papers increasing relative to the database in all three regions 
analyzed. In biomedical research, microscopy is the fastest-growing subfield in all regions, but 
represents a small number of total papers. Perhaps more interesting is the expansion of scientific 
outputs in biomedical engineering and in biophysics, which correspond to a growth index that is 
close to or greater than 1.20 in both Canada and California. The notable subfields of chemistry are 
applied and physical chemistry, although the latter is much larger than the former. 
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Only 5 of the 30 subfields of clinical medicine saw their scientific output increase markedly relative 
to the database during the given period (growth index of 1.05 or greater at the world level). Of these, 
arthritis & rheumatism, orthopedics, dentistry, and veterinary medicine also increased in both 
Canada and California. These two regions also had high growth indexes (roughly 1.2 each) in cancer 
research and in the urology & nephrology subfield (data not shown). 

Table I Comparative growth index of scientific output, by field and selected subfields, 
for the world, Canada and California, 1997–2006 

Field World Canada California
Subfield* 1997-2000 2003-2006 Growth Index 1997-2000 2003-2006 Growth Index 1997-2000 2003-2006 Growth Index

Biology 227,393 257,952 0.95 14,541 16,014 0.93 ↓ 9,909 11,648 0.99
Ecology 19,435 26,291 1.14 ↑↑ 1,544 2,206 1.20 ↑↑↑ 1,376 2,129 1.30 ↑↑↑

Biomedical Research 402,020 435,426 0.91 ↓ 18,764 21,697 0.97 30,620 34,507 0.95 ↓
Biomedical Enginrng 21,624 28,265 1.10 ↑ 883 1,297 1.23 ↑↑↑ 856 1,211 1.19 ↑↑
Biophysics 6,926 8,688 1.05 ↑ 266 395 1.25 ↑↑↑ 467 726 1.31 ↑↑↑
Genetics & Heredity 44,296 47,155 0.89 ↓↓ 2,463 2,969 1.01 3,501 4,493 1.08 ↑
Microscopy 2,470 4,917 1.67 ↑↑↑ 89 173 1.63 ↑↑↑ 149 387 2.18 ↑↑↑

Chemistry 322,652 400,228 1.04 9,314 11,235 1.01 10,361 12,655 1.03
Applied Chemistry 7,044 9,243 1.10 ↑↑ 162 196 1.02 124 173 1.17 ↑↑
General Chemistry 63,840 80,555 1.06 ↑ 1,867 2,209 0.99 2,584 3,445 1.12 ↑↑
Physical Chemistry 95,705 128,944 1.13 ↑↑ 2,869 3,749 1.10 ↑ 3,251 3,845 0.99

Clinical Medicine 916,896 1,014,264 0.93 ↓ 37,274 45,488 1.03 47,736 56,818 1.00
Arthritis & Rheumat 9,196 12,237 1.12 ↑↑ 525 711 1.14 ↑↑ 369 707 1.61 ↑↑↑
Dentistry 13,940 19,752 1.19 ↑↑ 441 659 1.26 ↑↑↑ 568 717 1.06 ↑
Neurol & Neurosurg 107,501 120,985 0.95 ↓ 6,262 7,321 0.98 7,134 8,726 1.03
Orthopedics 16,037 20,857 1.09 ↑ 614 945 1.29 ↑↑↑ 1,019 1,259 1.04
Psychiatry 1,062 1,328 1.05 ↑ 392 408 0.87 ↓↓ 35 58 1.39 ↑↑↑
Veterinary Medicine 31,366 39,308 1.05 ↑ 1,301 1,681 1.09 ↑ 1,050 1,455 1.16 ↑↑

Earth & Space 155,712 195,452 1.05 ↑ 10,100 12,505 1.04 13,546 18,100 1.12 ↑↑
Astronmy & Astrophys 30,135 35,094 0.98 1,365 1,846 1.14 ↑↑ 4,243 5,677 1.12 ↑↑
Earth & Plantry Sci 41,204 54,980 1.12 ↑↑ 2,759 3,352 1.02 4,682 6,355 1.14 ↑↑
Environmental Sci 41,168 53,124 1.08 ↑ 2,753 3,553 1.08 ↑ 2,168 2,771 1.07 ↑
Meteorol & Atmos Sci 9,283 13,037 1.18 ↑↑ 595 807 1.14 ↑↑ 628 1,011 1.35 ↑↑↑

Engineering & Tech 331,289 476,447 1.21 ↑↑↑ 13,370 19,686 1.24 ↑↑↑ 18,640 21,869 0.99
Chemical Engineering 26,981 38,089 1.19 ↑↑ 1,461 1,838 1.06 ↑ 730 849 0.98
Computers 41,329 100,560 2.04 ↑↑↑ 1,942 4,454 1.93 ↑↑↑ 3,881 5,452 1.18 ↑↑
General Engineering 3,868 5,965 1.30 ↑↑↑ 190 363 1.61 ↑↑↑ 137 341 2.09 ↑↑↑
Materials Science 79,873 105,789 1.11 ↑↑ 2,233 2,928 1.10 ↑↑ 2,951 3,512 1.00
Mechanical Engineer 30,001 38,984 1.09 ↑ 1,044 1,611 1.30 ↑↑↑ 1,432 1,480 0.87 ↓↓
Metals & Metallurgy 31,899 40,193 1.06 ↑ 1,090 1,271 0.98 897 912 0.85 ↓↓
Nuclear Technology 10,882 14,051 1.09 ↑ 311 272 0.74 ↓↓↓ 939 1,250 1.12 ↑↑

Mathematics 80,006 99,506 1.05 3,818 5,003 1.10 ↑↑ 3,615 4,244 0.99
Applied Mathematics 22,843 31,402 1.16 ↑↑ 1,022 1,416 1.16 ↑↑ 1,096 1,308 1.00

Physics 399,818 495,085 1.04 10,670 15,305 1.21 ↑↑↑ 25,881 32,720 1.06 ↑
Fluids & Plasmas 9,055 11,767 1.09 ↑ 249 353 1.19 ↑↑ 1,311 1,537 0.99
General Physics 105,115 139,523 1.12 ↑↑ 2,641 4,046 1.29 ↑↑↑ 5,451 7,485 1.15 ↑↑
Optics 72,437 101,599 1.18 ↑↑ 1,727 3,452 1.68 ↑↑↑ 4,605 8,135 1.48 ↑↑↑

NSE 2,835,786 3,374,360 1.00 117,851 146,933 1.05 160,308 192,561 1.01  
Note:  * Only subfields that have a growth index greater than 1.05 at the world level during the period are 

presented. Exceptions are Genetics & Heredity, Neurology & Neurosurgery, and Astronomy & 
Astrophysics, which are discussed in greater detail in Section 3. The arrows provide a visual 
representation of the growth index as follows: 
↓↓↓ <0.8 ↑ ≥1.05, <1.10 ↑↑ ≥1.10, <1.20
↓↓ ≥0.8, <0.9 ↓ ≥0.9, <0.95 ↑↑↑ ≥1.20  

Source:  Compiled by Science-Metrix from Scopus data 

As mentioned above, earth & space is a rapidly-expanding field, with three of its six subfields 
increasing appearing in Table I. Meteorology & atmospheric sciences is notable for having the 
highest growth index for both Canada and California in this field, followed by astronomy & 
astrophysics and earth & planetary science. These three subfields are examined in greater detail in 
Section 3 of this report. 
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Growth indexes seen in various subfields of the engineering & technology field, such as computers 
(2.04) and general engineering (1.30), are some of the highest among all fields. Computers and 
materials science are the two biggest subfields in this category, and both are increasing or holding 
steady relative to the database in Canada (growth index of 1.93 and 1.10), and to a lesser extent, in 
California (growth index of 1.18 and 1.00). Similarly, in physics, general physics and optics dominate 
the field both in size and in expansion, with growth indexes that are higher in Canada and in 
California than at the world level. For example, the scientific output in optics accounted for a 
growth index of 1.68 in Canada and 1.48 in California, compared to 1.18 at the world level. Note that 
mathematics is the smallest field considered, and applied mathematics was the only subfield to 
experience notable growth (index of 1.16 at the world level and in Canada). 

Finally, compared to the database as a whole, the subfields of general biology, anaesthesiology and 
respiratory systems, and, to a lesser extent, embryology, physiology, and hematology, are 
experiencing a marked slowdown in growth across all analyzed regions (data not shown). 

2.2 Strengths in scientific research in Canada and California 

Three indicators were used to assess the strengths and weaknesses of Canada and California in 
scientific fields and subfields: the number of papers published, the specialization index (SI), and the 
average of relative citations (ARC). The SI indicates the intensity of research in a given field relative 
to the rest of the world; when a country has an SI score that is greater than 1.0, it published a greater 
proportion of its papers in that field than does the rest of the world. The ARC indicates the impact 
of a country’s research, as it represents how often its papers are cited relative to the world’s average 
paper in the same field. Thus, when a country’s ARC score is greater than 1.0, its scientific output 
has more impact than the world level. A combination of high numbers of papers and high levels of 
specialization and impact is the best case scenario when assessing strengths of a country or region in 
a given field. 

These three indicators were calculated for each field and subfield and combined in the following 
positional analysis graphs, which allow several fields or subfields to be assessed at a glance. The 
horizontal axis of the positional graph corresponds to the SI and the vertical axis to the ARC, while 
the size of the bubble representing the field (or subfield) is proportional to the number published in 
this area by Canada or California. The performance of a field (or subfield) can therefore be 
interpreted based on the size of the bubble and its position within the four quadrants, with the top 
right quadrant being synonymous with excellence (i.e., high levels of specialization and impact). The 
positional analysis graph also allows rapid comparisons between regions and fields. 

For instance, it is immediately obvious from Figure 1 that California has more impact (vertical axis) 
in all fields than does Canada. The most extreme example is in engineering & technology, for which 
Canadian papers are cited 10% more often than the world level, compared to 80% more for California 
papers, as shown by their ARC scores of 1.1 and 1.8, respectively. But it is worth pointing out that in 
all fields, both Canada and California produce papers that have more impact than the world level. 
Compared to their performance in other fields, Canada’s and California’s highest levels of impact are 
in chemistry, with ARC values of 1.3 and 1.9, respectively. 
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There are more differences between the two regions in terms of specialization. With its SI score of 
1.5, Canada is more specialized in biology than both the world level and California (SI of 0.8). Based 
on the SI, Canada also demonstrates a greater intensity in mathematics research than does 
California. Conversely, California is specialized in physics, corresponding to an SI of 1.2, while 
Canada has an SI of 0.7 in this field. Both have high levels of specialization in earth & space (SI of 1.5 
and 1.6) and biomedical research, and are nearly as specialized as the world level in clinical medicine 
and engineering & technology. In contrast with their high impact scores in chemistry, neither region 
is specialized in this field of research. 

Looking at combined strengths (SI and ARC) in Figure 1, both regions perform best in earth & space. 
Biomedical research is also in the top right quadrant for Canada and California and has the second-
largest scientific production for both regions. In addition, California performs remarkably well in 
physics. However, while biology is one of the weakest fields for California, it represents a strong 
research area for Canada. Considering the size of its scientific output, its relatively high ARC score, 
and its proximity to the world level in specialization, clinical medicine should also be seen as a 
strong domain for Canada. 

 

Figure 1 Positional analysis of Canada and California by field, 1997–2006 
Source:  Compiled by Science-Metrix from Scopus data 

Strengths and weaknesses were also assessed for individual subfields, starting with the field of 
clinical medicine (Figure 2). Neurology & neurosurgery is the largest subfield in clinical medicine 
and appears in the top right quadrant of the positional analysis graph for both California and 
Canada. As such, it will be examined in greater detail in Section 3.9. Also appearing in the top right 
quadrant for both regions are the subfields orthopedics (see Section 3.11) and environmental & 
occupational health. In addition, both regions have their highest level of impact in general & 
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internal medicine (ARC of 2.1 and 2.6 for Canada and California, respectively), but fall below the 
world level in terms of specialization in this subfield. 

 

Figure 2 Positional analysis of Canada and California in the field of clinical medicine, 
1997–2006 

Source:  Compiled by Science-Metrix from Scopus data 
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Two other large subfields, cancer and immunology, are Californian strengths. However, in Canada, 
these subfields have smaller impact scores (ARC of 1.2 for both, compared to 1.5 and 1.6 for 
California, respectively) and are not specialized relative to the world level. Similarly, California is the 
most specialized in ophthalmology research (SI of 1.4), while Canada is not, and it is the only 
subfield in which Canada has less impact than the world level. Canadian strengths include 
respiratory systems, arthritis & rheumatism, anesthesiology, endocrinology and cardiology, none of 
which are areas of specialization for California, although this state produces papers in arthritis & 
rheumatology that are cited 90% more often than the world level (ARC of 1.9; see Section 3.1). 

Canadian and Californian strengths and weaknesses in the subfields of biology, biomedical research 
and chemistry are compared in Figure 3. In biology, Canada and California both produce research 
that has a level of impact greater or equal to the world level in all subfields (i.e., their ARC scores are 
always 1.0 or greater). Furthermore, all biology subfields are positioned in the top right quadrant for 
Canada, reflecting its favourable position in these areas of research (i.e., high impact combined with 
SI scores ranging from 1.3 to 1.9). Meanwhile, California also performs well in general biology and 
ecology (see Section 3.6) but, unlike Canada, is not specialized in the following subfields: dairy & 
animal science, agriculture & food science, marine biology & hydrobiology, botany and general 
zoology (SI scores ranging from 0.3 to 0.9). Interestingly, California’s botany papers are cited a 
remarkable 80% more often than the world’s average paper in this subfield (ARC of 1.8), whereas 
Canada’s papers in this field only have as much impact as the world level (ARC of 1.0). 

Subfields within chemistry also follow a clear pattern, as both Canada and California publish high-
impact papers in all six subfields1 (analytical, general, inorganic & nuclear, organic, physical 
chemistry and polymers) but are specialized in none. California’s general chemistry papers have the 
highest impact with an ARC score of 2.5, while Canada performs best with its analytical chemistry 
papers, which are cited 50% more than the world’s average paper in this subfield. 

                                                            

1 As fewer than 500 applied chemistry papers were published in Canada and fewer than 400 were published in 
California, this subfield does not appear in Figure 3; its indicator scores are also less robust than for larger 
subfields. However, strengths and weaknesses in this subfield followed the same trend as for other chemistry 
subfields, namely low specialization combined with high-impact papers. 
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Figure 3 Positional analysis of Canada and California in the fields of biology, 
biomedical research and chemistry, 1997–2006 

Note: Subfields in which fewer than 500 papers were published are not shown in this figure. This includes 
microscopy (Canada only), anatomy & morphology and applied chemistry. 

Source:  Compiled by Science-Metrix from Scopus data 
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The third field to be presented in Figure 3, biomedical research, contains several subfields of varying 
sizes, many of which are strengths as much for Canada and for California. For instance, embryology, 
biochemistry & molecular biology, genetics & heredity (see Section 3.7), and cell biology, cytology & 
histology appear in the top right quadrant for both regions. Biophysics and general biomedical 
research papers from California are cited 80% more than the world level (i.e., ARC of 1.8), and 
contribute to this state’s high level of specialization in these fields (SI of 1.3 and 2.2, respectively). 
Meanwhile, Canada also has a relatively high ARC in biophysics and general biomedical research (on 
a par at 1.3), despite not being specialized relative to the world level in either subfield (see Section 3.3 
for further discussion on biophysics). Canada and California both have some of their lowest impact 
papers in virology, physiology and microscopy2, despite being specialized at a level that is close to or 
superior than the world level. Finally, subfields that represent relatively weaker areas of scientific 
research for both regions are parasitology, microbiology, biomedical engineering and, to a lesser 
extent, microbiology and nutrition & dietary. 

Figure 4 presents the position of subfields in earth & space, engineering & technology, mathematics 
and physics for Canada and California. Within earth & space, the position of astronomy & 
astrophysics is remarkable, particularly with regard to the impact of Canadian papers and the 
combined impact and specialization levels seen for California (see also Section 3.2). The large earth & 
planetary science subfield, as well as oceanography & limnology and meteorology & atmospheric 
sciences are also in the top right quadrant for both regions; the two former are examined in greater 
detail in Section 3 (Sections 3.5 and 3.8, respectively). In addition, while Canada’s strengths in 
environmental sciences and geology research are notable (for example, SI scores of 1.6 and 1.9, 
respectively), California lags behind the world level in specialization and publishes fewer papers in 
these subfields. 

Canada and California both perform well in the two largest subfields of engineering & technology, 
namely electrical engineering & electronics and computers, although California’s impact is 
considerably higher, on a par at 1.8 for these two subfields (see Section 3.4 for more details on the 
computers subfield). Civil engineering is also in the top right quadrant of Figure 4 for these two 
regions and is an area in which Canada is highly specialized, with an SI value of 1.8. Canada also 
publishes more papers and obtains higher indicator scores than California in chemical engineering 
and operations research3. 

                                                            

2 Canada published only 400 papers in microscopy, so this subfield does not appear in Figure 3. These papers 
had less impact than the world average and represent an SI of 1.0 for Canada. 

3 Fewer than 300 operations research papers were published by Californian researchers, so this subfield is not 
shown in Figure 4. 
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Figure 4 Positional analysis of Canada and California in the fields of earth & space, 
engineering & technology, mathematics and physics, 1997–2006 

Note: Fewer than 300 papers were published per region in industrial engineering and only about 400 papers 
by Californian researchers were published in operations research; these subfields are therefore not 
presented above. 

Source:  Compiled by Science-Metrix from Scopus data 
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Within engineering & technology, California’s highest SI score is in aerospace engineering; 
conversely, Canada is below the world level in specialization and impact in this field. California is 
also strong in nuclear technology, with both its SI and ARC greater than 1.5. Despite not being 
specialized in this subfield, Canada produces higher impact nuclear technology papers than does 
California, with an ARC of 1.7 (i.e., they are cited 70% more often than the world level). Meanwhile 
California’s status is similar within the subfields of metals & metallurgy and materials science, with 
ARC scores of 3.0 and 2.0, respectively, despite having SI scores below 0.6. Finally, neither region is 
particularly strong in mechanical engineering. 

Canada is more specialized than the world average in all three mathematics subfields—applied math, 
general math and probability & statistics—but obtains impact scores below the world level in the 
latter (ARC of 0.9). California, while publishing fewer mathematics papers (both in absolute 
numbers and in terms of its specialization), obtains higher impact scores in all of these domains 
(ARC ranging from 1.6–1.7). 

California generally performs better than Canada in physics subfields, with five out of eight subfields 
being positioned in the top right quadrant of Figure 4 compared to only one for Canada (i.e., 
acoustics). Based on SI, ARC and number of papers, California’s main strengths appear to be in 
fluids & plasmas, nuclear & particle physics, optics and applied physics, as well as in the smaller 
subfield of acoustics. Other than general physics, in which both Canada and California produce 
high-impact papers (ARC of 1.4 and 1.8, respectively), Canada’s most cited papers are in optics (see 
Section 3.10 for more details). Neither region is specialized or obtains high-impact papers relative to 
other physics subfields in solid state physics or chemical physics.  

2.3 General collaboration patterns between Canada and California 

International collaboration is common for both Canada and California, as shown in Dashboard 1: 
41% of the papers published by Canadian researchers were co-authored by an international 
collaborator, versus 30% for Californian researchers. Collaboration patterns for individual fields are 
similar in Canada and California, for which the highest numbers of co-authored papers cover 
research in earth & space, physics and mathematics (47–53% and 30–40%, respectively), and the 
lowest numbers are in clinical medicine (32% and 21%, respectively). 

Table II presents the countries that contributed to more than 1,000 papers with Canada (left) and 
California (right) during the 1997–2006 period. Note that the percentages shown in this table 
represent the proportion of papers published by researchers from those countries that have a 
Canadian (or Californian) co-author and not the reverse. For example, 14.3% of the papers by Iranian 
researchers have a Canadian co-author but, as these come to a total of only 1,046 papers, one can 
immediately see that they account for a considerably smaller percentage of the total papers 
published by Canada. 

Canada and California jointly contributed to 13,065 papers from 1997 to 2006, a similar number to 
the collaborations between Canada and the United Kingdom (14,220 papers) or between California 
and Japan (13,411 papers). California publishes 7.5% of its papers with a Canadian co-author (left side 
of Table II), while Canada publishes 7.1% of its papers in collaboration with California (right side). 
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Table II Collaboration of countries with Canada and California, expressed as a 
percentage of their total international collaborations and absolute number of 
co-authored papers, 1997–2006 

Country % Freq Country % Freq
Total 183,246 Total 173,654
Iran 14.3% 1,046 Taiwan 9.2% 2,888
United States** 8.4% 54,395 Israel 8.3% 4,443
California 7.5% 13,065 Republic of Korea 7.7% 4,666
New Zealand 5.5% 1,416 Mexico 7.4% 2,522
Australia 5.1% 5,709 Canada 7.1% 13,065
China 5.1% 6,209 Japan 7.1% 13,411
Mexico 4.0% 1,362 Chile 5.5% 1,006
Brazil 3.9% 2,268 Australia 5.3% 5,954
United Kingdom 3.8% 14,220 China 5.3% 6,427
Israel 3.8% 2,016 Switzerland 4.9% 6,885
Japan 3.6% 6,845 Germany 4.9% 19,582
France 3.6% 11,020 United Kingdom 4.6% 17,159
Taiwan 3.4% 1,070 Brazil 4.6% 2,682
Norway 3.4% 1,533 Italy 4.4% 8,899
India 3.4% 1,865 New Zealand 4.3% 1,092
Republic of Korea 3.4% 2,032 Argentina 4.2% 1,087
Denmark 2.9% 1,918 India 4.2% 2,313
Finland 2.9% 1,530 France 4.2% 12,740
Switzerland 2.9% 4,009 Netherlands 4.0% 5,763
Sweden 2.8% 3,101 Sweden 3.9% 4,418
Netherlands 2.7% 3,943 Spain 3.8% 5,272
Germany 2.7% 10,681 Hungary 3.8% 1,375
Belgium 2.5% 2,317 Russian Federation 3.6% 4,793
Italy 2.5% 5,084 Denmark 3.5% 2,307
Poland 2.5% 1,861 Norway 3.5% 1,567

CANADA* CALIFORNIA

 
Note: * Only countries with at least 1000 collaborations with Canada (left) or California (right) are presented. 
 ** Papers from California are excluded from these data. 
Source:  Compiled by Science-Metrix from Scopus data 

California is thus ranked third, behind Iran and the United States, in terms of the proportion of its 
papers it publishes with a Canadian co-author (note that papers from California were excluded from 
the United States total and percentage). In comparison, the United Kingdom only includes a 
Canadian co-author on 3.8% of its papers. In the case of countries that collaborate with California, 
Taiwan, Israel, the Republic of Korea and Mexico publish a higher proportion of their papers with a 
Californian co-author than does Canada. Japan has a similar relationship with California, both in 
the number and the percentage of co-authored papers. 

Another measure of collaboration is the preference index (PI). This indicator examines bilateral 
collaborations rather than international collaborations: each time one country collaborates with 
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another on a paper, it counts as a bilateral collaboration. A paper on which researchers from three 
countries collaborated therefore counts as one international collaboration but three bilateral 
collaborations. For example, if California is considered as a country, a paper co-authored by a 
Canadian, an Italian, and a Californian researcher is equal to three bilateral collaborations: one 
between Canada and Italy, one between Canada and California, and one between Italy and 
California. The PI takes into account how many bilateral collaborations occur between two countries 
(or, in this case, between Canada and California) compared to their individual share of the world’s 
bilateral collaborations. A PI value above 1 means that Canada and California collaborate more than 
expected relative to their total number of bilateral co-authored papers, whereas an index value below 
1 means the opposite. The evolution of the PI between Canada and California in the eight subfields 
over the 1997–2006 period is shown in Figure 5. 
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Figure 5 Evolution of the preference index between Canada and California, in NSE 
overall and by field: (A) chemistry, earth & space, engineering & technology, 
mathematics and physics; (B) biology, biomedical research and clinical 
medicine, 1997–2006 

Source:  Compiled by Science-Metrix from Scopus data 

The thick line represents the evolution of the PI in NSE overall, which shows a slight net increase in 
bilateral collaborations between these two regions over the period, from a PI of 0.96 in 1997 to 1.11 
in 2006. At the field level, the preference for collaborations between these two regions is highest in 
physics (full squares, Figure 5A), although the PI for this field has been dropping steadily every year 
since 2000. In contrast, collaboration preference in chemistry and earth & space, and, to a lesser 
extent, biomedical research and biology (Figure 5B), has increased slightly over the decade. However, 
during the decade, the PI for engineering & technology has never risen above 1.0, indicating a 
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sustained preference for international research partners other than Canada and California. A similar 
but less clear-cut pattern is observed for mathematics. 

As shown in Figure 5B, the PI for the field of clinical medicine as a whole has fluctuated slightly 
around an index value of 1.0 over the 1997–2006 period. An overview of collaboration patterns and 
preferences within individual subfields of clinical medicine reveals a more detailed picture 
(Dashboard 2). In this and following dashboards, the PI is represented graphically: when the black 
indicator is the red area (i.e., on the left), Canada and California collaborate less than expected based 
on their total bilateral collaborations; when it is in the green area (i.e., on the right), the performance 
is above the expected level; and when it is in the yellow area (i.e., the central area), it does not diverge 
markedly from the expected level. 

Of the 3,635 clinical medicine collaborations that occurred between Canada and California, 18% 
were in the subfield of neurology & neurosurgery. Collaboration is also high in cancer and 
immunology, corresponding to 10% and 9%, respectively, of the total. However, the PI is in the yellow 
area (i.e., close to 1.0) for both neurology & neurosurgery and immunology, compared to a PI of 1.4 
for cancer research. Thus, Canadian and Californian researchers are more likely to collaborate with 
one another in the cancer subfield (or in the respiratory system, pathology, and dermatology & 
venereal disease subfields, all of which also have a PI of 1.4) than neurology and immunology 
researchers from these regions. The highest PI score in clinical medicine is obtained by arthritis & 
rheumatism: 1.6 for the 106 Canada-California collaborations in this subfield. Bilateral research in 
radiology & nuclear medicine and gastroenterology is also above the expected level (PI score of 1.2 
and 1.1, respectively). Finally, there were almost no collaborations between the two regions in 
tropical medicine (only two in the last decade). 
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Field Canada w California
Subfield Collaborations

Clinical Medicine 3,635 1.0
Addictive Diseases 26 0.5
Allergy 19 0.9
Anesthesiology 15 0.5
Arthritis & Rheumat 106 1.6
Cancer 381 1.4
Cardiovascular Systm 198 0.9
Dentistry 24 0.6
Dermat & Venerl Dis 57 1.4
Endocrinology 126 0.9
Envir & Occup Hlth 53 0.9
Fertility 28 1.0
Gastroenterology 95 1.1
Genrl & Internal Med 318 1.0
Hematology 73 1.0
Immunology 339 1.0
Misc Clinical Med 38 0.7
Neurol & Neurosurg 668 0.9
Obstetrics & Gynecol 35 1.1
Ophthalmology 68 0.7
Orthopedics 64 0.8
Otorhinolaryngology 18 0.7
Pathology 71 1.4
Pediatrics 72 1.0
Pharmacology & Pharmacy 246 1.0
Psychiatry 5 0.9
Radiology & Nucl Med 154 1.2
Respiratory System 63 1.4
Surgery 77 0.8
Tropical Medicine 2 0.0
Urology & Nephrology 81 0.9
Veterinary Medicine 97 0.9

NSE 13,106 1.1

Preference Index

 

Dashboard 2 Preference index and number of collaborations between Canada and 
California in the field of clinical medicine, 1997–2006 

Source:  Compiled by Science-Metrix from Scopus data 

Collaboration frequencies and preferences in the fields of biology, biomedical research and chemistry 
are shown in Dashboard 3. The PI is 1.0 in biology and in most of its subfields, indicating that 
Canada and California collaborate as much as would be expected based on their total bilateral 
collaborations in these research areas. Almost 22% of the 863 Canada-California collaborations 
published in biology were in ecology, followed by 17% in marine biology and hydrobiology. 

Canada-California collaboration in biomedical research, representing a total of 2,417 papers, occurs 
mainly in the subfields of biochemistry & molecular biology (31%) and genetics & heredity (21%). 
The highest PI value is in the small subfield of miscellaneous biomedical research (1.4; 28 co-
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authored papers), while four subfields share a PI score of 1.3: biomedical engineering (62 papers), 
parasitology (22 papers), genetics & heredity (507 papers) and microbiology (141 papers). The 
collaboration is much lower than expected in microscopy, which has a PI value of 0.5 (7 co-authored 
papers). Note that the PI value is 1.0 in biomedical research as a whole. 

Field Canada w California
Subfield Collaborations

Biology 863 1.0
Agricult & Food Sci 78 0.9
Botany 121 0.9
Dairy & Animal Sci 24 0.9
Ecology 189 0.9
Entomology 66 1.1
General Biology 67 1.1
General Zoology 40 0.9
Marine Bio & Hydrobi 149 1.0
Misc Biology 61 1.1
Misc Zoology 68 1.2

Biomedical Research 2,417 1.0
Anatomy & Morphology 5 1.2
Biochem & Molec Biol 748 0.9
Biomedical Enginrng 62 1.3
Biophysics 46 1.0
Cell Biol Cyt & Hist 162 0.9
Embryology 48 0.9
Genetics & Heredity 507 1.3
Genrl Biomedical Res 414 0.9
Microbiology 141 1.3
Microscopy 7 0.5
Misc Biomedical Res 28 1.4
Nutrition & Dietet 31 1.2
Parasitology 22 1.3
Physiology 133 0.9
Virology 63 0.9

Chemistry 475 1.0
Analytical Chemistry 60 1.3
Applied Chemistry 8 1.0
General Chemistry 142 1.1
Inorganic & Nucl Chm 31 1.3
Organic Chemistry 64 0.9
Physical Chemistry 147 0.9
Polymers 23 0.5

NSE 13,106 1.1

Preference Index

 

Dashboard 3 Preference index and number of collaborations between Canada and 
California in the fields of biology, biomedical research and chemistry, 
1997–2006 

Source:  Compiled by Science-Metrix from Scopus data 
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The field of chemistry also has a PI score of 1.0 (Dashboard 3). Most chemistry collaborations are in 
physical or general chemistry, each accounting for roughly 30% of the 475 papers co-authored by 
Canadian and Californian researchers between 1997 and 2006. However, collaboration preference is 
higher than expected in analytical chemistry (60 papers) and inorganic & nuclear chemistry (31 
papers), on a par with a PI score of 1.3. Research in polymers involves fewer bilateral collaborations 
than expected (23 papers), corresponding to a PI score of 0.5. 

Collaboration data on the earth & space, engineering & technology, mathematics and physics fields 
can be found in Dashboard 4. In earth & space, almost half of Canada-California collaborations 
occur in astronomy & astrophysics (47%; 855 co-authored papers), while earth & planetary science 
account for 27% (496 papers). The former subfield also represents a greater collaboration frequency 
than expected based on total bilateral collaborations, with a PI of 1.3. The other earth & space 
subfields have PI scores between 0.8 and 1.0, as does the field as a whole. 

Electrical engineering & electronics and computers dominate the field of engineering & technology, 
each holding roughly 30% of the 1,025 collaborative papers published in this field. However, both 
these subfields have a PI score of 0.7, reflecting the fact that Canada and California prefer 
collaborating with other international partners in these research areas rather than with each other. 
In fact, engineering & technology as a whole has the lowest PI score of all eight fields examined, at 
0.8. The only subfield to go against this trend is nuclear technology, which has a PI value of 1.3 (62 
papers). 

Mathematics is a small field, accounting for 319 joint Canada-California papers in total published 
over the 1997–2006 period. Most of these are applied (31%) or general (40%) mathematics papers. 
These two subfields each have a PI score of 1.0; this compares favourably to the field as a whole, 
which has fewer bilateral collaborations than expected, as shown by its PI value of 0.9. 

As mentioned previously, the highest PI between Canada and California is seen in the field of 
physics, at 1.4. These collaborations occur mainly in subfields of nuclear & particle physics (41%; 
1,040 co-authored papers) and general physics (28%; 706 co-authored papers). These two subfields 
also have the highest collaboration preference, with PI scores of 1.9 and 1.4, respectively. Also worth 
noting is the subfield of applied physics, which produced 240 joint papers and which has a PI score 
of 1.1. 
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Field Canada w California
Subfield Collaborations

Earth & Space 1,828 1.0
Astronmy & Astrophys 855 1.3
Earth & Plantry Sci 496 0.9
Environmental Sci 172 0.8
Geology 153 0.9
Meteorol & Atmos Sci 83 0.9
Oceanography & Limno 69 0.9

Engineering & Tech 1,025 0.8
Aerospace Technology 31 0.9
Chemical Engineering 46 0.7
Civil Engineering 46 0.7
Computers 288 0.7
Electr Eng & Elctron 308 0.7
General Engineering 11 0.7
Industrial Engineer 8 0.9
Materials Science 92 0.8
Mechanical Engineer 63 0.8
Metals & Metallurgy 29 0.6
Misc Eng & Technol 23 1.0
Nuclear Technology 62 1.3
Operations Research 18 0.8

Mathematics 319 0.9
Applied Mathematics 100 1.0
General Mathematics 128 1.0
Misc Mathematics 25 0.8
Probablty & Statist 66 0.7

Physics 2,544 1.4
Acoustics 27 0.4
Applied Physics 240 1.1
Chemical Physics 101 0.9
Fluids & Plasmas 66 1.1
General Physics 706 1.4
Misc Physics 15 1.4
Nucl & Particle Phys 1,040 1.9
Optics 211 1.0
Solid State Physics 138 1.2

NSE 13,106 1.1

Preference Index

 

Dashboard 4 Preference index and number of collaborations between Canada and 
California in the fields of earth & space, engineering & technology, 
mathematics and physics, 1997–2006 

Source:  Compiled by Science-Metrix from Scopus data 
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3 Collaboration between leading Californian and Canadian 
institutions in selected subfields 

Following the analysis in Section 2, of Canada’s and California’s strengths and weaknesses the fields 
and subfields of scientific research, 11 subfields were identified as being areas of excellence, in which 
Canada and California perform well, or in which they have exhibited remarkable growth. For 
example, Canada and California have impact scores above the world average, and in general are more 
specialized than the world level in these subfields, which include arthritis & rheumatism, astronomy 
& astrophysics, biophysics, computers, earth & planetary science, ecology, genetics & heredity, 
meteorology & atmospheric sciences, neurology & neurosurgery, optics, and orthopedics. 

In this section, leading institutions (universities, government agencies and companies) in each of 
these 11 subfields are presented for Canada and California, including their number of published 
papers and their impact. Collaboration networks are drawn for each subfield, which identify those 
institutions that are already benefiting from collaboration and areas where future collaborations 
could be developed. 

3.1 Arthritis & Rheumatism 

Arthritis & rheumatism is a relatively modest but growing subfield within the field of clinical 
medicine. The increase in scientific output in this subfield is particularly remarkable in California, 
where the growth index for 1997–2000 to 2003–2006 is 1.61—the highest relative increase for all 
clinical medicine subfields. California’s research in this subfield also has high impact, with an ARC 
score of 1.9 compared to 1.4 for Canada. However, Canada is more specialized in arthritis & 
rheumatism (SI of 1.3) while for intensity of research, California is slightly below the world level 
(0.9). In addition, the preference indexes (PI) for both regions is exceptionally high at 1.6, second 
only to nuclear & particle physics. 

Table III presents the Californian institutions that published the most papers in arthritis & 
rheumatism in 1997–2006, and their ARC scores. Based on number of papers, four universities with 
at least 200 publications each, dominate scientific research in this subfield: UC Los Angeles (UCLA), 
UC San Diego, Stanford University and UC San Francisco. The US Department of Veterans Affairs 
follows with 100 papers, but has the lowest ARC score (1.3) of the 11 institutions in Table III. 
However, arthritis & rheumatism papers by this government department are cited 30% more 
frequently, and therefore have more impact than the world average. Cedars-Sinai Medical Center 
leads in terms of scientific impact, with an ARC value of 4.1. Its papers are cited 310% more times 
than the average paper in the subfield of arthritis & rheumatism, followed by Amgen (ARC of 3.4), 
the University of Southern California (ARC of 2.5) and UC San Diego (ARC of 2.4). 
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Table III Leading Californian institutions for arthritis & rheumatism research, 1997–
2006 

Institution Papers ARC
UC Los Angeles 230 1.6
UC San Diego 213 2.4
Stanford University 210 1.8
UC San Francisco 203 2.1
U.S. Department of Veterans Affairs 100 1.3
Scripps Research Institute 63 2.1
Amgen Inc. 61 3.4
Cedars-Sinai Medical Center 55 4.1
UC Davis 47 1.4
University of Southern California 46 2.5
Synarc Inc. 34 1.7  
Source:  Compiled by Science-Metrix from Scopus data 

Table IV presents Canada’s leading arthritis &rheumatism institutions, based on number of papers 
published from 1997 to 2006. None of these institutions are companies and many are hospitals (cf 
California’s list Table III). The two most prolific arthritis & rheumatism institutions are the 
University of Toronto and the University Health Network (a group of three hospitals based in 
Toronto), which contributed to 323 and 239 papers, respectively, in this subfield. 

Ranked next are three Montreal-based institutions (CHUM, McGill University and MUHC) and the 
University of Alberta, with at least 100 papers each. All of these institutions have high impact scores, 
above the Canadian overall ARC score of 1.4, indicating that they are cited at least 40% more often 
than the world average arthritis & rheumatism paper. The Canadian institution with the highest 
impact is Mount Sinai Hospital (ARC of 2.9); the University of Saskatchewan and the Sunnybrook 
and Women’s College Health Sciences Centre have a lower impact than the world average. 
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Table IV Leading Canadian institutions in arthritis & rheumatism research, 1997–2006 

Institution Papers ARC
University of Toronto 323 1.7
University Health Network 239 1.4
CHUM 137 1.8
University of Alberta 124 1.4
McGill University 124 1.6
MUHC 112 1.4
University of British Columbia 98 1.1
McMaster University 98 1.1
Hospital for Sick Children 85 1.1
Mount Sinai Hospital 75 2.9
University of Ottawa 75 1.3
University of Western Ontario 72 1.0
University of Calgary 64 1.4
Université de Montréal 59 1.7
Ottawa Hospital 51 1.1
Shriners Hospitals for Children 47 1.7
Sunnybrook and Women's College Health Sciences Centre* 41 0.6
Dalhousie University 39 1.7
St. Joseph's Health Care London 39 1.1
University of Manitoba 33 1.4
London Health Sciences Centre 33 1.1
St. Joseph's Health Care Hamilton 32 1.2
Arthritis Research Centre of Canada 27 1.1
Arthritis Society 24 1.3
University of Saskatchewan 24 0.9
BC Children's Hospital 23 1.0
St. Michael's Hospital 23 1.0  
Note:  * Sunnybrook Health Sciences Centre and Women's College Hospital separated on April 1, 2006 
Source:  Compiled by Science-Metrix from Scopus data 

National and international collaboration among leading Californian and Canadian institutions in 
arthritis & rheumatism is depicted in Figure 6. The University of Toronto stands out as a major 
arthritis & rheumatism research hub within Canada, as it has at least five co-authored papers with all 
but six of the leading Canadian institutions in the network. Its most frequent collaborations are with 
other Toronto institutions, most notably the 133 papers co-authored with the University Health 
Network (UHN). Similarly, McGill is an important collaborator within Canada, especially with other 
Montreal-based institutions. Other Canadian institutions that collaborate actively in this subfield, as 
shown by their central position in the network and the number and size of their links, are the 
University of British Columbia (UBC), McMaster University, the University of Calgary and the 
University of Western Ontario. 

The California network includes fewer institutions, and is centred on the top five institutions in 
Table III. UCLA and Cedars Sinai Medical Center have 34 co-authored papers, and is the only 
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collaboration within California to top 30 papers. UC San Francisco has the highest number of 
collaborative partners (10), including two companies (Amgen and Synarc). 

Collaboration between Canada and California in arthritis and rheumatism research has yielded 106 
co-authored papers. As shown in Dashboard 2, their PI in this subfield is 1.6, which indicates that 
these two regions collaborate 60% more often with one another than might be expected based on 
chance. Figure 6 shows that the main inter-regional collaborations are between the University of 
Toronto and five California universities: UC San Diego, UCLA, Stanford, Cedars-Sinai and UC San 
Francisco. The numbers of co-authored papers from these collaborations ranges from 7 to 13. 
Finally, Stanford has 11 papers co-authored with the University of Ottawa. 

 

Figure 6 Collaboration network of leading Californian and Canadian institutions in 
arthritis & rheumatism research, 1997–2006 

Note: The size of a node is proportional to the institution’s total number of papers in arthritis & rheumatism. 
The width of the links is proportional to the number of collaborations between two institutions. Only 
institutions with at least 20 published papers in this subfield are presented. Links are displayed only 
where two institutions co-authored at least five papers. 

Source:  Compiled by Science-Metrix from Scopus data 
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3.2 Astronomy & Astrophysics 

Both Canada and California are active in the subfield of astronomy & astrophysics with high growth 
index scores of 1.14 and 1.12, respectively; at world level, this is about the same growth rate as the 
database (growth index of 0.98). Of the subfields studied, California has the highest level of 
specialization in astronomy & astrophysics, with an SI of 2.7, while Canada is closer to the world 
level, with an SI of 1.1. Both regions have remarkable impact, with ARC scores of 1.7 (California) and 
1.5 (Canada), the highest within the field of earth & space. 

Table V presents the leading Californian institutions in this subfield, based on number of papers 
published during 1997–2006. The California Institute of Technology (Caltech) dominates with over 
4,000 papers in astronomy & astrophysics, far ahead of UC Berkeley, with 2,400, and NASA 
(including the Jet Propulsion Laboratory), with 1,815 papers. UC Santa Cruz published more than 
1,000 papers during this period. Table V includes universities and government organizations as well 
as companies, private research organizations (including observatories) and foundations. 

The institution with the highest impact is the Lawrence Berkeley National Laboratory, one of the US 
Department of Energy laboratories. Its ARC score of 3.5 indicates that its 279 papers in astronomy & 
astrophysics were cited 250% more often, that the world average in this subfield. San Francisco State 
University and the Carnegie Institution also have high ARC values, 2.7 and 2.6, respectively, 
although they published only 100 papers each. If we exclude NASA, the top seven California 
institutions in astronomy & astrophysics have an impact at least double that at world level based on 
the number of citations to their papers. 
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Table V Leading Californian institutions in astronomy & astrophysics research, 1997–
2006 

Institution Papers ARC
California Institute of Technology 4,083 2.0
UC Berkeley 2,403 2.1
NASA 1,815 1.7
UC Santa Cruz 1,263 2.2
UC Los Angeles 933 2.2
University of California Observatories 918 2.1
Carnegie Observatories 744 2.4
Lawrence Livermore Natl. Laboratory 722 1.5
UC San Diego 668 1.4
Stanford University 580 1.5
Los Alamos National Laboratory 564 1.8
UC Santa Barbara 441 2.0
Spitzer Science Center 320 2.1
UC Davis 312 1.9
Lawrence Berkeley Natl. Laboratory 279 3.5
Lockheed Martin Corporation 240 1.3
Big Bear Solar Observatory 163 0.9
UC Irvine 154 1.7
Kavli Institute for Particle Astrophysics and Cosmology 132 2.0
San Francisco State University 128 2.7
UC Riverside 120 0.8
SETI Institute 117 1.3
Carnegie Institution 100 2.6
San Diego State University 88 0.8
Aerospace Corporation 72 0.7
Kavli Institute for Theoretical Physics 67 1.4
University of Southern California 51 0.9
CSU Northridge 33 0.5
W.M. Keck Foundation 27 2.4
San Jose State University 22 1.0
Harvey Mudd College 20 0.9  
Source:  Compiled by Science-Metrix from Scopus data 

Table VI presents the leading Canadian institutions in astronomy & astrophysics research. The 
University of Toronto and the National Research Council of Canada (NRCC) are the leading 
institutions with 878 and 817 papers, respectively, published in 1997–2006. Next are the University 
of Victoria and the Université de Montréal, with just less than 400 papers each. With the exception of 
Observatoire du Mont Mégantic, the other institutions in the list are all universities. The University 
of British Columbia has the highest impact, with an ARC score of 3.3, based on the citations to its 
276 papers in astronomy & astrophysics. Next are the University of Victoria, York University and the 
University of Toronto, all with ARC values close to 2.0, indicating that their papers are cited twice as 
often as the world average for papers in this subfield. 
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Table VI Leading Canadian institutions in astronomy & astrophysics research, 1997–
2006 

Institution Papers ARC
University of Toronto 878 1.9
National Research Council of Canada 817 1.4
University of Victoria 397 2.1
Université de Montréal 370 1.2
University of British Columbia 276 3.3
McMaster University 243 1.7
University of Calgary 221 0.7
University of Western Ontario 182 0.8
McGill University 155 1.3
Queen's University 139 1.3
Observatoire du Mont Mégantic 135 0.9
University of Waterloo 131 1.0
York University 124 2.0
Saint Mary's University 108 0.9
Université Laval 95 0.9
University of Alberta 67 1.7
University of New Brunswick 34 1.4
Brandon University 28 0.6
University of Manitoba 26 0.6
Royal Military College of Canada 24 0.8
University of Regina 21 1.1  
Source:  Compiled by Science-Metrix from Scopus data 

Figure 7 shows that levels of collaboration in astronomy & astrophysics are high. Collaborations 
between leading Canadian and Californian institutions, as well as within the two regions are 
depicted; links between institutions are shown only for more than 10 co-authored papers in the 
1997–2006 period. 

Californian institutions are at the centre of the network, with Caltech as a major hub. Caltech works 
closely with NASA (1,132 co-authored papers), UC Berkeley (417 papers), Spitzer Science Center (307 
papers), and the Carnegie Observatories (244 papers), and many others. UC Santa Cruz and the 
University of California Observatories also have a very strong collaborative relationship, with 868 co-
authored papers. 

Compared to California, the number of institutions and collaborations in astronomy & astrophysics 
within Canada are on a smaller scale, but the importance of the University of Toronto and NRCC as 
research hubs, and, to a lesser extent, the University of Victoria, UBC and the Université de Montréal, 
can be seen clearly in Figure 7. Within Canada, the most prolific research collaboration is between 
the Université de Montréal and the Observatoire du Mont Mégantic, accounting for 85 co-authored 
papers. 
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Figure 7 Collaboration network of leading Californian and Canadian institutions in 
astronomy & astrophysics research, 1997–2006 

Note: The size of a node is proportional to the institution’s total number of papers in astronomy & 
astrophysics. The width of the links is proportional to the number of collaborations between two 
institutions. Only institutions with at least 20 published papers in the subfield are presented. Links are 
displayed only when two institutions co-authored at least 10 papers. 

Source:  Compiled by Science-Metrix from Scopus data 

855 papers were co-authored by Canada- and California-based researchers during the 1997-2006 
period. The PI score for California and Canada is 1.3, indicating that they are more likely to 
collaborate with each other than with other regions. It is not surprising, therefore, that the 
collaboration network in Figure 7 shows several links between the two regions. The most notable 
relationships involve the NRCC, the University of Toronto, McMaster University and the University 
of Alberta on the Canadian side, and Caltech, UC Berkeley, UC Santa Cruz, NASA, the Carnegie 
Observatories and the Lawrence Livermore National Laboratory on the California side. Certain 
Canadian universities appear to be infiltrating the California network; these include McMaster, 
McGill and the University of Alberta, which stand out as having contributed to roughly twice as 
many papers with Californian institutions than Canadian ones. The most substantial international 
collaborations are the 113 and 111 papers co-authored by Caltech and the University of Toronto and 
the NRCC, respectively. 
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3.3 Biophysics 

Although one of the smaller subfields of biomedical research (less than 9,000 papers published at 
world level in 2003–2006), biophysics is growing very rapidly in both Canada and California (growth 
index of 1.25 and 1.31 respectively). Research in this emerging subfield draws on methods and 
theories from the physical sciences to study biological systems and their organization, for instance 
protein dynamics, morphology, and modelling (e.g., of molecular structures and neural networks). 
California and Canada have high impact in this subfield (ARC scores of 1.8 and 1.3, respectively). 
California’s specialization is high, with an SI value of 1.3, while Canada is at world level (SI of 1.0). 

The leading Californian institutions in biophysics research are mainly universities (Table VII). UC 
San Diego, UC Berkeley, UC Davis and Stanford University lead in terms of number of papers, with 
more than 150 papers each, followed by UCLA and UC San Francisco. The Howard Hughes Medical 
Institute has the highest scientific impact in this subfield, with an exceptionally high ARC value of 
4.1, followed only by the Scripps Research Institute with an ARC of 2.6. All of these Californian 
institutions have a greater scientific impact than the world average, indicating that their biophysics 
papers are cited at above-average frequency. 

Table VII Leading Californian institutions in biophysics research, 1997–2006 

Institution Papers ARC
UC San Diego 168 1.8
UC Berkeley 164 1.8
UC Davis 159 1.6
Stanford University 155 2.0
UC Los Angeles 129 1.6
UC San Francisco 117 2.1
UC Irvine 78 2.1
Los Alamos National Laboratory 72 1.5
UC Santa Barbara 69 2.3
Scripps Research Institute 59 2.6
Lawrence Berkeley Natl. Laboratory 43 1.8
U.S. Department of Veterans Affairs 39 1.4
California Institute of Technology 39 1.8
Howard Hughes Medical Institute 34 4.1
University of Southern California 33 1.8
UC Santa Cruz 23 1.9
UC Riverside 21 1.3  
Source:  Compiled by Science-Metrix from Scopus data 

Within Canada, all leading institutions in the biophysics subfield are universities (Table VIII). The 
University of Calgary is the only one with more than 100 papers published in biophysics, probably 
thanks to its Department of Physiology and Biophysics. The University of British Columbia has 91 
papers, and the highest impact level with an ARC of 2.0. Similarly, McMaster University, with 34 
papers in biophysics, receives 80% more citations than the world average, indicated by an ARC score 
of 1.8. The University of Toronto also has high impact, with an ARC of 1.6; the other Ontarian 
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universities, Queen’s, Guelph and Waterloo, however, received at least 20% fewer citations to their 
biophysics papers than the world average. 

Table VIII Leading Canadian institutions in biophysics research, 1997–2006 

Institution Papers ARC
University of Calgary 128 1.1
University of British Columbia 91 2.0
University of Toronto 71 1.6
Université de Montréal 69 1.4
University of Alberta 66 0.9
McGill University 66 1.5
University of Western Ontario 45 1.0
McMaster University 34 1.8
Queen's University 28 0.8
University of Guelph 26 0.7
University of Waterloo 24 0.6
Memorial University of Newfoundland 20 1.0  
Source:  Compiled by Science-Metrix from Scopus data 

The scientific output from the biophysics subfield during 1997–2006 was quite small, and this is 
reflected in the small number of co-authored papers in the field. Some institutions with a high 
scientific output, such as UCLA, the University of Calgary and the University of British Columbia, 
have less than five co-authored papers with other Californian or Canadian institutions (see Figure 8). 

Figure 8 shows that Californian institutions collaborate mainly among themselves in this subfield. 
UC Berkeley is at the centre of the network, with five main biophysics research collaboration 
partners. The Howard Hughes Medical Institute has four collaboration partners, while collaboration 
between UC San Francisco and UC Berkeley produced 28 co-authored papers, the same number as 
produced by Stanford and the US Department of Veterans Affairs. 

McGill and the Université de Montréal are the only Canadian institutions with more than five co-
authored biophysics papers (each had eight). At a threshold of four collaborations, the University of 
Toronto and the University of Western Ontario, and the University of Western Ontario and the 
Memorial University of Newfoundland would be linked within this network. 

Canada and California have a PI of 1.0, indicating that the frequency of their collaboration in 
biophysics is what would be predicted, based on the number of bilateral international collaborations 
each has in this subfield. However, the 46 collaborations between Canadian and Californian 
institutions in 1997–2006 are not shown because no two institutions had five or more collaborations 
with each another. In terms of future collaboration, it should be noted that UC Davis collaborated 
on a limited basis with a few Canadian universities, including four papers with each of the University 
of Calgary and the University of British Columbia (the two top institutions in Table VIII). 
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Figure 8 Collaboration network of leading Californian and Canadian institutions in 
biophysics research, 1997–2006 

Note: The size of a node is proportional to the institution’s total number of papers in biophysics. The width of 
the links is proportional to the number of collaborations between two institutions. Only institutions with 
at least 20 published papers in the subfield are presented. Links are displayed only where two 
institutions co-authored at least five papers. 

Source:  Compiled by Science-Metrix from Scopus data 

3.4 Computers 

The subfield of computers was selected in part because of its large size and extremely rapid growth, 
the fastest within the field of engineering & technology. At the world level, it more than doubled in 
size in 2003–2006 compared to 1997–2000—an increase that is almost mirrored in Canada (growth 
index of 1.93). Although growth was more modest in California (growth index of 1.18), papers from 
this region have a high level of scientific impact in computers research, with an ARC score of 1.8, 
corresponding to an 80% higher citation rate than the world average paper in this subfield. In 
comparison, Canada’s computers papers have an ARC of 1.1, being cited only 10% more than the 
world average. Both regions also show slightly higher specialization than the world level for 
computers, with SI values of 1.1 (Canada) and 1.2 (California). 
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Within California, UC Berkeley and Stanford lead in terms of number of computers papers 
published in 1997–2006 (Table IX), with 1,214 and 1,031 papers, respectively. The next top eight 
institutions in this field are also universities, with the University of Southern California and UC San 
Diego ranked 3rd and 4th, with at least 800 papers each. This listing also includes some major 
companies, and government research laboratories and organizations. 

Despite contributing to only 23 papers in computers, Sandia National Laboratories has the highest 
impact, with 270% more frequent citations to its papers than the world average. Microsoft and 
Google have impact scores far above the world level for computers, with ARCs of 3.1 and 3.0, 
respectively. UC Berkeley and Caltech are in the top five, with ARC scores on a par at 2.7. 

Table X presents the leading Canadian institutions in computers research, in which the University of 
Waterloo is ranked first, with 774 papers published in 1997–2006. The University of Toronto and 
the University of Alberta are strong contenders, with 690 and 531 computers papers, respectively. Of 
the 46 institutions in this ranking, 39—and the entire top 16—are universities; the remainder are 
government research organizations, companies and hospitals. 

The papers published by the Robarts Research Institute, a private research centre, on the use of 
computers in medical research have an ARC of 2.1, twice the average impact for papers in this 
subfield. IBM’s papers have a high ARC score, at 1.6 ARC. But the leader in terms of impact is the 
University of British Columbia with an ARC of 2.2, while the University of Toronto scores 1.7. 

Collaborations within and between Canada and California in the subfield of computers, are depicted 
in Figure 9, which includes institutions that published more than 50 papers during the 1997–2006 
period. The California cluster is clearly centred on UC Berkeley, although the most productive 
collaborations are between Caltech and NASA (145 co-authored papers) and between UC San Diego 
and the San Diego Supercomputer Centre (71 co-authored papers). Other research hubs in the 
cluster are the University of Southern California, UCLA and Stanford. Among the companies, 
Hewlett-Packard is positioned within the main cluster, with high levels of collaboration with all the 
universities mentioned above, plus UC Santa Barbara. Other notable collaborating companies are 
IBM, Intel, Cadence Design Systems and Synopsis. 

Within Canada, the University of Toronto and the University of Waterloo, as well as collaborating on 
22 papers, are at the centre of the collaboration network (Figure 9). The only other large 
collaborative links within Canada are between the University of Ottawa and Carleton (29 papers), 
and between the University of British Columbia (UBC) and the University of Toronto (21 papers). 
Some geographical clustering can be observed, for example, around the Montreal-based institutions. 



Scientific Collaborations  
between Canada and California 

 33 

Table IX Leading Californian institutions in computers research, 1997–2006 

Institution Papers ARC
UC Berkeley 1,214 2.7
Stanford University 1,031 2.5
University of Southern California 891 1.6
UC San Diego 828 1.9
UC Los Angeles 691 2.5
UC Irvine 623 1.7
California Institute of Technology 481 2.7
UC Santa Barbara 474 1.3
Hewlett-Packard 389 1.8
NASA 383 1.5
IBM 373 2.1
UC Davis 345 2.1
UC Riverside 300 1.3
UC Santa Cruz 244 1.7
Intel Corporation 214 1.8
Los Alamos National Laboratory 194 1.5
US Navy 147 1.3
Sun Microsystems 134 1.4
Xerox 123 1.7
Lawrence Berkeley Natl. Laboratory 121 1.8
SRI International 113 1.8
Cadence Design Systems 104 0.9
Synopsys, Inc. 100 1.1
Lawrence Livermore Natl. Laboratory 94 1.6
International Computer Science Institute (ICSI) 92 2.0
San Diego Supercomputer Center 79 2.4
Qualcomm Inc. 76 2.6
San Jose State University 71 0.6
Google Inc. 63 3.0
UC San Francisco 57 1.3
Fujitsu 56 0.6
Cisco Systems 54 1.6
Microsoft Research 44 3.1
Oracle Corporation 42 1.4
San Diego State University 40 1.4
Santa Clara University 39 1.1
San Francisco State University 37 0.2
Salk Institute 33 1.5
CSU Northridge 26 1.0
California State University 25 0.9
IEEE 24 2.5
Sandia National Laboratories 23 3.7
CSU Long Beach 22 0.4
HRL Laboratories 20 1.8  
Source:  Compiled by Science-Metrix from Scopus data 
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Table X Leading Canadian institutions in computers research, 1997–2006 

Institution Papers ARC
University of Waterloo 774 1.0
University of Toronto 690 1.7
University of Alberta 531 1.1
University of British Columbia 430 2.2
Carleton University 376 1.2
McGill University 366 1.1
University of Calgary 323 1.0
Université de Montréal 317 1.1
University of Ottawa 308 1.2
Concordia University 302 0.8
Simon Fraser University 300 1.0
University of Western Ontario 241 1.1
University of Victoria 228 1.0
Queen's University 226 1.2
McMaster University 173 1.4
University of Manitoba 160 1.0
National Research Council of Canada 160 1.2
Université Laval 155 1.1
University of Regina 147 0.6
UQAM 130 0.7
University of Windsor 127 0.8
University of Saskatchewan 126 0.6
Dalhousie University 121 0.8
York University 120 1.0
University of New Brunswick 94 0.5
Université de Sherbrooke 79 1.1
IBM 78 1.6
Memorial University of Newfoundland 74 1.2
University of Guelph 70 0.7
Nortel Networks 64 0.5
École de technologie supérieure 62 1.4
Ryerson University 56 0.7
UQO 51 1.3
Saint Mary's University 40 0.7
MUHC 39 1.3
University of Lethbridge 36 1.4
Acadia University 33 0.3
Wilfrid Laurier University 33 1.0
UQTR 33 0.5
Royal Military College of Canada 32 0.5
St. Francis Xavier University 30 0.1
Robarts Research Institute 27 2.1
Brock University 26 1.6
Canadian Space Agency 23 0.4
University Health Network 22 1.1
Lakehead University 21 0.8  
Source:  Compiled by Science-Metrix from Scopus data 
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There were 288 Canada-California collaborations in the subfield of computers, although there is no 
tendency for the regions to collaborate with one another preferentially to other countries (PI of 0.7). 
Again, among Canadian institutions, the University of Toronto collaborates the most with 
Californian counterparts, with six relationships accounting for 35 co-authored computers papers (in 
addition to a few collaborations that are below the five-paper threshold). Figure 9 shows that UBC is 
positioned close to the California cluster based on its links with Stanford and UC Berkeley. The 
latter has also collaborated with Simon Fraser University in Canada, while UC Riverside collaborates 
with the University of Alberta and the University of Waterloo. In terms of number of co-authored 
computers papers, the top international collaboration is between the University of Toronto and IBM 
(USA), with 7 papers. Finally, IBM’s US and Canadian offices contributed to 11 co-authored papers 
in this subfield. 

 

Figure 9 Collaboration network of leading Californian and Canadian institutions in 
computers research, 1997–2006 

Note: The size of a node is proportional to the institution’s total number of papers in computers. The width of 
the links is proportional to the number of collaborations between two institutions. Only institutions with 
at least 50 published papers in the subfield are presented. Links are displayed only where two 
institutions co-authored at least five papers. 

Source:  Compiled by Science-Metrix from Scopus data 
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3.5 Earth & Planetary Science 

Earth & planetary science is the largest subfield within the earth & space field, and continues to grow 
at a higher rate than the database as a whole (growth index of 1.12 at the world level). Both Canada 
and California are specialized in this subfield, with SI values of 1.5 and 2.0 respectively. Their 
scientific impact is also above the world level, their papers being cited respectively 10% and 60% more 
often than could be expected in this subfield. With 496 co-authored papers, Canada and California 
also appear to have a well-established bilateral collaboration network. 

Some Californian institutions are obvious leaders in earth & planetary science based on research on 
astronomy & astrophysics. NASA and Caltech largely dominate this subfield, with 2,627 and 2,343 
papers, respectively published, in the 1997–2006 period (Table XI). UC Berkeley, UC San Diego and 
UCLA published some 1,300 papers each. Three government organizations, the US Geological 
Survey, the Los Alamos National Laboratory and the Lawrence Livermore National Laboratory are 
also in the top 10 for number of publications. The complete listing for earth & planetary science also 
includes a number of companies and private research institutes. 

One company, Malin Space Science Systems which develops and conducts research on instruments 
that fly on spacecraft, has an exceptional ARC score of 5.3, indicating that its papers are cited 430% 
more than the average earth & planetary science paper. Ranked next is the Bay Area Environmental 
Research Institute, with an ARC value of 2.7, with the US Geological Survey and UC Irvine both 
scoring 2.2. UC Irvine is the only university ranked in the top 10 based on impact; Caltech is in 11th 
place with an ARC score of 1.9. However, all the institutions in Table XI have a greater impact than 
the world average. 

Natural Resources Canada (NRCan) leads the ranking of Canadian institutions for the most papers 
in earth & planetary science research, with over 1,000 papers published during the period (Table XII). 
The University of Toronto, the University of British Columbia and the University of Alberta are next 
with 500–600 papers each. The only non-university and non-government institution to figure in the 
listing is Fugro Airborne Surveys, a company that provides services related to exploration of natural 
resources. 

Three small universities, which published less than 50 papers each, lead in terms of impact in 
Canada: Trent University, Guelph University and St. Francis Xavier University have ARC scores of 
2.5, 2.4 and 2.0 respectively, meaning that their papers are cited more than twice as often as the 
world’s average earth & planetary science paper. Environment Canada ranks 4th with its 439 papers 
(ARC of 1.9), ahead of another small university, the Université du Québec à Rimouski (UQAR; ARC 
of 1.8). The top five institutions for number of papers have higher impact than the world level, but 
the impact of 20 Canadian institutions in the list is below world level. 
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Table XI Leading Californian institutions in earth & planetary science, 1997–2006 

Institution Papers ARC
NASA 2,627 1.9
California Institute of Technology 2,343 1.9
UC Berkeley 1,382 1.6
UC San Diego 1,327 1.8
UC Los Angeles 1,243 1.7
Stanford University 945 1.5
U.S. Geological Survey 941 2.2
Los Alamos National Laboratory 872 1.4
UC Santa Cruz 481 1.5
Lawrence Livermore Natl. Laboratory 473 1.9
UC Santa Barbara 436 1.6
UC Irvine 421 2.2
University of Southern California 398 1.8
UC Davis 331 1.7
Lawrence Berkeley Natl. Laboratory 268 1.8
Aerospace Corporation 241 1.1
US Navy 241 1.9
Lockheed Martin Corporation 205 1.3
UC Riverside 150 1.3
SRI International 150 1.5
SETI Institute 119 1.3
San Diego State University 97 1.6
Berkeley Geochronology Center 77 1.8
San Jose State University 72 1.7
Monterey Bay Aquarium Res. Institute 70 1.4
Bay Area Environmental Research Institute 65 2.7
Malin Space Science Systems 47 5.3
URS Corporation 46 1.2
California State University 39 1.1
San Francisco State University 28 1.6
University of California Observatories 26 1.4
Raytheon Corporation 24 1.9
Humboldt State University 23 1.1
NOAA 20 2.0  
Source:  Compiled by Science-Metrix from Scopus data 
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Table XII Leading Canadian institutions in earth & planetary science, 1997–2006 

Institution Papers ARC
Natural Resources Canada 1,023 1.3
University of Toronto 602 1.6
University of British Columbia 546 1.3
University of Alberta 502 1.2
Environment Canada 439 1.9
University of Calgary 409 0.8
University of Western Ontario 399 1.0
University of Saskatchewan 371 1.0
Dalhousie University 336 1.5
University of Victoria 291 1.4
York University 279 1.4
McGill University 250 1.2
Queen's University 224 1.3
Université de Montréal 203 0.7
University of Waterloo 199 1.2
Memorial University of Newfoundland 174 1.3
Department of Fisheries and Oceans 153 1.1
Université Laval 149 0.9
UQAM 146 1.4
Carleton University 139 1.2
University of Manitoba 128 1.0
University of New Brunswick 128 1.4
University of Ottawa 127 1.0
Bedford Institute of Oceanography 126 1.2
Simon Fraser University 123 1.6
GEOTOP 114 1.3
McMaster University 111 0.9
National Research Council of Canada 95 0.8
Canadian Space Agency 78 0.4
Université de Sherbrooke 58 1.4
Laurentian University 56 1.2
Atomic Energy of Canada Limited 45 0.8
St. Francis Xavier University 45 2.0
University of Windsor 44 1.2
Lakehead University 43 1.2
Royal Ontario Museum 42 1.2
Saint Mary's University 42 0.8
Centre d'études nordiques 37 0.7
University of Regina 37 1.0
University of Guelph 36 2.4
Royal Military College of Canada 34 0.5
Trent University 32 2.5
National Defence 32 0.2
Agriculture and Agri-Food Canada 29 1.3
Ontario Ministry of Northern Development and Mines 25 1.6
Fugro Airborne Surveys 25 0.9
Communications Research Centre Canada 25 0.5
UQAC 24 0.8
UQAR 24 1.8
Brock University 22 0.8  
Source:  Compiled by Science-Metrix from Scopus data 
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The visual representation of collaboration in earth & planetary science shows that NASA and 
Caltech in California and NRCan in Canada are major research hubs (Figure 10) and that 
collaboration between NASA and Caltech is intensive, accounting for 1,345 co-authored 
publications. The output of other collaborations is much smaller, although several correspond to 
50–100 co-authored publications. 

For instance, in California, UC Berkeley, UCLA, UC San Diego, Stanford, the US Geological Survey, 
the SETI Institute, the Bay Area Environmental Research Institute, and the Lawrence Berkeley, 
Lawrence Livermore and Los Alamos national laboratories have at least one collaboration partner 
with whom they contributed to at least 50 papers. All of these institutions are at the centre of the 
California network and most are ranked in the top 10 based on number of papers (Table XI). 

 

Figure 10 Collaboration network of leading Californian and Canadian institutions in earth 
& planetary science research, 1997–2006 

Note: The size of a node is proportional to the institution’s total number of papers in earth & planetary 
science. The width of the links is proportional to the number of collaborations between two institutions. 
Only institutions with at least published 50 papers in the subfield are presented. Links are displayed 
only where two institutions co-authored at least 10 papers. 

Source:  Compiled by Science-Metrix from Scopus data 
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In Canada, the most frequent collaboration is between GEOTOP and the Université du Québec à 
Montréal (UQAM), with 96 co-authored papers, while the most substantial collaboration links are 
between NRCan and the University of Victoria (65 co-authored papers), the Bedford Institute of 
Oceanography (60 papers) and the University of Alberta (50 papers). Environment Canada is another 
important research partner, collaborating with nine other Canadian institutions, in addition to 
collaborations that resulted in less than 10 papers. 

There were some 500 Canada-California collaborations between 1997 and 2006 in earth & planetary 
sciences. Those shown in the collaboration network involve Environment Canada, NRCan, York 
University, Dalhousie University, and the universities of Toronto, Western Ontario and Alberta on 
the Canadian side, and the group of institutions that form the centre of the cluster on the California 
side (Caltech, NASA, UCLA, UC Berkeley, UC San Diego, the US Geological Survey, Stanford), plus 
UC Davis. However, the tendency for the two regions to work together (PI of 0.9) is lower than might 
be expected based on bilateral international collaborations in this subfield. 

3.6 Ecology 

Scientific output in the subfield of ecology is increasing rapidly in both Canada and California, with 
growth indexes of 1.20 and 1.30, respectively, compared to 1.14 at the world level. It is the only 
subfield within biology to be experiencing positive growth in these two regions. Both regions also 
demonstrate excellence in ecology, with high levels of impact and specialization. Canada is more 
specialized than California (SI 1.9 and 1.3, respectively), while Californian research has more impact 
(ARC of 1.5; 1.1 for Canada), being cited 50% times more often than the world level. 

UC Davis is the clear leader among Californian institutions which perform research in ecology, 
publishing 906 papers during the 1997–2006 period (Table XIII). UC Berkeley and UC Santa Barbara 
follow with 587 and 480 papers, respectively. No Californian companies published more than 20 
papers in ecology during the period: the listing comprises only universities, government 
organizations, and private non-profit research organizations. 

The institution with the highest scientific impact is the Los Alamos National Laboratory, its 44 
ecology papers being cited almost three times more often than the world’s average paper (ARC of 
2.8). UC Santa Barbara is next with an ARC value of 2.1, just ahead of the National Oceanic and 
Atmospheric Administration - NOAA (ARC of 2.0). Ecology papers published by the top 10 most 
prolific institutions are cited at least 40% more often than the average world paper in this subfield. 

Three Canadian universities lead the ranking in terms of output of ecology papers: the University of 
British Columbia, the University of Alberta and the University of Toronto, with 497, 409 and 346 
papers, respectively (Table XIV). A number of government departments also contribute to Canada’s 
scientific output in ecology, especially Environment Canada, Natural Resources Canada (NRCan), 
the Ontario Ministry of Natural Resources and Agriculture and Agri-Food Canada, which each 
published at least 100 papers during the period. 
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Table XIII Leading Californian institutions in ecology research, 1997–2006 

Institution Papers ARC
UC Davis 906 1.6
UC Berkeley 587 1.5
UC Santa Barbara 480 2.1
Stanford University 311 1.9
UC Santa Cruz 230 1.7
UC Riverside 211 1.4
UC Los Angeles 176 1.5
USDA 170 1.1
UC San Diego 168 1.9
UC Irvine 153 1.8
U.S. Geological Survey 147 1.5
San Diego State University 96 1.1
Humboldt State University 77 1.0
California Department of Fish & Game 61 0.8
San Francisco State University 54 1.6
Los Alamos National Laboratory 44 2.8
Carnegie Institution 43 1.7
CSU Sacramento 41 0.8
NOAA 34 2.0
U.S. Fish and Wildlife Service 33 1.2
California Academy of Sciences 32 0.8
CSU Northridge 30 1.9
White Mountain Research Station 25 1.0
NASA 25 1.2
California State University 22 1.2
CSU Fullerton 22 0.8
Zoological Society of San Diego 21 1.1
Sonoma State University 21 0.9  
Source:  Compiled by Science-Metrix from Scopus data 

As shown in Table XIV, the clear leader in terms of scientific impact in Canada is the Ottawa-
Carleton Institute of Biology, whose 29 ecology papers were cited 240% more than the average paper 
in this subfield. Carleton University and the University of Windsor also have a high level of impact 
(ARC of 2.2. and 2.1, respectively), with Dalhousie University and McGill also in the top five. The 
government institution with the highest impact is Parks Canada (ARC of 1.6; 34 papers), on a par 
with the University of Toronto and the University of Ottawa. 

The network of collaboration among Canadian and Californian institutions based on their scientific 
output during 1997–2006 is depicted in Figure 11. There is an obvious tight collaboration cluster, 
involving few external players, in California, which is centred on UC Davis, UC Santa Barbara, UC 
Berkeley and the US Geological Survey. Other active members of this network are the US 
Department of Agriculture (USDA), UC Santa Cruz and Stanford. Pairs of Californian institutions 
that co-authored the most papers are UC Davis with UC Berkeley (40 papers), with UC Santa Barbara 
(28 papers) and with the USDA (27 papers). 
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Table XIV Leading Canadian institutions in ecology research, 1997–2006 

Institution Papers ARC
University of British Columbia 497 1.5
University of Alberta 409 1.3
University of Toronto 346 1.6
Environment Canada 257 0.9
Natural Resources Canada 238 1.0
Université Laval 226 0.9
McGill University 225 1.8
University of Guelph 182 1.0
University of Calgary 168 1.0
Simon Fraser University 163 1.1
University of Saskatchewan 139 0.8
Ontario Min. of Natural Resources 121 0.8
Agriculture and Agri-Food Canada 118 0.6
University of New Brunswick 117 0.8
UQAM 108 1.4
Centre d'études nordiques 105 0.9
Dalhousie University 104 1.9
University of Victoria 97 1.0
Carleton University 97 2.2
Université de Montréal 93 1.4
Queen's University 91 1.1
Department of Fisheries and Oceans 81 0.8
University of Ottawa 79 1.6
University of Manitoba 77 0.6
Lakehead University 70 0.8
University of Regina 69 1.5
University of Western Ontario 68 0.9
Trent University 65 0.5
Université de Sherbrooke 63 1.4
Memorial University of Newfoundland 63 0.6
York University 61 1.2
University of Northern British Columbia 60 1.1
University of Waterloo 59 0.8
University of Windsor 58 2.1
UQAR 53 0.8
McMaster University 48 1.1
British Columbia Ministry of Forests 41 0.9
Acadia University 40 0.7
Laurentian University 40 0.9
Ducks Unlimited Canada 39 0.6
University of Lethbridge 37 1.1
Parks Canada 34 1.6
Ottawa-Carleton Institute of Biology 29 3.4
Concordia University 28 1.3
Mount Allison University 24 1.2
University of Winnipeg 24 0.4
Bedford Institute of Oceanography 21 1.3
Alberta Research Council 20 0.7
UQAT 20 1.4  
Source:  Compiled by Science-Metrix from Scopus data 
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The Canadian-based collaboration network is more diffuse, and has several hubs (Figure 11). The 
University of British Columbia (UBC), Environment Canada, the University of Alberta, NRCan, the 
University of Toronto, and Université Laval have at least five papers co-authored with 10 or more 
Canadian institutions. The most intense partnership is between Université Laval and the Centre 
d’études nordiques, with 94 joint ecology papers. The latter also co-authored 25 papers with the 
UQAR—one less than produced by the collaboration between NRCan and the University of Alberta. 

 

Figure 11 Collaboration network of leading Californian and Canadian institutions in 
ecology research, 1997–2006 

Note: The size of a node is proportional to the institution’s total number of papers in ecology. The width of 
the links is proportional to the number of collaborations between two institutions. Only institutions with 
at least 20 published papers in the subfield are presented. Links are displayed only where two 
institutions co-authored at least five papers. 

Source:  Compiled by Science-Metrix from Scopus data 

Between 1997 and 2006, Canadian and Californian researchers contributed to 189 joint papers, 
corresponding to a PI of 0.9. These two regions are therefore slightly less likely to collaborate than 
could be expected on the basis of their total bilateral international collaborations in this subfield. 
The links in Figure 11 illustrate which Canada-California relationships represent at least five co-
authored papers. Only three Californian institutions have such established partnerships: UC Davis, 
UC Santa Barbara and UC Berkeley. Their Canadian partners are the University of Calgary, UBC, 
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McGill University and the University of Toronto. UC Davis co-authored 15 papers with the 
University of Toronto, and UC Santa Barbara co-authored 13 papers with UBC. 

3.7 Genetics & Heredity 

Within the field of biomedical research, genetics & heredity stands out as a subfield in which both 
Canada and California have demonstrated excellence. In addition to their high levels of 
specialization (SI of 1.4 and 1.5, respectively), these regions produce high-impact papers (ARC of 1.1. 
and 1.6, respectively). Although growth in this subfield at the world level is below the rate of growth 
in the database as a whole, Canada’s and California’s scientific output is on a par with or surpassing 
database growth level (growth indexes of 1.01 and 1.08, respectively). Research partnerships between 
the two regions are already well-established; the PI indicates a 30% higher likelihood that they will 
collaborate with each other rather than other international collaborators in this subfield. 

With roughly 1,000 papers each in 1997–2006, Stanford, UCLA and UC Davis lead in terms of 
scientific output in genetics & heredity research in California (Table XV). This puts them well ahead 
of UC San Francisco, UC Berkeley and UC San Diego, which have fewer than 860 papers each. 
Several private and government research organizations (including hospitals) are included in the 
listing, as well as a number of companies, the most prolific of which is Novartis (78 papers). 

There are five companies in the top 10 ranking based on scientific impact, their papers being cited at 
least twice as often as the world’s average paper in genetics & heredity. First is Affymetrix, which 
develops biomedical technology, with an ARC score of 5.3, followed by Amgen and Genetech with 
ARC scores of 3.3 and 2.8, respectively. Two pharmaceutical companies, Novartis and Schering-
Plough, also have high impact (ARCs of 2.5 and 2.3, respectively). This top 10 also includes four 
private research institutes (Howard Hughes Medical, ARC of 3.3.; Salk, ARC of 2.9, Burnham, ARC of 
2.5; and Kaiser Permanente, ARC of 2.3). The Lawrence Berkeley National Laboratory is in 10th place, 
with an ARC value of 2.3. The highest ranked university is Caltech, with an ARC of 2.1. 

The University of Toronto published almost as many papers (980) as the Californian leaders in 
genetics & heredity during the period (Table XVI). Next is McGill, the University of British Columbia 
and the Hospital for Sick Children (in Toronto), with 769, 735 and 558 papers, respectively. Unlike 
the situation in California, in Canada no companies published more than 20 papers in this subfield. 
Almost half the institutions in the list are universities, the rest being hospitals, government 
organizations and research centres. 

The Canada Institute for Advanced Research (CIFAR) has the highest scientific impact in genetics & 
heredity research in Canada, with an ARC value of 2.1. Ranked next are McGill University and 
Genome Québec Innovation Centre and the Ontario Cancer Institute, with ARC scores of 2.0 and 
1.9, respectively, indicating that their papers are cited roughly twice as often as the world’s average 
paper in this subfield. The University of Toronto is the highest ranked university based on impact, in 
9th place with an ARC value of 1.5. 
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Table XV Leading Californian institutions in genetics & heredity research, 1997–2006 

Institution Papers ARC
Stanford University 1,014 2.1
UC Los Angeles 1,013 1.7
UC Davis 1,009 1.2
UC San Francisco 859 2.0
UC Berkeley 798 1.4
UC San Diego 726 1.8
UC Irvine 425 1.3
University of Southern California 380 1.8
Howard Hughes Medical Institute 336 3.3
UC Riverside 325 0.8
Cedars-Sinai Medical Center 230 1.2
Lawrence Berkeley Natl. Laboratory 222 2.3
Scripps Research Institute 218 1.6
City of Hope National Medical Center 211 1.0
Salk Institute 211 2.9
Lawrence Livermore Natl. Laboratory 194 1.2
California Institute of Technology 157 2.1
USDA 141 1.1
Burnham Institute 129 2.5
U.S. Department of Veterans Affairs 124 1.2
UC Santa Cruz 123 1.7
Children's Hospital Oakland 112 1.2
Los Alamos National Laboratory 104 1.0
UC Santa Barbara 103 0.7
Loma Linda University 81 0.6
Novartis 78 2.5
Childrens Hospital Los Angeles 65 0.9
DOE Joint Genome Institute 63 1.4
Amgen Inc. 58 3.1
Ludwig Institute for Cancer Research 54 1.9
Affymetrix 54 5.3
San Francisco State University 50 0.8
Roche 48 1.6
San Diego State University 47 1.1
Genentech, Inc. 46 2.8
Zoological Society of San Diego 42 0.8
Kaiser Permanente 41 2.5
Jules Stein Eye Institute 34 1.4
Schering-Plough 33 2.3
NOAA 32 0.7
Children's Hospital of San Diego 31 1.3
SRI International 31 0.9
California Pacific Medical Center 24 1.3
San Francisco General Hospital 20 1.8
Carnegie Institution 20 1.2  
Source:  Compiled by Science-Metrix from Scopus data 
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Table XVI Leading Canadian institutions in genetics & heredity research, 1997–2006 

Institution Papers ARC
University of Toronto 980 1.5
McGill University 769 1.4
University of British Columbia 735 1.2
Hospital for Sick Children 558 1.4
University of Alberta 382 0.9
MUHC 378 1.5
Université de Montréal 274 1.0
University of Guelph 274 0.7
Dalhousie University 264 1.1
McMaster University 242 1.0
Université Laval 235 1.1
Agriculture and Agri-Food Canada 225 0.6
University of Calgary 204 1.0
Mount Sinai Hospital 191 1.7
University of Ottawa 185 1.3
University Health Network 182 1.1
Queen's University 176 0.7
British Columbia Cancer Agency 152 1.6
University of Western Ontario 150 0.8
University of Saskatchewan 147 0.6
Simon Fraser University 136 1.0
University of Victoria 136 0.8
University of Manitoba 128 0.9
Ontario Cancer Institute 112 1.9
CHU Sainte-Justine 101 0.8
Centre for Addiction and Mental Health 100 1.1
CHUQ 100 1.3
York University 84 0.8
Jewish General Hospital 80 1.3
Children's Hosp. of Eastern Ontario 77 1.1
Sunnybrook and Women's College Health Sciences Centre* 74 1.6
Robarts Research Institute 62 1.1
National Research Council of Canada 62 1.3
CIFAR 61 2.1
Alberta Children's Hospital 58 0.9
Ottawa Hospital 55 1.2
CHUM 49 1.0
Université de Sherbrooke 45 0.9
Department of Fisheries and Oceans 45 0.8
Memorial University of Newfoundland 45 1.2
IRCM 42 1.7
BC Children's Hospital 42 0.8
Concordia University 38 0.4
Royal Ontario Museum 37 0.8
Health Canada 37 0.7
Carleton University 37 0.5
Natural Resources Canada 34 0.6
University of Windsor 34 0.5
McGill University and Genome Québec Innovation Centre 32 2.0
London Health Sciences Centre 29 1.3  
Note:  * Sunnybrook Health Sciences Centre and Women's College Hospital separated on April 1, 2006 
Source:  Compiled by Science-Metrix from Scopus data 
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Figure 12 depicts the network of collaboration in genetics & heredity research for leading Canadian 
and Canadians institutions. Links are only shown where 10 or more papers were co-authored during 
the 1997–2006 period. There are several large universities at the core of the California cluster, 
including UC Davis, UC San Francisco, UCLA, Stanford, UC Berkeley, UC San Diego and the 
Howard Hughes Medical Institute. While the Cedars-Sinai Medical Center does not collaborate with 
any other institutions, it has 139 co-authored papers with UCLA. Only Stanford and Howard 
Hughes Medical Center (102 papers) and UC Berkeley and the Lawrence Berkeley National 
Laboratory (85 papers) have comparable levels of collaboration within the state. 

 

Figure 12 Collaboration network of leading Californian and Canadian institutions in 
genetics & heredity research, 1997–2006 

Note: The size of a node is proportional to the institution’s total number of papers in genetics & heredity. The 
width of the links is proportional to the number of collaborations between two institutions. Only 
institutions with at least 50 published papers in the subfield are presented. Links are displayed only 
where two institutions co-authored at least 10 papers. 

Source:  Compiled by Science-Metrix from Scopus data 

In Canada, there is some geographic clustering around leading universities in the major cities, for 
example, the University of Toronto, McGill and UBC. The first two universities also have strong 
collaborative relationships with their affiliated teaching hospitals, particularly between the 
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University of Toronto and the Hospital for Sick Children and between McGill and the McGill 
University Health Centre (MUHC), with 312 and 289 co-authored papers, respectively. 

These institutions also collaborate actively with Californian universities. Specifically, the University 
of Toronto collaborates with UC San Francisco, the Hospital for Sick Children and McGill with 
UCLA, and UBC with UC San Diego and Stanford. These collaborations result in 11 to 16 co-
authored papers. McGill also contributed to 10 papers with UC Riverside. Several other collaborative 
efforts were below the 10-paper threshold and thus are not shown in Figure 12; few institutions 
involved in these small collaborations have not yet been mentioned in the context of international 
collaborations (namely, UC Berkeley, UC Davis, UC Irvine, and the University of Alberta). A total of 
507 papers were co-authored by Californian and Canadian institutions, corresponding to a PI of 1.3. 

3.8 Meteorology & Atmospheric Sciences 

Meteorology & atmospheric science is another fast-growing subfield of earth & space, especially in 
California (growth index of 1.35; 1.14 for Canada). This may be related to the recent surge in 
research on human-induced climate change. Canada’s excellence in this subfield is demonstrated by 
its SI of 1.5 and, to a lesser extent, by its scientific impact (ARC of 1.2); corresponding levels for 
California I are SI of 1.2 and ARC of 1.6. 

Only universities and government research organizations published more than 20 meteorology & 
atmospheric sciences papers in California between 1997 and 2006 (Table XVII). Six institutions 
published more than 100 papers in this subfield: the US Navy (362 papers), UC San Diego, UCLA, 
NASA, Caltech and the Lawrence Livermore National Laboratory. 

Table XVII Leading Californian institutions in meteorology & atmospheric sciences 
research, 1997–2006 

Institution Papers ARC
US Navy 362 1.3
UC San Diego 315 1.7
UC Los Angeles 284 1.6
NASA 219 1.8
California Institute of Technology 181 2.0
Lawrence Livermore Natl. Laboratory 132 3.4
UC Irvine 86 1.1
Los Alamos National Laboratory 82 2.3
UC Davis 77 1.3
UC Santa Barbara 63 1.6
UC Berkeley 62 2.0
Stanford University 49 1.0
U.S. Geological Survey 32 1.9
Lawrence Berkeley Natl. Laboratory 31 1.8
Bay Area Environmental Research Institute 20 3.2  
Source:  Compiled by Science-Metrix from Scopus data 
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The Lawrence Livermore National Laboratory has the highest level of scientific impact, with an ARC 
of 3.4, corresponding to a 240% higher citation rate than the world’s average paper in this subfield. 
Next in terms of impact are the Bay Area Environmental Research Institute (ARC of 3.2) and the Los 
Alamos National Laboratory (ARC of 2.3). Note that all institutions in this listing have higher 
scientific impact than the world level. 

Environment Canada published 624 meteorology & atmospheric sciences papers during the 1997–
2006 period (Table XVIII)—more than any Californian institution. McGill, the University of 
Toronto, the University of Victoria and UBC all published more than 100 papers over the period. As 
in California, all institutions in the listing are universities or government organizations. 

In the ranking based on scientific impact, Natural Resources Canada (NRCan) is on a par with the 
University of Victoria, with an ARC of 1.6, although NRCan published only 37 papers during the 
period. The University of Toronto is ranked 3rd (ARC of 1.5), while Environment Canada slips to 4th 
place with an ARC value of 1.3. York University and the University of Waterloo share 5th place with 
an ARC score of 1.2. 

Table XVIII Leading Canadian institutions in meteorology & atmospheric sciences 
research, 1997–2006 

Institution Papers ARC
Environment Canada 624 1.3
McGill University 204 1.0
University of Toronto 156 1.5
University of Victoria 148 1.6
University of British Columbia 146 1.0
Dalhousie University 89 1.1
York University 70 1.2
University of Alberta 68 0.5
Department of Fisheries and Oceans 66 0.7
UQAM 41 1.1
Bedford Institute of Oceanography 40 0.5
McMaster University 39 1.0
Natural Resources Canada 37 1.6
University of Waterloo 30 1.2
University of Manitoba 22 1.1
University of Western Ontario 21 1.0  
Source:  Compiled by Science-Metrix from Scopus data 

Figure 13 shows the collaboration links between Canadian and Californian institutions that co-
authored more than five meteorology & atmospheric sciences papers during the 1997–2006 period. 
The central role of Environment Canada is obvious; it is the largest contributor to papers in this 
subfield, the major collaborator among the Canadian institutions shown, and the main Canadian 
research partner for Californian institutions. Within Canada, it has contributed to 71 papers with 
the University of Victoria, 41 with McGill, and 30 with the University of Toronto. Other Canadian 
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institutions with collaboration partnerships with more than two others institutions are Dalhousie 
University and McGill. 

Within California, the most prolific research partnership is between NASA and Caltech (136 co-
authored papers). Along with the US Navy, UC San Diego and UCLA, they form a research hub in 
meteorology & atmospheric sciences in California. Notable peripheral collaborators in this hub also 
include three government organizations: the Los Alamos National Laboratory, the Lawrence 
Livermore National Laboratory and the Bay Area Environmental Research Institute. The latter is also 
part of a secondary hub centred on UC Berkeley, which includes UC Davis and the Lawrence Berkeley 
National Laboratory. 

As mentioned, Environment Canada is the only Canadian institution to contribute to more than five 
meteorology & atmospheric sciences papers with Californian researchers during the period. Its 
collaborators are UC San Diego, the US Navy, NASA and the Lawrence Livermore National 
Laboratory. There is a total of 83 Canada-California co-authored papers in this subfield, which 
corresponds to a PI of 0.9. Thus, these two regions collaborate less frequently than might be expected 
based on the rate of bilateral international collaboration in this subfield. 
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Figure 13 Collaboration network of leading Californian and Canadian institutions in 
meteorology & atmospheric sciences research, 1997–2006 

Note: The size of a node is proportional to the institution’s total number of papers in meteorology & 
atmospheric sciences. The width of the links is proportional to the number of collaborations between 
two institutions. Only institutions with at least 20 published papers in the subfield are presented. Links 
are displayed only where two institutions co-authored at least five papers. 

Source:  Compiled by Science-Metrix from Scopus data 

3.9 Neurology & Neurosurgery 

Neurology & neurosurgery is the biggest subfield within the field of clinical medicine, accounting for 
over 120,000 papers during the 1997–2006 period. The subfield has grown at about the same rate in 
Canada and California (growth indexes of 0.98 and 1.03, respectively) as the database as a whole, 
compared to a slight slowdown at world level (growth index of 0.95). Both regions show good 
performance based on specialization and impact indicators, with Canada being slightly more 
specialized than California (SI 1.4 compared to 1.2) and California having higher impact (ARC of 1.6 
compared to 1.2). 

UCLA dominates the leading Californian institutions in neurology & neurosurgery, based on its 
scientific output of 3,229 papers in 1997–2006 (Table XIX). Ranked next are UC San Francisco, with 
2,670 papers, and UC San Diego and Stanford with more than 2,000 papers. Several private non-
profit research organizations are active in this subfield, including the Salk Institute, the Scripps 
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Research Institute, the Howard Hughes Medical Institute and the WM Keck Foundation. A number 
of companies published more than 20 papers in this subfield, the most notable being Amgen and 
Genetech (131 and 120 papers, respectively). 

The Ludwig Institute for Cancer Research has the highest scientific impact in neurology & 
neurosurgery, with an ARC score of 4.6. In fact, this and other private non-profit research 
organizations dominate the top 10, including the Howard Hughes Medical Institute in 3rd place 
(ARC of 3.5). Just ahead is Elan Pharmaceuticals (ARC of 3.8), while 4th to 6th place are occupied by 
three other companies (Novartis, Amgen and Genetech). Caltech, the leading university, is ranked 
11th for impact in this subfield, with an ARC value of 2.1. 

Three of the top five leading Canadian neurology & neurosurgery institutions, McGill, the McGill 
University Health Centre (MUHC) and the Université de Montréal, are located in Montreal (Table 
XX). The University of Toronto is ranked 2nd, with 2,305 papers published between 1997 and 2006 
(compared to McGill’s 2,444 publications), while UBC is 4th with 1,325 papers. With the exception of 
the National Research Council of Canada (NRCC), all 50 top institutions in this subfield are 
universities or hospitals. 

The CHUQ (Centre hospitalier universitaire de Québec), the Douglas Hospital (Montreal) and 
Mount Sinai Hospital have the same level of scientific impact (ARC of 1.7). Université Laval and 
Baycrest (Toronto) are ranked next with ARC of 1.6, meaning their papers are cited 60% more than 
the world’s average neurology & neurosurgery paper. The Vancouver Hospital and Health Sciences 
Centre have an ARC score of 1.5. 
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Table XIX Leading Californian institutions in neurology & neurosurgery, 1997–2006 

Institution Papers ARC
UC Los Angeles 3,229 1.5
UC San Francisco 2,670 1.8
UC San Diego 2,470 1.7
Stanford University 2,092 2.0
UC Irvine 1,368 1.7
University of Southern California 1,114 1.3
UC Davis 1,068 1.4
U.S. Department of Veterans Affairs 1,065 1.5
UC Berkeley 782 1.7
Salk Institute 703 2.6
Scripps Research Institute 579 2.0
California Institute of Technology 571 2.1
Howard Hughes Medical Institute 451 3.5
W.M. Keck Foundation 234 1.7
Loma Linda University 173 0.7
UC Santa Barbara 166 1.0
Burnham Institute 164 2.3
Cedars-Sinai Medical Center 163 0.9
Smith-Kettlewell Eye Res. Institute 157 1.1
UC Riverside 141 1.0
Kaiser Permanente 136 1.1
Amgen Inc. 131 2.9
Genentech, Inc. 120 2.8
Parkinson's Institute 111 2.4
San Diego State University 109 0.9
Childrens Hospital Los Angeles 101 0.7
Children's Hospital of San Diego 100 0.8
SRI International 92 1.5
Buck Institute for Age Research 90 1.9
Ernest Gallo Clinic and Research Center 87 2.4
City of Hope National Medical Center 78 1.0
California Pacific Medical Center 76 1.0
Jules Stein Eye Institute 71 1.1
Elan Pharmaceuticals 65 3.8
Los Alamos National Laboratory 64 0.5
Roche 55 2.0
UC Santa Cruz 53 1.5
NASA 52 0.7
US Navy 45 1.0
Lawrence Berkeley Natl. Laboratory 45 1.9
House Ear Institute 41 0.8
San Francisco General Hospital 38 0.8
Doheny Eye Institute 36 1.7
Merck & Co 35 1.4
Rancho Los Amigos National Rehabilitation Center 34 1.4
Good Samaritan Hospital 30 2.0
CSU Los Angeles 28 1.1
Ludwig Institute for Cancer Research 28 4.6
Novartis 26 3.4
Children's Hospital Oakland 23 0.8  
Source:  Compiled by Science-Metrix from Scopus data 
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Table XX Leading Canadian institutions in neurology & neurosurgery, 1997–2006 

Institution Papers ARC
McGill University 2,444 1.3
University of Toronto 2,305 1.3
MUHC 1,563 1.4
University of British Columbia 1,325 1.4
Université de Montréal 1,207 0.9
University of Calgary 929 1.3
University of Alberta 926 1.2
University Health Network 894 1.4
University of Western Ontario 828 1.0
Dalhousie University 661 1.0
Hospital for Sick Children 654 1.2
University of Ottawa 500 1.0
McMaster University 471 1.0
Queen's University 459 1.0
Université Laval 423 1.6
University of Saskatchewan 356 0.9
University of Manitoba 346 1.0
CHUM 331 0.9
London Health Sciences Centre 316 0.8
Douglas Hospital 312 1.7
Centre for Addiction and Mental Health 288 1.2
Vancouver Hospital and Health Sciences Centre 287 1.5
Baycrest 282 1.6
Sunnybrook and Women's College Health Sciences Centre* 260 0.9
York University 246 0.8
Ottawa Hospital 224 1.2
Robarts Research Institute 208 1.4
CHUQ 205 1.7
University of Waterloo 204 0.5
Foothills Medical Centre 197 1.2
University of Lethbridge 182 1.1
National Research Council of Canada 179 1.0
Concordia University 168 1.0
UQAM 165 0.4
Simon Fraser University 153 0.9
CHU Sainte-Justine 142 1.0
Memorial University of Newfoundland 140 1.0
Jewish General Hospital 128 1.1
Inst. Univ. de Geriatrie de Montreal 127 0.7
Centre hospitalier Robert-Giffard 126 1.4
University of Victoria 125 1.0
BC Children's Hospital 125 0.7
Mount Sinai Hospital 121 1.7
Carleton University 117 1.2
St. Michael's Hospital 116 1.0
IWK Health Centre 113 0.9
Children's Hosp. of Eastern Ontario 89 0.7
Royal University Hospital 77 1.0
University of Guelph 72 0.7
St. Joseph's Health Care London 68 1.3  
Note:  * Sunnybrook Health Sciences Centre and Women's College Hospital separated on April 1, 2006 
Source:  Compiled by Science-Metrix from Scopus data 
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Because of the large number of papers in neurology & neurosurgery, only institutions with 50 or 
more papers in the field are included in the depiction of the Canada-California collaboration 
network (Figure 14). Within California, UC San Francisco, UC San Diego, UCLA, Stanford and the 
US Department of Veterans Affairs comprise the central hub of research. The US Department of 
Veterans Affairs is interesting in that its total number of publications is relatively modest (1,065 
papers), but it has the largest number of co-authored papers-with UC San Diego (318), UCLA (256), 
and Stanford (132). It also contributed to 171 papers with UC San Francisco, whose main 
collaborator is the WM Keck Foundation (228 co-authored papers). 

 

Figure 14 Collaboration network of leading Californian and Canadian institutions in 
neurology & neurosurgery, 1997–2006 

Note: The size of a node is proportional to the institution’s total number of papers in neurology & 
neurosurgery. The width of the links is proportional to the number of collaborations between two 
institutions. Only institutions with at least 50 published papers in the subfield are presented. Links are 
displayed only where two institutions co-authored at least 10 papers. 

Source:  Compiled by Science-Metrix from Scopus data 

The University of Toronto and McGill are both hubs of research in neurology & neurosurgery in 
Canada (Figure 14). There are geographic clusterings around McGill and, to a lesser extent, the 
Université de Montréal. McGill collaborates with almost every institution involved in this type of 
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research in Montreal, especially the MUHC (1,116 co-authored papers) and the Douglas Hospital 
(265 papers). The University of Toronto collaborates mainly with its affiliated teaching hospitals: 
564 and 365 co-authored papers, respectively, with the University Health Network (UHN) and the 
Hospital for Sick Children. Smaller geographic clusters can be observed around the University of 
Western Ontario (London), the University of Calgary, and UBC. 

There were 668 Canada-California collaborations in neurology & neurosurgery during the 1997–
2006 period, most of which involved the institutions that constitute the main research hubs. For 
instance, the University of Toronto contributed to between 11 and 24 papers with UC Irvine, UC San 
Francisco, UCLA, the University of Southern California and Stanford and McGill contributed to 
between 11 and 23 papers with UCLA, UC San Francisco, Stanford and UC San Diego. Other 
Canadian collaborators are UBC, the Hospital for Sick Children, the MUHC and the Université 
Laval; the latter has 10 co-authored papers each with UC San Diego and the Salk Institute.  

The two regions have a PI of 0.9, suggesting that, based on the number of bilateral international 
collaboration, they collaborate with other international partners more than with one another. 

3.10 Optics 

The subfield of optics has grown more than all other subfields of physics, with a growth index of 
1.18 at the world level, and 1.68 and 1.48 for Canada and California, respectively. There has been a 
recent and substantial increase in publications, with over 101,000 papers appearing during the 
1997–2006 period. California has strengths in specialization (SI of 1.1) and impact (ARC of 1.4); 
Canada’s excellence lies mainly in its scientific impact (ARC of 1.4; SI of 0.7). 

Caltech, NASA and Stanford are the leaders in optics based on scientific output, publishing 1,809, 
1,422 and 1,098 papers, respectively, during the 1997–2006 period (Table XXI). A remarkable 
proportion of the institutions actively publishing in this subfield are companies, such as Intel, 
Raytheon and Lockheed Martin, IBM, Aerospace Corporation, KLA-Tencor and Hewlett-Packard, 
which published roughly 100–200 papers each, and the The presence of government organization, 
such as the US Navy, in the top 15 California institutions in this subfield is also notable. 

Intel’s 209 optics papers are cited almost three times as often as the world’s average optics paper, 
placing it ahead of San Francisco State University and IBM in terms of scientific impact (ARC of 2.8 
and 2.7, respectively). Stanford, ranked 3rd for number of papers, is 7th based on impact, with an ARC 
score of 2.3, on a par with Mentor Graphics (a company involved in electronic design automation). 
Also in the ranking based on impact are Sandia National Laboratories (ARC of 2.6), ASML (a supplier 
of lithography systems; ARC of 2.4), and UC Santa Cruz and UC Santa Barbara both with ARC of 2.0. 

With the exception of the National Research Council of Canada (NRCC) and the National Defence, 
ranked 1st and 8th respectively, the top 10 Canadian institutions in optics are all universities, (Table 
XXII). Université Laval and the University of Toronto share 2nd place with some 540 optics papers 
each (behind the NRCC’s 631 papers). Only four companies are in the Canadian top 49 listing and, 
except for Nortel Networks, they occupy the three bottom ranks based on scientific output. 
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Table XXI Leading Californian institutions in optics research, 1997–2006 

Institution Papers ARC
California Institute of Technology 1,809 1.8
NASA 1,422 1.2
Stanford University 1,098 2.3
Lawrence Livermore Natl. Laboratory 950 1.9
UC Berkeley 885 1.6
UC San Diego 772 1.4
University of Southern California 763 1.3
Los Alamos National Laboratory 674 1.4
UC Irvine 638 1.9
UC Los Angeles 634 1.5
UC Santa Barbara 522 2.0
Lawrence Berkeley Natl. Laboratory 376 1.8
UC Davis 368 1.9
US Navy 288 0.9
UC Santa Cruz 236 2.0
Intel Corporation 209 2.9
Sandia National Laboratories 176 2.6
Raytheon Corporation 168 0.8
Lockheed Martin Corporation 167 0.6
IBM 167 2.7
Aerospace Corporation 156 0.7
UC San Francisco 155 0.9
KLA-Tencor 151 0.9
Hewlett-Packard 150 0.9
San Diego State University 118 1.8
Teledyne Technologies 113 1.0
SRI International 90 1.6
Boeing Company 88 0.9
ASML 81 2.4
Mentor Graphics Corporation 81 2.3
Northrop Grumman 79 0.9
Agilent Technologies 78 1.9
UC Riverside 76 0.6
Physical Optics Corporation 75 0.8
Advanced Micro Devices 75 1.8
TRW 73 0.9
Applied Materials 65 0.6
Xerox 65 1.2
HRL Laboratories 65 0.9
University of California Observatories 64 1.8
Cymer, Inc. 58 1.4
Cedars-Sinai Medical Center 57 1.4
San Jose State University 56 0.4
MetroLaser, Inc. 54 0.8
JDS Uniphase 53 1.5
Coherent Inc. 50 1.0
Optical Research Associates 44 0.5
Trex Enterprises Corporation 44 0.5
Synopsys, Inc. 44 0.6
San Francisco State University 42 2.8  
Source:  Compiled by Science-Metrix from Scopus data 
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Table XXII Leading Canadian institutions in optics research, 1997–2006 

Institution Papers ARC
National Research Council of Canada 631 1.6
Université Laval 539 1.7
University of Toronto 536 1.7
University of Ottawa 311 1.2
McMaster University 275 1.5
Université de Montréal 273 1.5
McGill University 262 1.5
National Defence 231 0.6
University of Waterloo 220 1.4
University of Alberta 216 1.2
University of British Columbia 175 1.6
Communications Research Centre Canada 146 1.6
University of Calgary 141 0.8
University of Western Ontario 118 0.7
INO 117 0.9
Queen's University 108 1.1
Natural Resources Canada 104 1.5
Simon Fraser University 103 1.2
Université de Sherbrooke 95 0.8
Concordia University 94 1.5
York University 86 0.7
Carleton University 84 1.1
Dalhousie University 75 2.2
Nortel Networks 74 2.0
Robarts Research Institute 70 0.6
TRLabs 60 1.4
University of New Brunswick 60 1.1
University of Victoria 57 2.0
Royal Military College of Canada 56 0.8
Ontario Cancer Institute 55 1.6
Ryerson University 53 0.3
University of Manitoba 52 0.8
British Columbia Cancer Agency 47 2.1
University of Saskatchewan 47 1.7
Wilfrid Laurier University 42 1.6
University Health Network 38 2.0
UQO 37 1.1
Environment Canada 34 1.3
University of Guelph 34 1.3
University of Windsor 31 0.4
Université de Moncton 29 2.0
Canadian Space Agency 28 1.1
Photonics Research Ontario 27 2.7
Sunnybrook and Women's College Health Sciences Centre* 27 1.3
INRS-Énergie, Matériaux et Télécommunications 25 1.5
University of Lethbridge 24 4.8
Bookham Technology 22 0.7
ABB 22 0.5
ITF Optical Technologies 20 0.7  
Note:  * Sunnybrook Health Sciences Centre and Women's College Hospital separated on April 1, 2006 
Source:  Compiled by Science-Metrix from Scopus data 
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Despite having only 24 published papers in optics, the University of Lethbridge ranks 1st for 
scientific impact in Canada, with a very high ARC of 4.8 (Table XXII). The second ranked institution, 
Photonics Research Ontario (an Ontario Centre of Excellence partly funded by the provincial 
government), has an ARC score of 2.7. Several other institutions receive twice the number of 
citations for their papers than the world level for optics papers: Dalhousie University, the British 
Columbia Cancer Agency, the University of Victoria, the University Health Network, the Université 
de Moncton and Nortel Networks. 

The collaboration network showing links between Californian and Canadian institutions suggests 
that, with a few exceptions, the regions’ institutes pursue research independently (Figure 15). The 
NASA-Caltech partnership dominates the California cluster with 922 co-authored papers. UC 
Berkeley, the Lawrence Livermore National Laboratory and UCLA are also within this optics research 
hub. Most companies active in the subfield either do not collaborate with other institutions 
sufficiently frequently to be included in the network, or typically collaborate with only one other 
institution. 

The Canadian collaboration network centres on the NRCC, which has the most research partners in 
optics within the country, as well as links with two Californian institutions. Interestingly, the highest 
levels of collaboration in this subfield are between universities and research institutes, rather than 
between universities. The University of Toronto contributed to at least five optics papers with six 
other Canadian teams, including 38 optics papers with the Ontario Cancer Institute. Université 
Laval has six Canadian research partners, the main one being the Institut national d’optique (INO), 
with 25 collaborations. As Figure 15 shows, other notable partnerships are the University of Western 
Ontario and the Robarts Research Institute, on a par with the isolated TRLabs and University of 
Alberta network, with 30 co-authored papers. 

Between 1997 and 2006, there were 211 collaborations in optics between Canada and California. The 
PI for the regions is 1.0, indicating that the frequency of their collaboration is what would be 
expected based on the number of bilateral international collaborations in this subfield. Canada-
California collaborations in optics are mainly between the NRCC and Caltech (nine co-authored 
papers), UC Santa Cruz (eight papers) and the Lawrence Livermore National Laboratory (seven 
papers), which also co-authored six papers with UBC. Finally, Northrop Grumman, a global defence 
and technology company, has only one main collaborator: Université Laval, with whom it 
contributed to seven papers. 
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Figure 15 Collaboration network of leading Californian and Canadian institutions in 
optics research, 1997–2006 

Note: The size of a node is proportional to the institution’s total number of papers in optics. The width of the 
links is proportional to the number of collaborations between two institutions. Only institutions with at 
least 50 papers published in the subfield are presented. Links are displayed only where two institutions 
co-authored at least five papers. Note that there is a link between NRCC and Caltech, which is 
obscured by the NRCC-Santa Cruz-Caltech lines. 

Source:  Compiled by Science-Metrix from Scopus data 

3.11 Orthopedics 

In the field of clinical medicine, orthopedics is one of only five subfields in which growth in Canada, 
California and the world surpasses that of the database. Canada’s growth index is remarkable at 1.29. 
Neither regions is especially specialized (SI of 1.0 and 1.1 for Canada and California, respectively), 
but both regions publish high-impact papers in this subfield (ARC of 1.4 for both). 

In California, UC San Francisco leads in this subfield with 360 orthopedics papers, while UCLA and 
the University of Southern California follow with 309 and 294 papers, respectively (Table XXIII). The 
other institutions that published more than 20 papers in this subfield between 1997 and 2006 
include universities, hospitals, research institutes and two government departments-the US 
Department of Veterans Affairs and the US Navy. 
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The 78 orthopedics papers published by the Joint Replacement Institute had the highest scientific 
impact, as indicated by its ARC score of 3.1 (Table XXIII). UC Berkeley’s 32 papers in this subfield 
received a remarkable 140% more citations than the world’s average orthopedics paper (ARC of 2.4). 
The two leaders in terms of number of papers, UC San Francisco and UCLA, also have very high 
impact, with ARC of 1.8. 

Table XXIII Leading Californian institutions in orthopedics research, 1997–2006 

Institution Papers ARC
UC San Francisco 360 1.8
UC Los Angeles 309 1.8
University of Southern California 294 1.2
UC San Diego 220 1.4
Stanford University 219 1.7
UC Davis 173 1.3
U.S. Department of Veterans Affairs 139 1.4
Joint Replacement Institute 82 3.1
Scripps Research Institute 78 1.5
Kaiser Permanente 76 1.2
Children's Hospital of San Diego 70 0.9
UC Irvine 66 1.3
Childrens Hospital Los Angeles 63 1.0
US Navy 61 0.8
Shriners Hospitals for Children 58 0.4
Loma Linda University 49 0.9
Kerlan-Jobe Orthopaedic Clinic 43 1.7
Rancho Los Amigos National Rehabilitation Center 40 1.1
Dorr Institute for Arthritis Research and Education 38 1.2
San Francisco General Hospital 36 1.5
UC Berkeley 32 2.4
Centinela Hospital Medical Center 26 1.2
Southern California Orthopedic Institute 25 1.2  
Source:  Compiled by Science-Metrix from Scopus data 

The orthopedics subfield in Canada is also dominated by universities and hospitals, with the 
University of Toronto being the most prolific publisher (288 papers; Table XXIV). Next in the 
ranking are five universities: McMaster University, UBC, the University of Western Ontario, the 
University of Calgary and McGill, with 130–176 papers each published between 1997 and 2006. Next 
are two health centres, Sunnybrook and Women’s College Health Sciences Centre (before their 2006 
split) and the London Health Sciences Centre, with 103 and 100 papers, respectively. 

In terms of impact, St. Joseph’s Health Care Hamilton leads with an ARC of 2.4 for its 20 
orthopedics papers. Next are Mount Sinai Hospital and the MUHC, which are on a par with ARC of 
2.0, their papers being cited twice as often as the average paper in this subfield. Six institutions share 
4th place with an ARC of 1.8: UBC, Ottawa Hospital, the University of Alberta, St. Michael’s Hospital, 
the University Health Network and the University of Calgary. 
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Table XXIV Leading Canadian institutions in orthopedics research, 1997–2006 

Institution Papers ARC
University of Toronto 288 1.7
McMaster University 176 1.7
University of British Columbia 168 1.8
University of Western Ontario 163 1.3
University of Calgary 155 1.8
McGill University 130 1.6
Sunnybrook and Women's College Health Sciences Centre* 103 1.3
London Health Sciences Centre 100 1.4
Mount Sinai Hospital 96 2.0
St. Michael's Hospital 92 1.8
Université de Montréal 90 1.2
University of Ottawa 90 0.9
MUHC 78 2.0
University Health Network 77 1.8
Hospital for Sick Children 75 1.2
Vancouver Hospital and Health Sciences Centre 65 1.7
University of Alberta 63 1.8
Queen's University 57 1.0
Ottawa Hospital 44 1.8
University of Waterloo 40 1.6
Children's Hosp. of Eastern Ontario 37 0.6
Fowler Kennedy Sport Medicine Clinic 35 1.3
CHU Sainte-Justine 33 0.7
St. Joseph's Health Care London 33 1.4
University of Manitoba 33 1.2
Foothills Medical Centre 32 1.7
Université Laval 31 1.3
Shriners Hospitals for Children 23 1.6
Dalhousie University 22 0.7
St. Joseph's Health Care Hamilton 20 2.4  
Note:  * Sunnybrook Health Sciences Centre and Women's College Hospital separated on April 1, 2006 
Source:  Compiled by Science-Metrix from Scopus data 

Collaboration in orthopedics research appears to occur mainly on a local level, with almost no 
relationships between Canada and California (Figure 16). This is also evident within Canada, where 
the University of Western Ontario, UBC, the University of Toronto, McGill (along with the 
Université de Montréal) and the University of Ottawa collaborate more frequently with institutions 
in their home cities than with those in other parts of the country. An exception is McMaster 
(Hamilton), which has co-authored papers with the University of Calgary, Université Laval, the 
University of Western Ontario, St. Joseph’s Health Care Hamilton and institutions within the near-
by Greater Toronto Area. The University of Toronto has the highest number of collaborators and of 
co-authored papers, including 61 with St. Michael’s Hospital. 
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The main hubs in the California network are UC San Francisco, UCLA, the US Department of 
Veterans Affairs, the University of Southern California and UC San Diego, with Stanford also a 
central player. The highest level of collaboration in California is between Stanford and the US 
Department of Veterans Affairs (41 co-authored papers). 

None of the 64 orthopedics collaborations in the 1997–2006 period between California and Canada 
are shown in Figure 16 because no two institutions reached the five-co-authored papers threshold. 
Indeed, the PI between the regions is 0.8, indicating that they tend to collaborate more with other 
international institutions than with each other. However, there were four papers co-authored by 
McMaster University and UC San Francisco, suggesting the potential for more international 
collaboration between these institutions. 

 

Figure 16 Collaboration network of leading Californian and Canadian institutions in 
orthopedics research, 1997–2006 

Note: The size of a node is proportional to the institution’s total number of papers in orthopedics. The width 
of the links is proportional to the number of collaborations between two institutions. Only institutions 
with at least 20 published papers in the subfield are presented. Links are displayed only where two 
institutions co-authored at least five papers. 

Source:  Compiled by Science-Metrix from Scopus data
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4 USPTO patents for joint Canada and California inventions 

USPTO patents include data on inventors and their addresses. Based on these data, patents for joint 
inventions by inventors from Canada and California can be identified and counted for the 1980–
2006 period. A total of 1,440 such patents were granted between 1980 and 2006. Figure 17 shows 
that the number of patents granted to co-inventors from Canada and California increased from an 
average of less than 10 per year in the early 1980s to almost 200 in 2006. 
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Figure 17 Evolution in the number of joint patents for inventors from Canada and 
California, 1980–2006 

Source:  Compiled by Science-Metrix from USPTO data 

USPTO patents can be disaggregated according to field, subfield and patent class. Of the 1,121 joint 
patents for inventors from Canada and California during the 1997–2006 period, half were in the 
electronics and physics fields (Table XXV). This includes large numbers of patents related to pulse, 
digital or multiplex communications, to graphics and document processing, to digital processing 
systems and applications, and to electronic digital logic circuitry. Canada-California collaboration is 
also important in the subfield of optics, and has resulted in dozens of inventions in the patent 
classes of coherent light generators, optical waveguides, and optics systems and elements. 
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Table XXV Number of patents co-invented by inventors from Canada and California, by 
field and subfield, 1997–2006 

Field Patents
Subfield

Chemistry, Biology 404
Agriculture and farming 12

Biochemistry 202

Chemical engineering 101

Materials, compositions and explosives 17

Surgery, body care, cosmetics 72

Electronics, Physics 587
Communications 144

Computing and data processing 246

Electricity and electric power 27

Electronics and electronic components 49

Music, education, amusement 9

Optics - radiant energy - photography 90

Other science and engineering, measurement, nuclear 22

Engineering, Transportation 32
Earthworking and civil engineering 4

Heating, cooling, buildings, fluid handling, gas handling 4

Material or article handling 12

Office devices, paper handling, coatings 1

Vehicles and transportation 11

Mechanical 29
Machining and cutting 3

Manufacturing, assembling, metal working 13

Motors, engines, pumps 4

Receptacles, containers, supports, partitions, furniture 5

Rotary machines and mechanical power 1

Tools, hardware, pipes, joints 3

Unclassified 69

Grand Total 1,121  
Source:  Compiled by Science-Metrix from USPTO data 

The field of chemistry and biology is next in number of patents, with 404 granted to co-inventors 
from Canada and California. Over 25% of these are in the patent class of drug, bio-affecting and 
body treating compositions (biochemistry subfield). The chemical engineering subfield includes 
several patents related to organic compounds, synthetic and natural resins (and derivatives), and 
chemical apparatus and processes for disinfecting, deodorizing, preserving or sterilizing. Other 
notable areas include surgery (surgery, body care, cosmetics subfield), and food or edible material 
(agriculture and farming subfield). 
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Few patents are classified in the remaining fields (engineering, transportation and mechanical), with 
the possible exception of paper making and fibre liberation (manufacturing, assembling and metal 
working subfield). Finally, 69 of the patents granted to Canadian and Californian co-inventors 
between 1997 and 2006 are unclassified. 
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5 Conclusion 

To assess Canada’s and California’s performance and collaboration in eight scientific research field 
and subfields, the following indicators were used:  

 number of papers; 
 growth index; 
 specialization index (SI); 
 average of relative citations (ARC) and; 
 preference index (PI). 

The key findings with regard to Canada’s and California’s scientific output and potential for 
scientific collaboration based on general trends, positional analysis of strengths and weaknesses, 
leading institutions (in 11 selected subfields) and collaboration patterns, obtained by calculating 
these indicators using Scopus and USPTO data (Section 2) are outlined below. 

General trends, growth, and strengths and weaknesses in scientific research in Canada and California 

General trends in the scientific output of Canada and California during the 1997–2006 period 
indicate that the two regions are comparable, with similar growth rates and numbers of papers per 
capita. However, California published about 25% more papers and its papers had higher impact 
(ARC of 1.63 compared to 1.21 for Canada), while Canada published 1.8 papers per million research 
dollars, compared to 0.8 papers for California. 

The growth index was calculated by comparing the increase in the number of papers in the 1997–
2000 and 2003–2006 periods for each field and subfield of research, with growth in the database as a 
whole in the same time period. At world level, scientific output is growing fastest in the fields of 
engineering & technology, with a growth index of 1.21, followed by earth & space and mathematics, 
with a growth index of 1.05. Canada’s highest growth index is also in engineering & technology 
(1.24), followed by physics (1.21) and mathematics (1.10), while California is expanding most in 
earth & space (1.12) and physics (1.06). 

The subfields experiencing the fastest growth at the world level are: ecology (biology field; growth 
index of 1.14), microscopy (biomedical research; 1.67), physical chemistry (chemistry; 1.13), dentistry 
(clinical medicine; 1.19), meteorology & atmospheric sciences (earth & space; 1.18), computers 
(engineering & technology; 2.04), applied mathematics (mathematics; 1.16), and optics (physics; 
1.18). These subfields are usually those that are expanding most in the two regions of Canada and 
California. However, both regions are also seeing growth in the subfields of biophysics (biomedical 
research field), arthritis & rheumatism, cancer and urology & venereal disease (clinical medicine) 
general engineering (engineering & technology) and general physics (physics). 

The number of papers published, specialization index (SI) and average of relative citations (ARC) 
were combined to assess the strengths and weaknesses of Canada and California in scientific fields 
and subfields. SI indicates the intensity of research in a given field relative to the rest of the world; 
ARC indicates the impact of a country’s research, as it is an indicator of how often that country’s 
papers are cited relative to the average world paper in the same field. The combination of high 
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number of papers and high levels of specialization and impact represents the optimum when 
assessing a country’s or region’s performance in a given field or subfield. 

In all eight fields of NSE research, Canada’s and California’s papers have higher impact than the 
world level, although California has higher impact in every field than Canada. Both Canada and 
California perform best in earth & space (high impact and SI of 1.5 and 1.6, respectively). Both 
regions also have high levels of specialization and impact in biomedical research, and their scientific 
output in this field is second only to that for clinical medicine. California performs remarkably well 
in physics, while Canada performs very well in biology (where California is relatively weak). Clinical 
medicine should be seen as a strength for Canada based on the size of output, the relatively high 
ARC score and its specialization index, which is close to world level. 

Strengths and weaknesses in individual subfields were assessed, starting with the field of clinical 
medicine. Neurology & neurosurgery (the largest subfield in clinical medicine), orthopedics and 
environmental & occupational health appear in the top right quadrant (high impact and high 
specialization) of the positional analysis graph for California and Canada. Cancer, immunology and 
ophthalmology are strengths for California, and respiratory systems, arthritis & rheumatism, 
anesthesiology, endocrinology and cardiology are strengths for Canada. 

Canada performs well in all subfields of biology (i.e., high impact and SI scores ranging from 1.3 to 
1.9). California performs well in general biology and ecology, but is not specialized in any of the 
other subfields. In chemistry, both Canada and California publish high-impact papers in all six 
subfields, but are not specialized. In biomedical research, embryology, biochemistry & molecular 
biology, genetics & heredity, and cell biology, cytology & histology appear in the top right quadrant 
of the positional analysis graph for both Canada and California. Biophysics and general biomedical 
research papers from California are cited 80% more than the world level, and its SI score is high. 

Astronomy & astrophysics stands out within the earth & space field, in terms of impact for Canadian 
papers and ARC and SI scores for California. Earth & planetary science, oceanography & limnology 
and meteorology & atmospheric sciences are in the top right quadrant of the positional analysis 
graph for both regions. Canada’s strengths in environmental sciences and geology research are 
notable (e.g., SI scores of 1.6 and 1.9, respectively), whereas California lags behind in these areas. 
Canada and California both perform well in the two largest subfields of engineering & technology—
electrical engineering & electronics and computers—as well as in civil engineering. California’s other 
strengths include aerospace engineering and nuclear technology, both with SI and the ARC scores of 
1.3 or higher. 

In mathematics, Canada performs well in applied and general maths (i.e., high impact and high level 
of specialization), while California’s best performance is in probability & statistics, although in all 
the mathematics domains its impact scores are higher than those of Canada. In physics, California 
generally outperforms Canada, with five out of eight subfields in the top right quadrant compared 
to only one (acoustics) for Canada. California’s main strengths in physics are in fluids & plasmas, 
nuclear & particle physics, optics, applied physics, and acoustics. 
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Patterns of scientific collaboration between Canada and California 

Canada’s rate of international collaboration is higher overall than California’s (38% vs. 27%). 
However, for individual research fields, international collaboration rates for the regions are similar: 
the highest numbers of co-authored papers are in earth & space, physics and mathematics (47–53% 
and 30–40%, respectively, for Canada and California), and the lowest are in clinical medicine (32% 
and 21%, respectively). 

Collaboration patterns show that Canada and California jointly contributed to 13,065 papers in 
1997-2006. 7.5% of California’s co-authored papers had a Canadian co-author, putting it third 
(behind Iran and the United States) in terms of the proportion of papers with a Canadian co-author. 
Similarly, 7.1% of Canada’s papers had a Californian co-author, so that California ranks 5th after 
Taiwan, Israel, the Republic of Korea and Mexico based on this proportion. 

The preference index (PI) is also used as an indicator of collaboration. This indicator examines 
bilateral collaborations rather than international collaborations: i.e. every instance of two countries 
co-authoring a paper counts as a bilateral collaboration (see Appendix A—Bibliometric Methods for 
more details). There was a slight net increase in bilateral collaborations between Canada and 
California over the decade, from a PI of 0.96 in 1997 to 1.11 in 2006. At the field level, the highest 
level of preference for collaboration between these two regions is in physics, although the PI for this 
field has been decreasing steadily since 2000. The PI for almost all other fields averaged 1.0 or just 
over for the 10-year period, indicating that the frequency of Canadian and Californian collaboration 
is what would be expected based on their total bilateral collaborations in these research areas. 
However, for engineering & technology and mathematics the PI is generally 1.0 or less, indicating a 
sustained preference for other international research partners. 

At the subfield level, the highest percentage level of collaboration is not always in the fields with the 
highest PI values. For instance, in the field of clinical medicine, 18% of the 3,635 papers co-authored 
by Canada and California published between 1997 and 2006 were in the subfield of neurology & 
neurosurgery, whereas Canadian and Californian researchers are most likely to collaborate with one 
another in the arthritis & rheumatism subfield (PI of 1.6). The main subfields of joint collaboration 
in biomedical research were biochemistry & molecular biology (31%) and genetics & heredity (21%). 
However, biomedical engineering, parasitology, genetics & heredity and microbiology all shared the 
highest PI score (1.3). Similarly 30% each of total chemistry papers co-authored by Canadian and 
Californian researchers are in physical or general chemistry, although the collaboration preference is 
higher than expected in analytical chemistry and inorganic & nuclear chemistry (PI for both of 1.3). 

In earth & space, almost half of the Canada-California collaboration occurs in astronomy & 
astrophysics (47%), which also has a greater collaboration frequency than might be expected (PI of 
1.3). In engineering & technology, electrical engineering & electronics and computers dominate with 
roughly 30% each of the collaborative papers published in this field, but PI score of only 0.7—
engineering & technology has the lowest PI score (0.8)of the eight fields examined. The subfield that 
does not conform to this pattern is nuclear technology, which has a PI value of 1.3. In the small 
mathematics field, most papers are in applied (31%) or general (40%) maths, each of which has a PI 
score of 1.0. Finally, the highest PI is for the field of physics, based on collaborations between 
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Canada and California mainly in the subfields of nuclear & particle physics (41%) and general 
physics (28%), with PI scores of 1.9 and 1.4, respectively. 

Leading institutions and collaboration patterns in 11 selected subfields 

Section 3 focused on 11 subfields identified as areas of excellence for both Canada and California, 
which are thus potential areas for scientific collaboration: arthritis & rheumatism, astronomy & 
astrophysics, biophysics, computers, earth & planetary science, ecology, genetics & heredity, 
meteorology & atmospheric sciences, neurology & neurosurgery, optics and orthopedics. The leading 
Californian and Canadian institutions in these 11 subfields were identified, and the relationships 
(i.e., scientific collaboration) between them were examined within collaboration networks. 

The leading institutions in California are mostly universities, government departments, hospitals 
and companies. In terms of number of papers, the most prolific universities are UC Berkeley, UCLA, 
Stanford, UC San Diego, UC San Francisco, Caltech, UC Davis, and UC Santa Barbara. Several 
government departments are prominent, namely NASA, the US Department of Veterans Affairs, the 
US Navy, the US Geological Survey, the Lawrence Berkeley, Lawrence Livermore and Los Alamos 
National Laboratories. The output of research institutes and companies have high impact in 
individual subfields, although very few institutions appear in the top 10 ranks for impact in more 
than one or two subfield. As such, many institutions conducting more focused research had high 
levels of impact (e.g., the Howard Hughes Medical Institute, Malin Space Science Systems, Intel, etc.). 

This pattern for range and impact also applies to institutions in Canada, with the exception of the 
University of Toronto, which has a high ARC score in several subfields. Moreover, in Canada, high 
levels of output and impact of scientific research are almost invariably related to universities, 
hospitals, government departments and research centres, and rarely to companies. The most prolific 
Canadian universities were the University of Toronto, the University of British Columbia (UBC), 
McGill University and the University of Alberta. Notable government departments in terms of 
output, impact and collaboration are Environment Canada, the National Research Council of 
Canada (NRCC) and Natural Resources Canada (NRCan). Finally, many Canadian hospitals are 
involved in scientific research, often collaborating with an affiliated university (e.g., the University of 
Toronto and McGill). In this regard, the most prolific and highest impacts are seen for the McGill 
University Health Centre (MUHC), Mount Sinai Hospital, the University Health Network (UHN) 
and the Hospital for Sick Children. Thus, geographic clustering is evident in many subfields, 
especially those relating to biomedical research and clinical medicine. 

In terms of collaboration between Canadian and Californian institutions in the 11 selected subfields, 
there are some general patterns. Leading universities within each country are most likely to 
participate in bilateral collaborations, particularly the University of Toronto, UBC, McGill and the 
University of Alberta on the Canadian side, and Stanford, UC San Diego, UCLA, UC Berkeley, UC 
Davis and UC San Francisco on the California side. The Lawrence Livermore National Laboratory 
also has several Canadian research partners, as do NASA and Caltech. Government departments, 
such as Environment Canada and the NRCC, also have strong links to Californian institutions. 
Moreover, some less prominent institutions, such as McMaster University and the Université Laval 
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in Canada, as well as UC Riverside, UC Irvine, UC Santa Cruz and UC Santa Barbara, participate in 
Canada-California collaborations. In the biophysics and orthopedics subfields, there were no 
collaborating pairs of Canadian-Californian institutions that produced more than five papers. 

Canada and California joint patents 

Canadian and Californian co-inventions produced a total of 1,440 USPTO patents between 1981 and 
2006. The number of such patents has risen steadily over this period, from an average of 10 per year 
in the early 1980s to almost 200 in 2006. During the 1997–2006 period, half of these joint patents 
were in the electronics and physics field, more specifically in patent classes related to pulse, digital or 
multiplex communications, data and graphics digital processing, and optics. 

Over 400 patents have been granted in the field of chemistry and biology, 100 of these in the patent 
classes of drug, bio-affecting and body treating compositions (biochemistry subfield), and surgery. In 
the chemical engineering subfield, there are several patents related to organic compounds, synthetic 
and natural resins (and derivatives), chemical apparatus, and disinfecting, deodorizing, preserving 
and sterilizing processes. 
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Appendix A—Bibliometric Methods 

This scientometric analysis is based on the Elsevier Scopus abstract and citation database of peer-
reviewed literature. Scopus was chosen in preference to other databases for its broad range of 
scientific literature in the Natural Sciences and Engineering (NSE), including more than 15,000 peer-
reviewed journals from over 4,000 international publishers. Among comparable databases, Scopus is 
the only citation database that links the authors of papers to their institutional addresses. Scopus 
also includes cited references for each document it contains (e.g., article, conference paper, letter, 
review, note, or press release), allowing analysis of scientific impact based on citation counts. 

The fields and subfields used in this report are based on the scientific journal classification used by 
the National Science Foundation (NSF) in the production of its Science and Engineering Indicators. 

Scientometric indicators 
Statistics were produced based on the following indicators: 

Number of papers: Number of scientific papers written by authors located in a given geographical, 
geopolitical, or organizational unit (e.g., country or institution). 

Growth: A measure of growth was used to quantify change over time in the number of papers 
published at the world level. Growth was calculated by comparing number of papers for 2003–2006 
and 1997–2000, the later period presented as a proportion of the earlier period. The formula used to 
compute growth is as follows: 

Growth = (Xb/Xa)-1 

where: 
Xa = total papers between 1997 and 2000; 
Xb = total papers between 2003 and 2006. 

Growth Index: The growth index is a measure of the increase in the number of papers in a particular 
field or subfield relative to the increase in the number of papers in the database overall. The growth 
index is computed as follow: 

( )
( )ab
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where: 
Xa = Papers in subfield X between 1997 and 2000; 
Xb = Papers in subfield X between 2003 and 2006; 
Na = Papers in the whole database between 1997 and 2000; 
Nb = Papers in the whole database between 2003 and 2006. 

An index value above 1 means that a given subfield is growing faster than the database and thus its 
share in the database is increasing, while an index value below 1 means the reverse. 
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Specialization index (SI): The SI is an indicator of research intensity in a given geographical or 
organizational unit (e.g., a country) for a given research area (e.g., domain or field), relative to the 
intensity in a reference entity (e.g., the world, or the entire output as measured by the Scopus 
database) for the same research area. In other words, if a country is specialized in a particular 
domain, it places more emphasis on that domain at the expense of other research areas. 
Specialization is therefore said to be a zero sum game: the more one specializes in one area, the less 
one specializes in another. The SI is formulated as follows: 

( )
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where: 
XS = Papers from entity X in a given research area (e.g., papers by California in Ecology); 
XT = Papers from entity X in a reference set of papers (e.g., total papers by California in Scopus); 
NS = Papers from reference entity N in a given research area (e.g., world papers in Ecology); 
NT = Papers from reference entity N in a reference set of papers (e.g., total world papers in Scopus). 

An index value above 1 means that a given entity is specialized relative to the reference entity, while 
an index value below 1 means the reverse. 

Average of relative citations (ARC): The ARC is an indicator of the scientific impact of papers 
produced by a given entity (e.g., a country or an institution). The number of citations received by 
each paper was counted for the year in which it was published and for the two subsequent years. For 
example, for papers published in 1996, citations received in 1996, 1997 and 1998 were counted. The 
exceptions are 2005 (with a citation window of two years, 2005 and 2006), and 2006 (with a citation 
window of one year), because citation data were not available for subsequent years. To account for 
different citation patterns across fields and subfields of science (e.g., there are more citations in 
biomedical research than in mathematics), each paper’s citation count is divided by the average 
citation count of the papers in its subfield (reference subfields are based on the journal classification 
used by the US National Science Foundation) to obtain a relative citation count (RC). The ARC of a 
given entity (e.g., a country or an institution) is the average of the RC of the papers belonging to it. 

An ARC value above 1 means that a given entity is cited more frequently than the world average, 
while a value below 1 means the reverse. 

Positional analysis: Science-Metrix uses a graphical representation or positional analysis (see 
Example 1) to illustrate the strengths and weaknesses of a region or an institution based on several 
indicators,. This graphical representation logically combines three indicators (number of papers, SI 
and ARC). The horizontal axis of this positional graph corresponds to the SI, and the vertical axis to 
the ARC. 
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Example 1 The positional analysis graph 
Source: Developed by Science-Metrix 

These data are transformed to obtain a symmetrical distribution of possible values between -100 and 
+100, with zero representing world level. The size of the bubbles is proportional to the number of 
papers produced by the country or institution. The positioning of a country or institution in one of 
four quadrants can be interpreted as follows: 

 Quadrant 1: Located at the top right of the graph, this quadrant is synonymous with excellence. 
Institutions and countries in this quadrant specialize in the given domain and their activities 
have high impact, meaning that their papers are more frequently cited than the world average in 
this domain. 

 Quadrant 2: Located at the top left of the graph, this quadrant is synonymous with high impact 
scientific production, but the countries or institutions are not specialized in the domain. 

 Quadrant 3: Located at the bottom right of the graph, this quadrant signals specialization in a 
domain, but below world-average output. 

 Quadrant 4: Located at the bottom left of the graph, this quadrant represents the worst case 
scenario, with both intensity of activity and impact below the world average for the domain. 

International collaboration rate: This is an indicator of the relative importance of international 
collaboration. The rate is calculated by dividing the number of papers of an entity (e.g., country, 
state) with at least one institutional address in the address field from a different country to that of 
the entity, by the entity’s total number of papers. 
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Preference Index (PI): This is an indicator of the intensity of scientific collaboration between two 
countries. It is based on a country’s number of bilateral collaborations, not on the number of 
international collaborations. The distinction here is important. One paper in international 
collaboration equals one bilateral collaboration only if the paper is co-authored by researchers from 
only two countries (e.g., a paper co-authored by a Canadian and a US researcher is equal to one 
bilateral collaboration between Canada and the US). However, when a paper is co-authored by 
researchers from more than two countries, there is more than one bilateral collaboration. Indeed, a 
paper co-authored by a Canadian, an Italian, and a US researcher is equal to three bilateral 
collaborations: between Canada and Italy, between Canada and the US, and between Italy and the 
US. In this case, Canada would have two bilateral collaborations, but only one paper in international 
collaboration. In this report, the calculations are based on considering California as a country and 
not including Californian addresses in the count of US papers. 

The PI compares the observed number of bilateral collaborations between two countries with the 
number that would be expected given their individual share of world bilateral collaborations. The 
index is computed as follows:  

E

O

N
N

PI =
 

where: 

NO = Observed number of bilateral collaborations between country x and country y; 

NE = Expected number of bilateral collaborations between country x and country y.  

The expected number is calculated using the probability of having bilateral collaborations between 
the two countries given their individual number of bilateral collaborations relative to the total 
number of bilateral collaborations in the world. Calculation of the expected probability assumes that 
collaboration must involve two distinct countries and so corrects for the null diagonal in the 
collaboration matrix. 

An index value above 1 means that country x and country y collaborate more than expected, whereas 
an index value below 1 means the opposite. 

Network of collaboration among institutions: A square matrix was built for the number of papers 
co-authored by the leading institutions in each subfield during the 1997–2006 period. The software 
programs UCINET and NetDraw (Analytic Technologies) were used to produce a representation of 
the strengths of the relationships between top institutions. More specifically, a ‘spring-embedding’ 
algorithm with node repulsion and equal edge length was used to establish the relative locations of 
the institutions in the graphic representation. 

In the networks, each node (circle) corresponds to an institution and its size is proportional to the 
number of papers it published in the subfield. Links (lines) between nodes represent collaborations 
between institutions. The width of each link is proportional to the number of collaborations 
between two institutions. For a link between two institutions in the network to be included, it is 
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necessary for there to have been a certain number of co-authored papers in the 10-year period. 
Although the algorithm attempts to place institutions that share a greater number of collaborations 
closer together on a two-dimensional plane, the length of the links cannot be used as an objective 
measure of their relation. Minor manual adjustments have been made to increase readability. 

 


